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Les matériaux polymeres sont omniprésents dans notre quotidien. Cette notoriété résulte de leur
grande facilit¢ de mise en ceuvre, leurs bonnes propriétés mécaniques ainsi que leur prix attractif
(Feldman, 2008). lls permettent également d’importants progrés technologiques par exemple dans le
domaine de I’automobile et de 1’aéronautique. Leur utilisation permet une réduction du poids des
véhicules, entrainant une diminution de leur consommation et émissions de gaz a effet de serre (Heuss
etal., 2012). De plus, ils ont montré leur importance lors de la crise sanitaire du COVID-19, garantissant
la stérilité du matériel hospitalier et la protection des personnes par 1’usage de masques ou de panneaux
transparents (Singh, 2020). Le revers de la médaille est cependant I’important impact environnemental
des matériaux plastiques. La pollution engendrée par les plastiques est un phénoméne complexe
rencontré a plusieurs niveaux, de la production a la fin de vie du matériau. Ainsi, la pollution de grande
ampleur de I’environnement et notamment celle des océans est au cceur des préoccupations (Chae et al.,
2018). De plus, du fait de leur origine fossile, les matériaux plastiques actuels peuvent difficilement
s’inscrire dans une dynamique renouvelable ou d’économie circulaire (Kakadellis et al., 2021). La
production de polymeres issus de ressources renouvelables semble une alternative intéressante pour la
production de matériaux plus respectucux de I’environnement. Certains rapports prédisent que la
production de polyesters sera multipliée par 1,4 entre 2019 et 2025, attestant de 1’engouement général

pour ce type de matériaux (Bioplastics market data, 2020).

Les polyesters sont au cceur de la problématique environnementale liée aux plastiques,
notamment du fait de leur large production. Ils représentent en effet 8 % de la demande de polyméres
en Europe en 2019 (Platics - the Facts 2020, 2020) et sont utilisés en particulier dans le domaine du
packaging ou ils représentent 23 % des polyméres utilisés (Rabnawaz et al., 2017). lls se retrouvent
¢galement dans I’industrie du textile dans laquelle ils constituent 52 % des fibres produites (Preferred
Fiber & Materials, Market Report 2021, 2021). Les proportions des polyesters utilisés dans ces deux

domaines par rapport aux autres polymeres sont présentées dans la Figure 1.

Polyuréthane,  Autres Autres issues de plantes I}.aine. soie et duvet

Polyester (PET)

Polyethylene
basse densité Coton
a) Polychlorure de vinyle b) Polyester
Polystyrene
Fibres de cellulose -~
Polypropyléne de synthése P,
Polyethylene Autres synthétiques

haute densité Polyamidé'

Figure 1: a) Répartition des polyméres dans le packaging dans le monde en 2015 (Rabnawaz et al., 2017) ;
b) Production mondiale de fibres en 2018 (Preferred Fiber & Materials, Market Report 2021, 2021).
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Les polyesters présentent des liaisons facilement hydrolysables par voie chimique ou
biochimique, leur donnant de bonnes propriétés potentielles de recyclage. Ceci renforce d’autant plus
I’intérét de leur étude dans le cadre du développement d’une économie circulaire et environnementale
(Tournier et al., 2020; Kakadellis et al., 2021). Enfin, une trés grande diversité de structures polyesters
issues de la biomasse a déja été développée. Cette grande variété découle du nombre important de
molécules plateforme facilement productibles a partir de la biomasse et pouvant étre converties en
polyesters. Ainsi, les polyesters représentent plus de la moitié des polymeres biosourcés produits dans

le monde en 2020 comme le montrent les chiffres de la Figure 2.

Mélanges a PET H W Polyesters
base d'amidon Autres®
PTT
PP

PBAT

PBS

PE

/] PLA
Autres PHA

* Les information sur les polyuréthanes biosourcés ne sont pas présentes pour cause de sources insuffisantes

Figure 2: Capacités mondiales de production de matériaux plastiques biosourcés en 2020 (adapté de
(Bioplastics market data, 2020)).

Comme indiqué sur la Figure 2, une large proportion des polyesters biosourcés présente des
structures distinctes des polyméres pétrosourcés classiques. lls sont synthétisés a partir de molécules
plateforme qui peuvent facilement étre produites a partir de la biomasse (Pellis et al., 2016b). Cette
stratégie conduit a la synthése de polymeres avec des structures originales présentant des propriétés
pouvant étre identiques voir supérieures a celles des polymeres pétrosourcés (Gandini et al., 2009). Cette
stratégie permet également le développement de polymeres de spécialité avec des propriétés avancees
comme la biodégradabilité, la biocompatibilité, une dégradation chimique contrdlée ou encore une
réactivité vis-a-vis de rayonnements UV (Dong et al., 2011; Zia et al., 2016; Nakajima et al., 2017;
Wang et al., 2020a). Ces nouvelles propriétés viennent concurrencer les propriétés des polyméres non
renouvelables et apportent une justification aux couts de production pour le moment généralement plus
élevés des polyesters biosourcés. Dans un souci de préservation de I’environnement, des méthodes
douces de production de ces polyméres doivent également étre envisagées. Une alternative intéressante
étudiée dans cette thése est I'utilisation de la catalyse enzymatique. Cette voie de catalyse est en effet
plus douce et plus respectueuse de 1’environnement que les méthodes couramment employées pour la
synthése de polyesters faisant notamment appel a de hautes températures et a des catalyseurs a base de
métaux.

Cette theése a été financée par une bourse obtenue aupres de 1’école doctorale de physique et

chimie physique de Strasbourg (ED182) et elle a été dirigée par le Dr Eric Pollet. Le travail de recherche
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de cette thése a été réalisé dans I’équipe BioTeam, dirigée par le Pr. Luc Avérous, au sein de I’Institut
de Chimie et Procédés pour I’Energie, I’Environnement et la Santé (ICPEES-UMR7515).

Ce projet s’inscrit dans la continuée des recherches effectuées au sein de la BioTeam qui portent
sur I’élaboration de polymeéres biosourcés. Plusieurs études récentes ont été réalisées, dans le cadre de
différentes théses de doctorat, sur la synthése enzymatique de polyesters, ainsi que sur la dégradation
enzymatique de matériaux polymeres. L’étude la plus récente portait sur la synthése de polyesters
aliphatiques a partir de synthons biosourcés. Ce travail avait permis de montrer I’efficacité de la catalyse
enzymatique et notamment de la lipase B de Candida antarctica (CALB) pour I’élaboration de
matériaux polyesters biosourcés. Les conclusions de cette précédente thése soulignaient cependant les
faibles propriétés, notamment thermiques, de ces matériaux. Parmi les perspectives évoquées,
I’utilisation de monomeres biosourcés aromatiques était notamment envisagée afin d’améliorer les

propriétés thermiques des matériaux obtenus.

Le sujet de recherche de cette thése s’intéresse donc au cas spécifique de la synthése de
polyesters aromatiques par catalyse enzymatique. Plusieurs monomeres issus de ressources différentes
ont été étudiés pour la synthese de ces polyesters. La modification ou fonctionnalisation des monomeéres
a parfois été investiguée afin de maximiser leur réactivité vis-a-vis de I’enzyme. Afin d’obtenir des
résultats comparables aux études citées précédemment ainsi que pour des raisons exprimées plus loin
dans ce manuscrit ’enzyme utilisée dans cette étude est la CALB. Les propriétés, notamment
thermiques, des polyesters aromatiques biosourcés obtenus ont été étudiées et comparées a celles de

leurs homologues aliphatiques.
Organisation du manuscrit :

Ce manuscrit est constitué de 5 chapitres constitués essentiellement d’articles scientifiques, déja
publiés ou a soumettre prochainement, encadrés par des introductions et des conclusions rédigées en
francais. Certains chapitres comportent également des sous-chapitres rédigés en francais qui introduisent

plus en détail un volet de la problématique abordée dans le chapitre en question.

Le premier chapitre de ce manuscrit vise a présenter un état de 1’art du sujet abordé dans cette
these. Il est constitué d’un premier sous-chapitre bibliographique qui aborde les points clefs de ce travail
de thése et en particulier la synthése enzymatique de polyesters biosourcés. La suite de ce chapitre est
constituée d’une étude bibliographique sous la forme d’un article de review portant sur la réactivité en
estérification et en transestérification de synthons aromatiques biosourcés issus de la biomasse
lignocellulosique. Ce chapitre bibliographique permet ainsi de mieux appréhender la réactivité

particuliére de ces synthons aromatiques naturels engagés dans des réactions catalysées par des enzymes.

Le second chapitre de ce manuscrit s’intéresse a la synthése par catalyse enzymatique de
polyesters a partir d’un diester de furane. Les furanes sont des molécules plateformes biosourcées a fort

potentiel. Ils permettent déja la synthése de polyesters aux propriétés proches des polyesters employés

3
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couramment aujourd’hui. Ce chapitre porte plus spécifiquement sur la mise en lumiere du phénomene
responsable des faibles masses molaires obtenues lors de la synthése enzymatique de polyesters
présentant des taux élevés de dérivés de furanes. La solubilité du substrat dans le milieu réactionnel et
I’emploi de solvants facilitant cette solubilité ont été étudiés et notamment leur influence sur les masses

molaires des polyesters obtenus.

Dans le troisieme chapitre de ce manuscrit, un autre synthon aromatique issu de la biomasse est
étudié : I’acide férulique. La synthése de polyesters dérivés d’acide férulique par catalyse enzymatique
avec une hydrolase n’avait, a notre connaissance, encore jamais été étudiée. Fort des connaissances
acquises dans le chapitre 1, I’acide férulique a été modifié¢ de différentes maniéres afin d’optimiser sa
réactivité vis-a-vis de I’enzyme et d’obtenir des polyesters de hautes masses molaires. Les relations
structure-propriété de ces polyesters ont été étudiées avec une attention particuliere portée aux propriétés

thermiques des matériaux ainsi obtenus.

Le quatrieme chapitre porte également sur 1’acide férulique et s’appuie sur certaines
observations décrites dans le chapitre 3. En tirant parti des propriétés de cycloadditions de dérivés
d’acide férulique, il est possible, via I’irradiation par les UV, de synthétiser des diméres d’acide férulique
particuliérement intéressants pour 1’élaboration de polyesters aromatiques. Ce chapitre est d’abord
constitué d’un sous-chapitre dans lequel la réactivé en photo-dimérisation pas cycloaddition de plusieurs
monomeres, issus de la littérature et du chapitre précédent, sont étudiés. Le sous-chapitre suivant est un
article s’intéressant a la réactivité en polymérisation enzymatique des monomeres capables de dimériser
par cycloaddition. Cette étude conduit ainsi a la synthese de polyesters avec une structure singuliére, les
chaines présentant des groupements esters pendants. De plus, les matériaux présentent de bonnes
propriétés de rétropolymérisation via irradiation UV & une longueur d’onde plus faible. Ce chapitre
montre ainsi comment tirer parti de la sélectivité de la catalyse enzymatique pour synthétiser de

polyesters possédant une structure et des propriétés innovantes.

Cet aspect de la polymérisation enzymatique est étudié plus en détail dans le cinquiéme et
dernier chapitre de cette thése. Le chapitre 5 porte sur ’utilisation de 1’acide caféique pour la synthése
de matériaux polyesters par catalyse enzymatique. Cette molécule plateforme est structurellement
proche de ’acide férulique. Elle a été modifiée par 1’éthyléne carbonate en un diol. La réactivité
particuliére des dérivés d’acide caféique vis-a-vis de I’enzyme a ainsi permis 1’élaboration de polyesters
possédants des chaines pendantes constituées d’esters o,3-insaturés. Ces groupements permettent ainsi
une réticulation du polymeére par irradiation sous rayonnement UV qui s’avére étre partiellement
réversible quand irradié¢ a une longueur d’onde plus faible. Ce chapitre constitue donc une ouverture
vers un élargissement des utilisations potentielles de la catalyse enzymatique pour sa capacité a produire

des polyesters aux propriétés innovantes pouvant concurrencer, a terme, les polymeres pétrosourceés.
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Chapitre 1

Introduction chapitre 1

L’introduction générale de ce manuscrit a permis d’exposer le contexte de ce travail de these.
Le premier chapitre s’attachera a introduire plus en détail les différentes notions qui seront abordées
dans cette these et a présenter 1’état de I’art actuel dans le domaine. Il se compose de deux sous-chapitres
distincts. Le premier sous-chapitre consiste en une introduction sur les polyesters ou leur historique et
les méthodes les plus courantes de production de ces matériaux y sont décrits. L’état de 1’art sur les
polyesters biosourcés est ensuite exposé plus en détail en s’attardant sur ceux qui sont le plus
couramment étudiés aujourd’hui. La syntheése de polyesters biosourcés aromatiques y est notamment
mise en avant. L’étude de la bibliographie se porte ensuite sur la catalyse enzymatique et plus
particulierement I’utilisation de I’enzyme utilisée pour ce travail de thése, a savoir la lipase B de Candida
antarctica (CALB). Aprés une description de son mécanisme d’action, ses utilisations pour la synthése
de polyesters sont passées en revue. La présentation de cet état de 1’art s’attardera plus particuliérement
sur la synthése enzymatique de polyesters biosourcés. Enfin, la littérature portant sur 1’utilisation de la

CALB pour la synthése de polyesters aromatiques biosourcés est présentée.

La biomasse lignocellulosique est une source importante de synthons aromatiques. Bien que
certains de ces synthons aient déja été utilisés pour la synthése de polyesters, la polymérisation par voie
enzymatique n’a que trés rarement été étudiée. Le sous-chapitre 1.2 est une étude bibliographique
portant sur la réactivité de ces synthons dans des réactions d’estérification et de transestérification
catalysées par les enzymes. Il est présenté sous la forme d’un article de review intitulé « Enzymatic
esterification, transesterification and polyesterification of aromatic acids from lignocellulosic biomass,
a review ». Ce travail bibliographique porte plus particulierement sur les synthons phénoliques naturels
tels que les dérivés des acides cinnamique et benzoique. Les sources de ces synthons, leur utilisation
ainsi que leur modification par catalyse enzymatique y sont décrites en détail. L influence du milieu
réactionnel, de la nature de ’enzyme employée ainsi que de la structure du substrat sur le rendement de
réaction sont notamment discutées dans ce sous-chapitre sur base des résultats de la littérature. Ce travail
de recherche bibliographique a pour objectif de donner une base de connaissances large et solide pour
une meilleure compréhension de I’activité catalytique des lipases telles que CALB vis-a-Vvis de synthons

aromatiques biosourcés.
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Sous-chapitre 1.1. Introduction a la synthese de polyesters aromatiques

biosources par catalyse enzymatique.
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Chapitre 1

1. Les polyesters

Les polyesters sont omniprésents dans notre quotidien notamment dans les domaines du
packaging ou ils représentent 23 % des polymeres utilisés (Rabnawaz et al., 2017) . On les retrouve
également dans I’industrie du textile dans laquelle 52 % des fibres produites sont en polyester (Preferred
Fiber & Materials, Market Report 2021, 2021). Les polyesters sont synthétisés pour la premiere fois par
W. H. Carothers en 1929, alors employé chez DuPont. Il découvre alors que la réaction de diols et de
diacides carboxyliques permet la synthése de fibres (Mcintyre, 2004; Feldman, 2008). Carothers
étudiera ainsi la synthése de nombreux polyesters aliphatiques.

Aujourd’hui, trois voies de synthése sont les plus couramment employées pour la synthése de
polyesters. La premiere est la polycondensation entre un diol et un diacide carboxylique (on parle de
monomeéres A-A et B-B). Cette méthode utilise donc un diol et un diacide de structures différentes pour
obtenir un copolymeére. La seconde méthode est la polycondensation par homopolymérisation d’un
hydroxyacide carboxylique (on parle de monomere A-B) sur lui-méme. Il est également possible de
synthétiser des polyesters par polymérisation par ouverture de cycle (POC) de lactones. Enfin, d’autres
voies de synthése existent comme I’utilisation de chlorure d’acyle ou d’anhydride. Cette thése se
concentre essentiellement sur la polymérisation par polycondensation de monoméres A-A avec des

monomeéres B-B.

Sur la base des travaux de Carothers, J. R. Whinfield et J. T. Dickson étudient et décrivent pour
la premiere fois en 1941 la synthése du polyéthylene téréphtalate (PET) (Mclntyre, 2004) et ils
déposeront le premier brevet sur ce polymére (Dickson et al., 1946). Le PET a ensuite été produit
industriellement en grande quantité a partir de 1953 (Feldman, 2008) et représente aujourd’hui la grande
majorité des polyesters produits a 1’échelle mondiale. 11 est produit a partir d’éthyléne glycol et d’acide
téréphtalique ou de son diester méthylique. La réaction se fait en quatre étapes et nécessite 1’aide de
catalyseurs organométalliques telle que le trioxyde d’antimoine a des températures supérieures a 280°C

(Figure 1.1.) (Ravindranath et al., 1984; Mandal et al., 2019).

Diméthyle téréphtalate

\O Ethyléne glycol
HO\/\OH
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1

(o]

Tareoscaton] —— Frpymirasion] | POcorion | __ [Pl
140-220 °C 1.5-4 250-280 °C 20-30 280-290 °C 100 500-240 °C
A0 2O 90-100KPa B 100kPa

|
3O
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Figure 1.1.1: représentation schématique de la synthése du PET (adapté de (Ravindranath et al., 1984)).
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Le diméthyle téréphtalate est produit par estérification de 1’acide téréphtalique couramment
produit selon le procédé Amoco a partir de p-xyléne, lui-méme produit a partir de naphta issu du pétrole
(Tomés et al., 2013). L’éthyléne glycol est produit industriellement par oxydation de 1’éthyléne, lui-
méme pétrosourcé (Yang et al., 2019). Ainsi, le PET et la plupart des polyesters produits aujourd’hui
sont issus de ressources fossiles. Plusieurs techniques de recyclage physique, chimique ou biochimique
de polyesters et plus particulierement du PET ont été développées afin de réduire I’empreinte écologique
de ce polyester (Tournier et al., 2020; Devi Salam et al., 2021; Schyns et al., 2021). Le développement

d’alternatives biosourcées représente cependant un important champ de la recherche actuelle.

2. Les polyesters biosources

Les polyesters sont au ceeur de la problématique environnementale liée au plastique, notamment
du fait de leur large utilisation. De plus, ils présentent des liaisons facilement hydrolysables par voie
chimie ou biochimique, leur donnant de bonnes propriétés potentielles de recyclage et augmentant leur
intérét dans le cadre d’une économie circulaire (Kakadellis et al., 2021). Enfin, les polyesters biosourcés
existent en une tres grande variété et sont déja produits a échelle industrielle. Ainsi, ils représentent plus
de la moitié des polymeres biosourcés produits en 2020 comme le montrent les chiffres de la Figure
1.1.2.

Mélanges a PET W Polyesters
base d'amidon Autres®
PTT
PP

PBAT

PBS

PE

/] PLA
Autres PHA

* Les information sur les polyuréthanes biosourcés ne sont pas présentes pour cause de sources insuffisantes

Figure 1.1.2: Capacités mondiales de production de matériaux plastiques biosourcés en 2020 (adapté de
(Bioplastics market data, 2020)).

Les polymeres biosourcés produits aujourd’hui a une échelle industrielle peuvent étre classés en
trois catégories. La premiére catégorie correspond aux polymeéres produits a partir d’amidon plastifié.
La seconde catégorie correspond aux polyméres comme le bio-PE, bio-PP ou du bio-PET qui sont
produits a partir de synthons issus de ressources renouvelables, mais ayant une structure identique a leur
version pétrosourcée. lls possedent ainsi des propriétés identiques a leurs homologues pétrosourcés
(Siracusa et al., 2020). La troisieme catégorie correspond aux « nouveaux polymeres » issus de synthons
biosourcés. En effet, une trés grande diversité de synthons de base issue de la biomasse (appelés aussi
« building-blocks ») a été identifiée pour la synthése de polyméres et notamment de polyesters (Jang et
al., 2012; Becker et al., 2015). Cette large diversité de molécules biosourcées explique la grande variété

de polyesters biosourcés présentés dans la Figure 1.1.2. Par exemple, plusieurs diols utiles a la synthese
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de polyesters peuvent étre produits a partir de glucose comme 1’éthyléne glycol, le 1,3-propanediol, le
1,4-butanediol ou le 1,6-hexanediol. Il est également possible de produire plusieurs diacides, qui sont a
la base de la synthese de nombreux polyesters, comme les acides succinique, adipique, maléique,
muconique, itaconique, téréphtalique ou 2,5-furandicarboxylique. La synthese de ces monomeres
bisourcés repose essentiellement sur la transformation de cellulose, d’hémicellulose ou encore d’amidon
(Jang et al., 2012; Becker et al., 2015). D’autres ressources issues de la biomasse peuvent également
étre converties en molécules d’intérét pour la syntheése de polyesters. C’est le cas par exemple de la
lignine qui permet de produire par différents procédeés chimiques ou biochimiques des molécules
d’intérét tel que I’acide vanillique (Llevot et al., 2016).

Le polyester biosourcé le plus connu et le plus courant est certainement 1’acide polylactique
(PLA) (Figure 1.1.3). L’acide lactique produit a partir de de sucres, d’amidon ou méme de biomasse
lignocellulosique (Abdel-Rahman et al., 2013) peut étre transformé en lactide (son diester cyclique) puis
polymérisé par POC en PLA. Le PLA peut étre utilisé dans le secteur de I’emballage. Il est notamment
approuvé par la Food and Drug Administration (FDA) des Etats-Unis d’Amérique pour le contact
alimentaire (Rabnawaz et al., 2017). Grace a une mise en ccuvre facilitée par une température de fusion
(Ty) relativement modérée entre 160-180°C, le PLA est le polymére le plus utilisé dans le domaine de
I’impression 3D par dépot de filament fondu (TUmer et al., 2021). Sa température de transition vitreuse
(Tg) se situe entre 60 et 65°C, donc proche de celle du PET, ce qui lui confére une trés bonne rigidité a
température ambiante (TUmer et al., 2021). Enfin, il présente de bonnes propriétés de biodégradabilité
et de compostabilité (en condition de compostage industriel) (Rabnawaz et al., 2017). Pour toutes ces
raisons, le PLA représente plus de 18 % de la production de polyméres biosourcés avec plus de 394

milliers de tonnes produites en 2020 (Bioplastics market data, 2020).

Le 1,4-butanediol et I’acide succinique évoqués précédemment en tant que synthons biosourcés
peuvent étre combinés pour synthétiser le poly(butyléne succinate) (PBS) (Figure 1.1.3). Ce polymeére
aliphatique représente un peu plus de 4 % de la production mondiale de polyméres biosourcés
(Bioplastics market data, 2020). 1l présente une T comprise entre 90 et 120 °C, une Tq4 entre -45 et -
10°C (Mochane et al., 2021). Le PBS posséde une résistance a la traction qui peut atteindre entre 30 et
35 MPa (Rafigah et al., 2021) et des propriétés mécaniques et thermiques comparables a celles du
polypropyléne (Grebowicz et al., 2007; Arrakhiz et al., 2012). Le PBS, en plus de pouvoir étre issu de
carbone renouvelable a 100 %, présente d’excellentes propriétés de biodégradabilité (Rafigah et al.,
2021). 11 est notamment utilisé dans 1’agriculture pour 1’élaboration de films de paillage (Rafigah et al.,
2021). Des études ont également montré que I’acide succinique pouvait étre substitué partiellement par
I’acide adipique pour former le polybutyléne(adipate-co-succinate) (PBSA) ou en totalité pour former
le poly(butyléne adipate) (PBAd). L’insertion de ces unités adipate tend a diminuer les propriétés
thermiques et mécaniques par rapport au PBS, mais en améliore cependant les propriétés de
biodégradabilité (Tserki et al., 2006).
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Les polyhydroxyalcanoates (PHA) (Figure 1.1.3) sont des polyesters synthétisés naturellement
par des bactéries. Ils sont composés d’hydroxyacides, dont la longueur et les substituants peuvent varier
en fonction de la souche bactérienne employée. Des bactéries provenant d’une grande diversité de
sources et de plusieurs genres tels que Bacillus, Myctobacterium ou Pseudomonas ont été identifiées
comme capables de produire des PHA (Kalia et al., 2021). De plus, certaines bactéries comme
Escherichia coli peuvent étre modifiées génétiquement afin de produire des PHA (Chen et al., 2017).
Ces bactéries peuvent convertir des sucres issus de la biomasse, mais également des déchets organiques
tels que I’huile de cuisine usagée ou les co-produits de la production de cidre (Kalia et al., 2021). Les
PHA, gréace a leur diversité de structure possédent des propriétés thermiques variables avec par exemple
des Ty allant de -50 a -4 °C (Chen, 2010). Ces polyesters biodégradables peuvent étre utilisés dans le

domaine du packaging ou pour des applications biomédicales (Chen, 2010).

w o R 0
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H OH o2 OH Mot Tow
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) m

\ PBSA /

Figure 1.1.3: Représentation des polyméres biosourcés PLA, PBS, PBSA et PHA.

Les polyesters biosourcés présentés jusqu’a maintenant partagent la particularité d’étre tous
aliphatiques. Cela entraine des limitations en termes de propriétés mécaniques et thermiques qui peuvent
restreindre leur champ d’application. Par ailleurs, il est largement établi et connu que I’insertion d unités
aromatiques dans la chaine polymere est un moyen efficace d’améliorer les propriétés thermiques,
mécaniques et barriére d’un polyester (Albanese et al., 2016; Hu et al., 2018). L aromaticité élevée du
PET explique ainsi ses excellentes propriétés et donc sa trés large utilisation (Albanese et al., 2016). Les
polyesters aliphatiques tels que le PBS ou les PHA présentent des températures de transitions et des
modules trés bas en comparaison du PET. Le PLA possede quant a lui une Ty comparable au PET, mais
des propriétés barriéres bien plus basses (Hu et al., 2018). Face a cette difficulté pour concurrencer et
remplacer le PET pétrosourcé, une attention particuliere a été portée au développement de polyesters

biosourcés aromatiques.

Les polyesters aromatiques biosourcés présents sur le marché ne présentent cependant
généralement que la partie diol qui est issue de ressources renouvelables. L’aromaticité est généralement
apportée, comme pour le PET, par de I’acide téréphtalique d’origine fossile. L’éthyléne glycol, le 1,3-
propanediol et le 1,4-butanediol peuvent ainsi étre produit & partir de biomasse comme la cellulose et
associés a I’acide téréphtalique pour la synthése de polyesters que sont le bio-PET, le polypropylene
téréphtalate (PTT) et le polybutylene téréphtalate (PBT), respectivement (Figure 1.1.4). Ces polyesters

possedent des propriétés mécaniques et thermiques supérieures aux polymeres aliphatiques cités
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précédemment, mais ne sont que partiellement biosourcés (Albanese et al., 2016). Ils sont notamment
mis en avant par des entreprises comme Coca-cola dans leur gamme « plant-bottle » (Coca-Cola
Expands Access to PlantBottle IP). Des recherches sont cependant menées depuis quelques années pour
produire de I’acide téréphtalique a partir de molécules issues de la biomasse tels que des dérivés de

furanes, de terpenes ou de la lignine (Pellis et al., 2016b; Volanti et al., 2019).

o} o] (o}
OH OH OH
n n n
H 0/\/0 H 0 _~O H 0/\/\/0
o o

o]

PET PTT PBT

Figure 1.1.4: Structure des polyesters aromatiques partiellement biosourcés PET, PTT et PBT.

Des alternatives au PET entiérement biosourcées sont en cours de développement. C’est
notamment le cas des polyesters a base de furane. L’acide 2,5-furandicarboxylique (FDCA) peut étre
produit a partir d’hydroxyméthyl furfural (HMF), une importante molécule plateforme produite a partir
de cellulose (Sajid et al., 2018; Rajesh et al., 2020) (Schéma 1.1.1). Le FDCA posséde des propriétés
proches de ’acide téréphtalique et permet de former, avec I’éthyléne glycol, le polyéthyléne furanoate
(PEF) (Papageorgiou et al., 2016; Terzopoulou et al., 2020). Le PEF en plus d’étre entiérement
biosourcé possede des propriétés thermiques et mécaniques identiques au PET et des propriétés barrieres
supérieures (Gandini et al., 2009; Loos et al., 2020). Des plateformes de production de PEF sont
actuellement en cours de développement par diverses entreprises et notamment Avantium (‘YXY®
Technology’, 2021).
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Schéma 1.1.1: Synthése de PEF a partir FDCA provenant de la biomasse (Sajid et al., 2018).

D’autres alternatives biosourcées au PET sont actuellement étudiées notamment des polyesters
synthétisés a partir de monomeres issus de la lignine ou de I’hémicellulose. Par exemple, 1’acide
vanillique est un acide hydroxybenzoique qui peut étre produit a partir de lignine (Li et al., 2021;
Poveda-Giraldo et al., 2021). Aprés modification de son hydroxyle, I’acide vanillique peut étre
homopolymérisé ou copolymérisé pour former un polyester aromatique aux propriétés comparables au
PET (Fache et al., 2015; Pang et al., 2015; Xanthopoulou et al., 2021) (Schéma 1.1.2.a). Gioia et al.
(Gioia et al., 2016, 2018) ont également montré que 1’acide vanillique, aprés estérification, pouvait
réagir avec 1’éthyléne carbonate (un synthon lui aussi biosourcé) pour former ce méme poly(éthyléne

vanillate) (Schéma 1.1.2.b). La dimérisation de I’acide vanillique par des procédés enzymatiques
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(employant des peroxydases) est également présentée comme une voie intéressante pour la production

de polyesters aromatiques biosourcés présentant une rigidité élevée (Llevot et al., 2015).

o
0 oM _ S0y ﬁ
a) HO_~g TN, 3h, 200°C

Vide, 2h, 240°C
1h, 255°C
1h, 265°C

% o)

o} -
b) - o - o)ko
o \_/ 180°C, K,CO3 DBTO
H 48 h, 200°C.

48 h, 210°C.
48 h, 220°C.

Schéma 1.1.2: Synthése du poly(éthyléne vanillate) : a) a partir d’acide p-hydroxyethoxyvanillique
(Xanthopoulou et al., 2021) ; b) a partir d’acide vanillique estérifié et de carbonate d’éthyléne (Gioia et al.,
2016).

Les dérivés cinnamiques comme ’acide férulique sont des synthons biosourcés aromatiques qui
ont également été étudiés pour la synthese de polyesters aromatiques. Ils peuvent étre directement
extraits de sources naturelles comme le son de blé ou de riz (Flourat et al., 2021). L’acide férulique
permet la synthése de polyesters avec des T4 pouvant atteindre 113°C (Elias et al., 1985). L’acide
férulique est cependant souvent modifié ou copolymérisé afin de permettre 1’obtention de matériaux aux
propriétés modulables, facilitant la mise en forme du matériau (Nguyen et al., 2015, 2017; Llevot et al.,
2016; Kurt et al., 2020). Par exemple, Nguyen et al. (Nguyen et al., 2017) ont étudié la copolymeérisation
d’un synthon issu de I’acide férulique avec le lactide et 1’e-caprolactone (Schéma 1.1.3). Des matériaux
avec des Tg allant de -60 a 113 °C ont ainsi été obtenus. D’autres dérivés cinnamiques comme 1’acide
caféique ont également été évalués en tant que molécules plateformes pour la synthése de polyesters a

hautes propriétés thermiques.
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Schéma 1.1.3: Synthése de copolyesters semi-aromatiques a base d’acide férulique, d’e-caprolactone et de
lactide.

La synthese de polyesters biosourcés aux propriétés thermiques élevées a été passée en revue
par Nguyen et al. (Nguyen et al., 2018) en 2018. La synthése de ces polyesters se fait a haute température
et par catalyse organométallique. Les catalyseurs employés sont généralement a base de titane comme

le butoxyde de titane ou I’isopropylate de titane, a base d’antimoine comme le trioxyde d’antimoine ou
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a base d’étain comme 1’oxyde de dibutylétain (Terzopoulou et al., 2017; Xanthopoulou et al., 2021).
Certains de ces catalyseurs présentent toutefois des risques importants pour I’environnement et la santé.
De plus, ces derniers peuvent se retrouver dans le matériau polymeére final, limitant ainsi les possibilités
d’utilisations dans le domaine médical ou au contact alimentaire. L’emploi de ces catalyseurs n’est donc
pas en phase avec certains des principes de la chimie verte (Anastas et al., 2010) et I’utilisation
d’enzymes comme catalyseurs représente aujourd’hui une alternative plus verte particuliérement

prometteuse (Shoda et al., 2016).

3. La polymérisation enzymatique

3.1. La catalyse enzymatique

Les enzymes sont des protéines ayant la particularité de présenter une activité catalytique. Elles
permettent la réalisation de réactions dans des conditions douces et présentent généralement une grande
sélectivité de substrat. Cette sélectivité permet par exemple de se passer de groupements protecteurs
dans certaines réactions (Chapman et al., 2018). Les enzymes sont également des catalyseurs biosourcés,
non polluants, et sont donc en parfaite adéquation avec plusieurs des principes de la chimie verte
(Anastas et al., 2010). Grace a ces propriétés, les enzymes trouvent de nombreuses applications
industrielles notamment dans le secteur agroalimentaire, le textile ou I’industrie pharmaceutique (Kirk
et al., 2002; Parlement Européen, 2008; Chapman et al., 2018). Les protéases représentent ainsi la plus
grande proportion des enzymes utilisées dans 1’industrie notamment dans les lessives. En effet, leur
sélectivité permet la dégradation des taches issues de protéines dans des conditions douces sans abimer

les fibres. De plus, elles sont moins toxiques et polluantes que leurs équivalents issus de la (pétro)chimie.

Les lipases sont également des enzymes couramment employées par 1’industrie. Elles sont
classées dans la catégorie des hydrolases et présentent une affinité particuliére pour I’hydrolyse d’acide
gras. Elles sont ainsi utilisées communément dans les lessives pour la dégradation de lipides (Kirk et
al., 2002; Chapman et al., 2018) ainsi que pour la synthése de biocarburants (Amini et al., 2017). Placées
en conditions hydrophobes, certaines lipases permettent également d’effectuer des réactions

d’estérification et de transestérification (Stergiou et al., 2013).

La réactivité d’une enzyme est intrinséquement liée a sa structure. La structure d’une enzyme
est imposée par sa séquence d’acides aminés ainsi que les interactions entre ces acides aminés. L’enzyme
se retrouve ainsi structurée a plusieurs échelles (structures primaire, secondaire, tertiaire...). La capacité
du substrat a se loger correctement dans le site actif de I’enzyme conditionne la faisabilité et la cinétique
de la réaction (Yagi et al., 2018; Santos et al., 2019; Silvestrini et al., 2020). On parle alors de systeme
clef-serrure dans lequel le substrat représente la clef, I’enzyme la serrure et le déverrouillage de la serrure
la réaction (Figure 1.1.5). Différents facteurs propres au milieu tels que la température, le pH ou
I’activité de 1’eau peuvent entrainer la perte ou la déformation de la structure tridimensionnelle de

I’enzyme modifiant ainsi les interactions substrat-enzyme et impactant la cinétique de la réaction
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(Stergiou et al., 2013; Yagi et al., 2018). Si I’enzyme se retrouve inactive, on parle de dénaturation.

Cette dénaturation peut étre réversible ou non.

Enzyme Substrat Produits

: I “' ‘\.

Figure 1.1.5: Représentation du systéme clef-serrure de la catalyse enzymatique.

3.2. La lipase B de Candida antarctica
La lipase B provenant du champignon Candida antarctica (CALB) est une lipase constituée de
317 acides aminés pour une masse de 33 kDa (Brito e Cunha et al., 2019). Sa structure est représentée
en Figure 1.1.6. Son site actif en forme d’entonnoir permet I’introduction d’une grande variété de
substrats (Pleiss et al., 1998). Afin de mieux comprendre les interactions substrat-enzyme de la CALB,
plusieurs études de modélisation ont été menées (Dettori et al., 2018; Yagi et al., 2018; Silvestrini et al.,
2020). Le site actif de la CALB, comme pour les de hombreuses lipases, est constitué de la triade

catalytique serine, histidine et aspartate.

Figure 1.1.6: Représentation de la structure secondaire de la CALB. Les acides aminés du site actif sont
représentés en batons.

Le mécanisme de la réaction de transestérification catalysée par CALB est résumé dans le
Schéma 1.1.4. La premiére étape est la déprotonation de la serine par I’histidine. Cette derniére est alors
stabilisée par ’anion de 1’aspartate. L’alcoolate de la serine peut alors attaquer le carbonyle du substrat,
formant un composé cycligue intermédiaire. Ce compose est instable et un alcool est alors éliminé,
laissant la serine sous une forme estérifiée. Un alcool présent dans le milieu peut alors étre attaqué par

I’histidine, formant de nouveau un composé intermédiaire cyclique. L’alcoolate ainsi formé peut
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attaquer le carbonyle de la serine. En libérant un ester, la serine récupére son proton, régénérant ainsi le

site actif de ’enzyme qui se retrouve de nouveau prét a réagir.
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Schéma 1.1.4: Mécanisme de la transestérification catalysé par la triade catalytique de la CALB.

La CALB est largement employée dans la recherche, mais également en industrie. Elle doit cette
popularité a sa bonne résistance en température et aux solvants, a sa stéréosélectivité, notamment au
contact d’alcools secondaires, et a sa grande versatilité (Nielsen et al., 1999; Yagi et al., 2018). La forme
immobilisée de I’enzyme sur des billes acryliques portant le nom commercial Novozym 435 (ou N435)
commercialisée par Novozymes est la forme la plus populaire (Heldt-Hansen et al., 1989; Ortiz et al.,
2019) (Figure 1.1.7). En effet, I'immobilisation de I’enzyme améliore sa résistance aux solvants et en
température (Poojari et al., 2013; Stergiou et al., 2013). Elle permet également une récupération aisée
du catalyseur et une plus grande réutilisabilité. Ces deux points favorisent son utilisation industrielle et
sont en accord avec les principes de la chimie verte. La CALB immobilisée existe également sous
d’autres formes commerciales comme Fermase CALB™ 10000 (Sonseca et al., 2017), SP435 (Nielsen
et al., 1999) ou CalB immo Plus (Purolite Life Sciences Product: Lifetech™ CalB immo Plus -
Immobilized Lipase - Purolite, 2021).

0 100 200 300 400 500
microns

| -
0 10 20 30
Relative Enzyme Concentration

Figure 1.1.7: Photo par microscopie électronique a balayage de billes de résine acrylique supportant la
CALB ; b) Concentration relative en CALB au sein des billes acrylique du support (Mei ez al., 2003b).
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3.3. La synthese de polyesters par la CALB

11 a été montré que I'utilisation de CALB immobilisée est une méthode de catalyse efficace pour
la synthese de polyesters (Varma et al., 2005; Douka et al., 2018). La synthese de polyesters catalysée
par la CALB peut se faire par POC, par polycondensation ou en combinant ces deux méthodes. La POC
catalysée par CALB permet par exemple la synthése du polyester polycaprolactone (PCL) présentant de
hautes masses molaires (jusqu’a 44 800 g.mol?) (Dong et al., 1999; Kumar et al., 2000; Mei et al.,
2003a). La structure de la CALB a méme été optimisée pour la synthése de PCL (Montanier et al., 2017).
La synthése par POC d’autres polyesters biosourcés comme le PLA a partir du lactide a également été
étudiée (Lassalle et al., 2008; Omay et al., 2013; Duchiron et al., 2015). La littérature dans ce domaine
de la synthese de polyesters par POC catalysée par CALB est particulierement riche et ne sera pas
détaillée plus avant ici. En effet, plusieurs articles de la littérature présentent les progres dans le domaine
de la POC par catalyse enzymatique (Shoda et al., 2016; Engel et al., 2019; Nikulin et al., 2021).

Cette thése s’intéressera ainsi plus spécifiquement a la synthése de polyesters par
polycondensation. En effet, cette voie présente I’avantage de concerner une plus large gamme de
substrats biosourcés (Jiang et al., 2016). La premiére étape de cette polycondensation peut se faire soit
par estérification directe ou par transestérification. La polymérisation se poursuit ensuite par
transestérification et interestérification. Ces deux phénomenes entrainent une randomisation de la
structure du polymeére (Takamoto et al., 2001; Varma et al., 2005). La polymérisation par
polycondensation entraine la production d’un adduit au cours de la réaction. Cet adduit est une molécule
d’eau dans le cas de I’estérification et un alcool ou un acide dans le cas de la transestérification.
L’¢élimination de cet adduit favorise la croissance des chalnes polyméres (par déplacement de 1’équilibre
de la réaction) et peut se faire par distillation azéotropique (Juais et al., 2010), a I’aide de tamis
moléculaire (Vouyiouka et al., 2013; Debuissy et al., 2016) ou par distillation sous pression réduite
(Debuissy et al., 2017b). Les étapes de la synthése de polyesters par polycondensation enzymatique sont
résumeées dans le Schéma 1.1.5. Il a ét¢ montré a plusieurs reprises dans la littérature que la
polymeérisation initiée par la transestérification (impliquant donc un dérivé ester du substrat acide
carboxylique) permettait d’atteindre de plus hautes masses molaires que par estérification. En effet,
’adduit alcool produit par la réaction est plus facile a éliminer que 1’eau. Il est également possible
d’employer des esters dits « activés » comme les esters vinyliques (Taresco et al., 2016). L’alcoolyse
des esters vinyliques produit de I’alcool vinylique qui par tautomérisation se transforme en acétaldéhyde,

un composeé toxique, mais trés facilement éliminable.
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Schéma 1.1.5: Réactions se produisant au cours de la polymérisation enzymatique par polycondensation
(adapté de (Jiang et al., 2016)).

La synthése de polyesters par polycondensation catalysée par la CALB peut se faire avec ou
sans présence de solvant. Les procédés sans solvant sont plus avantageux d’un point de vue économique
et environnemental. La croissance des chaines polymeres peut cependant entrainer une augmentation
importante de la viscosité qui limite la diffusion des espéces et réduit le rendement de la réaction
(Mahapatro et al., 2003). De nombreux solvants ont été évalués pour la synthése de polyesters catalysés
par la CALB. Les solvants avec un coefficient de partage octanol-eau (LogP) supérieur a 1.9 (Dong et
al., 1999; Kumar et al., 2000; Laane et al.) semblent favoriser ’activité de 1’enzyme et limitent
I’hydrolyse du polymeére au cours de la réaction. Le toluéne (LogP = 2,5 (Dong et al., 1999)) est ainsi
couramment employé pour la synthése de polyesters. Le diphényle éther (LogP = 4,2) est cependant
employé préférentiellement lorsque la réaction est réalisée sous pression réduite grace a son haut point
d’ébullition (259°C) ainsi que la grande stabilité de la CALB dans ce dernier. L’évaluation de I’'impact
du milieu réactionnel sur I’activité de I’enzyme doit cependant étre considérée de maniére holistique et
le LogP du solvant n’en est qu’un élément. En effet, d’autres paramétres comme la mesure des

interactions de surface entre solvant et substrat ont également été considérés (Pellis et al., 2019a).

Comme pour les polyesters synthétisés par catalyse organométallique, la recherche s’est d’abord
intéressée a la synthése de polyesters aliphatiques (Varma et al., 2005). La synthése de polyesters
aliphatiques catalysée par la CALB a partir d’une grande variété de diacides (ou diesters) et de diols a
ainsi été étudiée (Pellis et al., 2016a, 2016b). 1l est ainsi possible de synthétiser des polyesters biosourcé
a partir de synthons biosourcés comme le BDO et le diméthyle succinate pour la synthése de PBS avec
une masse molaire moyenne en nombre (M,) autour de 12 000 g.mol en conditions douces (Azim et
al., 2006; Debuissy et al., 2017b) (Schéma 1.1.6.a). Plusieurs auteurs ont cependant montré que le type
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de substrat et notamment sa longueur impactait fortement 1’activité de I’enzyme. Il a ainsi ét¢ montré
que pour des polymeres aliphatiques, I’activité de 1’enzyme vis-a-vis du substrat suivait 1’ordre : 1,6-
hexanediol > 1,4-butenadiol > 1,3-propanol (Mahapatro et al., 2003; Pellis et al., 2018). De méme, les
diacides employés présentent une réactivité qui suit 1’ordre suivant : acide adipique > sébacique >
octanoique > dodécanoique > succinique (Mahapatro et al., 2003; Pellis et al., 2018). Des monomeres
de structures plus complexes ont également été étudiés, notamment la polymérisation de 1’isosorbide
avec des esters de différentes longueurs donnant des polyesters avec des M, allant jusqu’a 21 400 g.mol
! (Juais et al., 2010) (Schéma 1.1.6.b). Enfin, plusieurs études ont montré la faisabilité de la synthese
enzymatique de polyesters aliphatiques a I’échelle de la centaine de grammes jusqu’a la tonne (Binns et
al., 1999; Korupp et al., 2010). L’état de 1’art sur la synthése enzymatique de polyesters aliphatiques a
éteé plusieurs fois passe en revue dans la littérature (Varma et al., 2005; Jiang et al., 2016; Shoda et al.,
2016; Douka et al., 2018; Kaobayashi et al., 2019; Nikulin et al., 2021).
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Schéma 1.1.6: a) Synthése enzymatique de PBS (Azim et al., 2006), b) synthése enzymatique de polyesters a
base d’isosorbide, 1 < x <9 (Juais et al., 2010).

La forte dépendance de I’activité des enzymes en fonction du substrat et la grande différence de
structure entre les composés aromatiques et les triglycérides est sans doute 1’une des raisons expliquant
la plus faible proportion d’études portant sur la synthése enzymatique de polyesters aromatiques (Jiang
et al., 2016; Douka et al., 2018) que sur leurs homologues aliphatiques. Cependant, comme évoqué
précédemment, les propriétés limitées de ces derniers font que de plus en plus d’études récentes
s’intéressent a la synthése enzymatique de polyesters aromatiques biosourcés pour lesquels 1’aromaticité

permet notamment d’améliorer les propriétés mécaniques et thermiques.

Comme dans le cadre de la synthése par catalyse organométallique, la synthése enzymatique de
polyesters a base de FDCA a ainsi été assez largement étudiée. La synthése d’oligomeres a partir de
diester de FDCA et de diols de plusieurs longueurs (2 < n < 12) a été étudiée (Cruz-lzquierdo et al.,
2015). Le degré de polymeérisation (DPy) le plus élevé (DP, = 6) a été obtenu avec le HDO. Les auteurs
n’ont pas observé d’inhibition de I’enzyme due a la présence du monomere aromatique. D’autres auteurs
ont également étudié la polymérisation du diester méthylique du FDCA catalysée par la CALB (Jiang
etal., 2015)(Schéma 1.1.7). Des M, entre 1 000 et 51 600 g.mol* ont ainsi été obtenues. Les synthéses
ont cependant été réalisées a des températures élevées pour de la biocatalyse (140°C) ce qui peut

soulever la question d’une possible dénaturation de I’enzyme et une activité catalytique autre
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qu’enzymatique. Par ailleurs, les masses molaires les plus élevées ont été obtenues avec des diols
particulierement longs comme le 1,10-decanediol ou le 1,8-octanediol. La souplesse apportée par ces
longs diols entraine une forte diminution des propriétés mécaniques et thermiques. Des études ont
¢galement montré que la catalyse enzymatique permettait la copolymérisation du FDCA avec 1’acide
itaconique (Aparaschivei et al., 2019), le 1,4-cyclohexanediméthanol et le diéthyléne glycol (Skoczinski
et al., 2020). Dans ces études, des polyesters aromatiques de masses molaires faibles (M, < 3000 g.mol

1) en comparaison de celles des polymeres aliphatiques ont systématiquement été obtenues.
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Schéma 1.1.7: Synthése enzymatique de polyester a partir de diméthyle ester de FDCA (Jiang et al., 2015).

Des auteurs ont également étudié la synthese de polyesters a base de FDCA, diméthyle succinate
et BDO par POC catalysée par la CALB de macrocycles formés préalablement (Morales-Huerta et al.,
2017). Récemment, Flores et al.(Flores et al., 2019) ont étudié la synthése de polyesters a base de diester
de FDCA et HDO également par POC (Schéma 1.1.8). A la différence de I’étude précédente, la
cyclisation préalable des monomeéres a également été effectuée par catalyse enzymatique. Un polyester

de M, supérieure a 9 000 g.mol* a ainsi été obtenu.

H o/\/\/\/OH
+

2 9
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Schéma 1.1.8: Synthése enzymatique de polyesters a base de diester de FDCA par POC (Flores et al., 2019).

D’autres dérivés de furanes que le FDCA ont également été étudiés pour la synthése de
polyesters par la CALB. Des auteurs ont étudiés la synthése de polyesters a partir du 2,5-bis-
hydroxyméthyle furane avec différent diesters aliphatiques (Jiang et al., 2014). La présence de réactions
secondaires a cependant conduit a ’obtention de masses molaires inférieures a 2 400 g.mol1. D’autres
auteurs ont synthétisé trois dérivés de 1’hydroxyméthylfurfural (HMF) condensé avec des cétones
dérivées du D-glucose (G-HMF), de I’acide succinique (S-HMF) et de I’acide malonique (M-HMF)
(Schéma 1.1.9) (Muthusamy et al., 2018). Le G-HMF a ensuite été copolymérisé avec 1’acide succinique
par catalyse enzymatique. Les autres dérivés ont été homopolymérisés. Dans tous les cas, seuls des

oligomeéres ont été obtenus avec des M, inférieures a 700 g.mol.
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Schéma 1.1.9: Synthése de précurseurs a base d’hydroxyméthylfurfural pour la synthése enzymatique de
polyesters biosourcés (Muthusamy et al., 2018).

La biomasse lignocellulosique représente la plus grande source potentielle de composés
aromatiques biosourcés. Toutefois, les synthons issus de cette ressource n’ont que peu été utilisés pour
la synthése enzymatique de polyesters aromatiques. Pellis et al. ont étudié la synthése de polyesters a
partir de diols et de diacides aromatiques produits a partir de la lignine comme la 2,6-bis-
hydroxyméthyle pyridine et le 2,4-pyridinedicarboxylate de diéthyle (Pellis et al., 2019b, 2020;
Comerford et al., 2020). Des polyesters de M, supérieures a 14 000 g.mol* ont ainsi été obtenus avec

des Ty allant jusqu’a 30 °C.

D’autres composés tels que les phénols naturels issus de la biomasse lignocellulosique
pourraient représenter une source intéressante de monomeres aromatiques pour la synthése de
polyesters. Cependant, la réactivité en polymérisation enzymatique de ces composés n’a que rarement
été étudiee (Fodor et al., 2017). Le chapitre suivant s’attachera donc a établir un état de 1’art complet
portant sur la réactivité de ces dérivés phénoliques naturels dans des réactions d’estérification et
transestérification catalysées par des enzymes. En effet, comprendre la réactivité de ces substrat engagés
dans des réactions d’estérification et de transestérification est crucial afin d’évaluer leur potentielle

utilisation en tant que monomeres ou molécules plateforme pour la synthése de polyesters.
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1. Introduction

The pressure of human activities on ecosystems is growing and so is the awareness of the
scientific community. In particular, this leads nowadays the research in chemistry to be more focused
on environmental impact, thanks to the establishment of fundamentals principles called “green
chemistry” (Anastas et al., 2010). Thus, in accordance with these principles and to reduce the impact of
the chemical industry on the environment, the use of natural biobased compounds has gained a lot of
interest. This is illustrated by the increasing number of studies dedicated to phenolic compounds such

as ferulic acid (Figure 1.2.1).
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Figure 1.2.1: Count over the years of publications containing the word “ferulic acid”. From Web of Science,
2021.

Natural phenolic compounds have now been studied for a long time because of their potential
use as additives, as drugs or in material science. Indeed, these compounds have been found in significant
guantities in the plants composing traditional medicines (Cai et al., 2004; Spiridon et al., 2011). These
compounds have beneficial health effects that could help to the treatment of several diseases such as
cardiovascular disorder or cancers and they also show promising anti-inflammatory and anti-microbial
effects (Srinivasulu et al., 2018; Kahkeshani et al., 2019; Kumar et al., 2019; Khan et al., 2021;
Rychlicka et al., 2021). Besides their positive health effects, phenolic compounds also display
remarkable antioxidant and anti-UV properties (Natella et al., 1999; Svobodova et al., 2003; Genaro-
Mattos et al., 2015). This makes them suitable to replace potentially hazardous oil-based additives
commonly employed in cosmetics (Gunia-Krzyzak et al., 2018). Their use as natural preservatives in
food is also largely investigated (Ou et al., 2004). Finally, these compounds represent an alternative to
the petroleum based BTX (Benzene, Toluene, Xylene) used as platform chemicals for the synthesis of
many common compounds (Sun et al., 2018b). As an example, natural phenolic compounds are being
studied for the elaboration of rigid polymeric materials (Llevot et al., 2016; Fonseca et al., 2019). Due
to the growing interest in phenolic compounds, multiple ways of extraction or production of these
compounds from the biomass have been developed and are still being investigated (Valanciene et al.,
2020; Flourat et al., 2021).
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However, cinnamic and benzoic derivatives present a poor solubility in various nonpolar or
aqueous media (Tsuchiyama et al., 2006; Figueroa-Espinoza et al., 2013). This poor solubility hinders
the bioavailability of such compounds in pharmaceutical applications and their use in cosmetics or in
food applications, as an example. In order to address this issue, the chemical modification of natural
phenolic compounds has been studied (Figueroa-Espinoza et al., 2005). Lipophilization of phenolic
compounds is generally performed by esterification with a fatty molecule. On the contrary, the solubility
of phenolic compounds in aqueous media can be improved by esterification with sugars or natural
polyols such as glycerol (Villeneuve, 2007; Compton et al., 2012; Laguerre et al., 2013). Due to the
general concern about the environmental impact of such modification and in accordance with the
principles of green chemistry mentioned earlier, safe and environmentally friendly synthesis methods

have been investigated.

Enzymes are considered to be non-polluting and non-toxic protein-based catalysts. They are
classified depending on their substrate specificity, structure, and origin. As an example, proteases are
enzymes that catalyze the cleavage of peptide bonds of proteins. They are the most commonly employed
enzymes in industrial applications, especially in detergents (Kirk et al., 2002). Moreover, because of
their high specificity, catalytic activity and their low environmental impact, processes based on
enzymatic catalysis have been developed in multiple industrial fields. Enzymes have been identified or
engineered in a wide variety of sizes, properties and substrate specificities. These processes includes
food processing, synthesis of fine chemicals or antimicrobial treatments (Kirk et al., 2002; Chapman et
al., 2018). Among these reactions, the enzymatic esterification and transesterification of natural phenolic
compounds have been thoroughly studied in the past twenty years. Indeed, enzymes as hydrolases allow
to perform esterification or transesterification under mild conditions that are compatible with the
frequent sensitivity of natural compounds to harsh conditions. In this field, the most studied enzyme is
the lipase B from Candida antarctica (CALB). It is commercially available immobilized on beads under
the brand name Novozym 435 (N435) (Heldt-Hansen et al., 1989; Nielsen et al., 1999; Compton et al.,
2000; Ortiz et al., 2019). Other enzymes have also been screened for their activity such as the lipase
from Rhizomucor miehei (RML) or highly specific enzymes as tannases (Stamatis et al., 1999; Aharwar
et al., 2018). However, several studies have demonstrated that the reactivity of natural phenolic
compounds, as those represented in Figure 1.2.2, with enzymes is hardly predictable and has mostly
been assessed empirically (Stamatis et al., 1999; Villeneuve, 2007). Efforts have also been devoted to
determine the optimal conditions for the enzyme-catalyzed modification of phenolic-based substrates

(Figueroa-Espinoza et al., 2013; Suarez-Escobedo et al., 2021).
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Figure 1.2.2: Examples of natural phenolics compounds investigated for the synthesis of high value-added
products by enzyme-catalyzed esterification.

The use of biocatalysts in order to fulfill the requirements of green chemistry principles is
currently a hot research topic both in academic research and for industrial purposes. Indeed, the use of
enzyme is considered and perceived as a natural process which can be a strong marketing argument
(Sendergaard et al., 2005). In addition to their use as preservatives, natural phenolic compounds and
their modification have recently been studied for a variety of innovative application such as therapeutic
molecules (Rychlicka et al., 2021) as well as in material science (Fodor et al., 2017). Due to the high
interest of this research, the enzymatic esterification of natural phenolic compounds has already been
reviewed in the literature in the past (Villeneuve, 2007; Figueroa-Espinoza et al., 2005; Antonopoulou
et al., 2016). The aim of this review is therefore to provide an updated and broader overview of the
literature on the hydrolase-catalyzed esterification and transesterification of natural aromatic
compounds from lignocellulosic biomass and tannins as these resources represent the largest natural
source of biobased aromatics (Crozier et al., 2006). This overview tends to be as broad as possible by
including for example tannase which is often treated in separate studies. Innovative types of enzymes

and reactive media are also discussed.

2. Cinnamic and hydroxycinnamic derivatives

Cinnamic acid derivatives are o,-unsaturated aromatic acids present mostly in plants cell wall
and produced through the Shikimate pathway (Crozier et al., 2006). The cinnamic derivatives can
present hydroxyl or methoxy groups in meta or para of the aromatic ring. The structure of the most

common cinnamic derivatives associated with their name is presented in Figure 1.2.3.
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Figure 1.2.3: Schematic representation of the most common natural cinnamic derivatives.
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Cinnamic derivatives are found in a wide variety of natural sources, often in an esterified form.
The most common cinnamic derivative is caffeic acid or 3,4-dihydroxycinnamic acid (Clifford, 2000).
As its name suggests, it is found in significant amounts in coffee beans. It is generally found esterified
with quinic acid. This ester, often referred as chlorogenic acid, corresponds to the 5-caffeoylquinic acid
and is found in common dietary products as blueberries or ciders (Clifford, 2000). Other cinnamic
derivatives can be found in high quantities in plants. As an example, ferulic acid (FA) can act as a
crosslinker of arabinoxylan in the plant cell wall (Figure 1.2.4). It has also been found to participate to
the linkage between lignin and hemicellulose (Mathew et al., 2004; Ralph, 2010; Hatfield et al., 2017;
Terrett et al., 2019). Ferulic acid can be extracted from grains as corn bran, wheat bran or in fruits as
grapefruits and is therefore part of our diet (Zhao et al., 2008; Flourat et al., 2021).
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Figure 1.2.4: Schematic representation of ferulic acid in its free, lignin-bound and crosslinked forms in
hemicellulose. Adapted from (Oliveira et al., 2019; Terrett et al., 2019).

Multiple techniques of extraction of cinnamic derivatives from biomass have been developed
(Ferri etal., 2020; Valanciene et al., 2020; Flourat et al., 2021). The enzymatic modification of cinnamic
derivatives is mainly motivated by the excellent therapeutic (Paiva et al., 2013; Kumar et al., 2019;
Rychlicka et al., 2021), antioxidant and anti-UV (Natella et al., 1999; Svobodova et al., 2003; Genaro-
Mattos et al., 2015) properties of the obtained products.

2.1. Impact of the substrate substitution and unsaturation

As mentioned before, natural cinnamic and p-hydroxycinnamic derivatives have various
structures with different hydroxy and methoxy substituents borne by the aromatic ring. The reactivity
of these natural compounds toward enzymes has been investigated for more than twenty years. It started,
to our knowledge, with the study from Guyot et al. (B. Guyot et al., 1997) in which the authors assessed
the reactivity of cinnamic, ferulic and caffeic acid toward CALB. The esterification activity of the
enzyme with alcohols of different lengths was assessed. The reactivity of dihydrocaffeic acid was
investigated as well. Compounds with hydroxy or methoxy substituents as ferulic and caffeic acid
systematically resulted in low esterification yields, even after 40 days of reaction. On the contrary,

cinnamic acid and hydrogenated caffeic acid resulted in yields up to 97 % in eight days, and 90% in
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fifteen days, respectively. These results indicate that the presence of substituents on the cinnamic acid
aromatic ring has a significant impact on the lipase esterification activity. However, once hydrogenated
the reactivity of substituted acid was similar to that of the non-hydrogenated unsubstituted cinnamic

acid.

Such substituent and double bound correlated differences in the lipase catalytic activity was
later investigated by Stamatis et al. (Stamatis et al., 1999). The authors also observed a strong inequality
of reactivity between cinnamic acid derivatives directly related to their aromatic ring substitution.
Cinnamic derivatives with different substitution were assessed in esterification with octanol catalyzed
by CALB as well as with RML. The results are presented in Table 1.2.. The higher yields were obtained
with unsubstituted cinnamic acid for both enzymes. Equivalently for both lipases, the ring substitutions
with hydroxyl groups in ortho and para positions were found to be the most unfavorable substitutions
for the reactivity of the cinnamic derivatives. On the other hand, the meta-substitution of the aromatic
ring had a much lesser impact. Thus, due to its structure, caffeic acid was converted only in traces
amounts with both enzymes. However, the activity of CALB and RML differed regarding the conversion
of ferulic acid. Most probably because of the presence of a methoxy group, CALB converted ferulic
acid with low esterification yield where the RML was less impacted by the meta-methoxy substitution
and converted ferulic acid with a yield comparable to that of m-hydroxycinnamic acid.

Table 1.2.1: Effect of cinnamic derivative structure on the reaction rate and conversion yields for

esterification in octanol catalyzed by the lipase from Candida Antarctica (CALB) and Rhizomucor miehei
(RML)for 12 days. Adapted from (Stamatis et al., 1999)

CALB RML

Acid Reaction rate  Conversion Reaction rate Conversion

(mM h?) after 12 days (mM h?) after 12 days
(%) (%)
Cinnamic 0.57 82 0.32 59
o-hydroxycinnamic 0.18 21 0.20 18
m- hydroxycinnamic 0.27 38 0.25 32
p- hydroxycinnamic 0.18 25 0.18 22
Ferulic ND? 11 0.10 30

Caffeic ND? Traces ND? Traces

aND, not determined.

This difference in selectivity and activity of the RML was recently confirmed by Schér et al.
(Schér et al., 2017) in esterification of cinnamic derivatives with ethanol. In this study, higher yields of
ethyl ferulate (76.2% + 2.0) compared to ethyl m-hydroxycinnamate (69.0% + 1.7) were obtained in
72h. Another interesting result was the important yield of sinapic acid (66.7%z1.4) compared to caffeic
acid (16.1%=1.2). This confirms that in the case of the RML, hydroxyl groups in meta position decrease

the reactivity more significantly that their methoxy counterparts.

Weitkamp et al. (Weitkamp et al., 2006) obtained similar results to those of Stamatis et al.

(Stamatis et al., 1999) with CALB when comparing the reactivity of cinnamate ethyl and methyl esters
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with substituent on different positions in transesterification with long chain alcohols such as oleyl
alcohol. The impact of the hydroxyl substituent position on the conversion of the substrate by the lipase
is presented in Figure 1.2.5.b. The influence of the hydroxyl groups on the CALB activity was ranked
in the order ortho > para > meta. Again, the introduction of supplementary hydroxyl or methoxy group,
as in caffeic and ferulic acid, reduced even more the reactivity of these derivatives and/or the CALB
activity. Methoxy groups were found to be less detrimental than hydroxyl groups. The same authors
showed that a similar trend was observed in direct esterification of cinnamic derivatives (Vosmann et
al., 2006). Importantly, the reactivity in esterification and transesterification of hydrogenated cinnamic
derivatives was also assessed. The time-course conversion in transesterification of hydrogenated
cinnamate and caffeate esters in comparison to unsaturated ones are given in Figure 1.2.5a and c. It can
be drawn from these results that the presence of the double bound greatly reduces the reactivity of the
cinnamate derivatives toward the enzyme for compounds containing hydroxyl groups. As an example,
the CALB enzymatic activity with methyl dihydrocaffeate was 20 folds higher than with methyl
caffeate, its unsaturated precursor. This observation is in agreement with previous results from Stamatis
et al. (Stamatis et al., 2001) showing a similar trend for cinnamic acid. The authors showed that five
hydrolases including CALB presented a much higher reaction rate when used for the esterification of
hydrogenated p-hydroxycinnamic acid with octanol when compared with unsaturated p-

hydroxycinnamic acid.
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Figure 1.2.5: Conversion of the CALB-catalyzed transesterification of cinnamic methyl and ethyl ester
derivatives with oleyl alcohol: a) Ohydrogenated oleyl cinnamate, o oleyl cinnamate; b) oleyl ¢ ortho-
hydroxycinnamate, 0 meta-hydroxycinnamate and A para-hydroxycinnamate; c) Ohydrogenated oleyl
caffeate, 0 oleyl caffeate. Reproduced from (Weitkamp et al., 2006).

Stevenson et al. (Stevenson et al., 2007) investigated the activity of CALB for the esterification
of cinnamic derivatives with aromatic alcohols. The reactivity of the phenylethanol, methoxy-
phenylethanol and tyrosol as aromatic alcohols were studied, as represented in Scheme 1.2.1. The
reaction rates were substrate dependent with the following order: cinnamic acid > p-methoxycinnamic
acid > dimethoxy-cinnamic acid > ferulic acid > o-hydroxycinnamic acid > caffeic acid. Again, as in

the previous studies, hydroxyl groups had a greater impact on the reactivity than methoxy ones.
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Interestingly, sinapic acid, methoxy- and dimethoxy-cinnamic acids led to unidentified side-products.
This is rather unexpected as enzymatic catalysis allows mild reaction conditions and usually shows a

high specificity which are factors limiting the likelihood of side-products occurrence.
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Scheme 1.2.1: Aromatic acids and alcohols tested in the CALB-catalyzed esterification for the synthesis of
biobased antimicrobial compounds. Adapted from (Stevenson et al., 2007).

Cassani et al. (Cassani et al., 2007) studied more specifically the impact of the presence of a
double bound on cinnamic derivatives reactivity in esterification with alcohols of different length.
CALB-catalyzed conversion of p-hydroxycinnamic and ferulic acid could not reach more than 55% in
360h. Once hydrogenated the substrates were both converted at yields higher than 90% in a timeframe
between 48 and 360h. This result was also supported by M. Zoumpanioti et al. (Zoumpanioti et al.,
2010) whose observations suggest that the negative impact of hydroxyl substituent on cinnamic
derivatives aromatic ring could be mostly attributed to electronic effects. Indeed, hydrogenating the
double bound of cinnamic derivatives breaks the conjugation between the acid function and the aromatic
ring. Moreover, the hydroxyl substituents have an important mesomeric electronic effect. The rigidity
of the double bound could also be incriminated in the low reactivity of these compounds. The lipase-
catalyzed esterification of the hydrogenated versions of the cinnamic derivatives has been studied (Priya
etal., 2002, 2003; Yang et al., 2012; Buzatu et al., 2020; Zieniuk et al., 2020) because of the high yields
usually observed with these derivatives and the fact that they may also have pharmaceutical applications.
However, these compounds have not been considered into the focus of this review and their reactivity

will not be fully covered.

Thus, enzymes such as the CALB and RML were proven to have a different selectivity.
Interchanging these enzymes could in some cases improve the esterification of specific compounds such

as ferulic acid.
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2.2. The screening of enzymes:
Because of their high substrate-related specificity, screening the activity of new enzymes is a
way to unlock the hydrolase-catalyzed esterification of specific substrates. Therefore, enzymes from

various sources have been screened for their ability to synthesize cinnamic derivatives esters.

As described earlier, CALB is the most described hydrolase because of its commercial
availability and good reactivity (Buisman et al., 1998; Compton et al., 2000). Still, H. Stamatis et al.
(Stamatis et al., 2001) investigated the reactivity of three other hydrolases and compared it with that of
CALB and the previously mentioned RML. The authors studied the lipase from Candida rugosa (CRL),
the esterase from Fusarium oxysporum (FOE) and the cutinase from Fusarium solani (FSC). These
enzymes were essayed for the esterification of cinnamic, p-hydroxycinnamic and ferulic acids with
octanol in solvent free conditions. Within 12 days, all the cinnamic derivates were successfully esterified
by the selected enzymes. However, inequal yields were obtained. The reactivities of the enzymes toward
the cinnamic and p-hydroxycinnamic acid were in the following order: CALB > RML > FSC > FOE.
For all enzymes, the reaction rates were higher for the conversion of cinnamic acid when compared to
p-hydroxycinnamic and ferulic acids. However, the RML converted ferulic acid in higher yields when
compared to p-hydroxycinnamic acid. Moreover, the obtained yields of octyl ferulate were the highest
(30%) when compared with the other enzymes yields (up to 11%). This shows the important selectivity
of the RML for m-methoxy substituents. Unfortunately, the poor solubility and low reaction rate of

ferulic acid did not allow a deeper investigation of the reaction kinetics.

More recently, Schar et al. (Schar et al., 2015) employed the RML for the direct esterification
of ferulic acid with alcohols of different lengths. The parameters of the reactions were optimized by 3-
level-5-factor design. The obtained reaction yields were slightly lower than those predicted by the
model. However, yields up to 76% and 92% of ethyl ferulate and hexyl ferulate, respectively, were
obtained after only 72h. This study also indicated that short primary alcohols are preferred, and that the
activity of the enzyme increases with the alcohol length until C6. After this limit, longer alcohols

presented a lower reactivity. Secondary alcohols were the least reactive species.

Immobilized RML is available under the brand name Novozym 40086. Sun et al. (Sun et al.,
2018a) studied the esterification of cinnamic acid with benzyl alcohol with Novozym 40086 as catalyst.
The activity of the enzyme was compared with that of commercially available immobilized CALB
(N435) and lipase from Thermomyces linuginosous (Lipozyme TLIM) as well as the free enzymes. As
represented in the Figure 1.2.6, the Novozym 40086 showed the highest final conversion (92.3 %) when
compared to TLIM (55.1 %) and N435 (51.3 %). Possibly due to aggregation, the free enzymes
systematically resulted in lower yields. Through extensive optimization, a yield of 96.2 % of benzyl
cinnamate was obtained with Novozym 40086 in only 11.3 hours of reaction. Moreover, this catalyst

showed no significant loss of activity after 9 cycles of reuse, demonstrating its high reusability. In this
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context, the immobilized form of RML is therefore an interesting competitor to the classically used
N435.
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Figure 1.2.6: Comparison of the conversion of benzyl cinnamate obtained by esterification of cinnamic acid
with benzyl alcohol with different biocatalysts. Adapted from (Sun ef al., 2018a).

Mastihubova et al. (Mastihubova et al., 2006) screened the activity of several enzymes for the
transesterification of activated ferulic esters as vinyl ferulate with different glucosides. The
transesterification of vinyl esters leads to the production of vinyl alcohol as a byproduct. This vinyl
alcohol is then transformed into volatile acetaldehyde by keto-enol tautomerism. The latter can be easily
eliminated, thus shifting the reaction equilibrium. The lipases from Aspergilus niger (Lipase A, Amano)
and Thermomyces lanuginosus (Lipolase 100L and Lipolase 100T, Novozymes), the xylanase from
Thermomyces lanuginosus (Pentopan 500 BG, Novozymes) and the hemicellulase from Humicola
insolens (Ultraflo L, Novozymes) were assessed. The Lipolase 100T was found to have the highest
enzymatic activity. Interestingly, this enzyme was able to work in highly polar solvent as acetonitrile or
methyl isobutyl ketone, facilitating the solubility of the substrate. High yields of feruloylated glycosides
were obtained (up to 90% in 65 hours).

The authors later reported the use of the same enzyme for the transesterification of methyl a-D-
glucopyranoside with cinnamic and benzoic derivatives vinyl esters (Mastihubova et al., 2013). This
study also highlighted the Lipolase 100T substrate specificity. As for the CALB, the presence of the
double bound of cinnamic derivatives was deleterious to the activity of the enzyme. Hydroxyl
substituents presented a negative effect as well. Methoxy substituents were found to be less detrimental,
and their presence could even result in high conversion. As an example, vinyl ferulate was converted in
higher yield than vinyl p-hydroxycinnamate (68% in 64 hours and 56% in 78 hours, respectively). Vinyl
caffeate, because of its two phenols, presented an even lower conversion (16% in 96 hours). However,
other authors assayed the same enzyme but immobilized on silica gel (TLIM) and obtained total

conversion of vinyl caffeate when transesterified with B-glucopyranoside (Chyba et al., 2016). The

43



Chapitre 1

reaction was performed in tert-butanol at 40°C. The immobilization of the enzyme thus seems to play

an important role in its selectivity.

Similarly, Wang et al. (Wang et al., 2016a) employed TLIM for the esterification of cinnamic
acid with ethanol. After an extensive optimization of reaction conditions (solvent, enzyme loading,
temperature, water activity, substrate ratio, shaking rate) a conversion of 99 % in ethyl cinnamate was
obtained in 24 hours in isooctane. This yield is much higher than previous results obtained for example
with CALB. Interestingly, non-null water activity was in favor of the lipase activity. Water in the
reaction medium could allow a good balance between the absorbance of the support and the structural
water required by the enzyme. However, too high water activity promoted hydrolysis, reducing the
reaction yield. Indeed, it is a well-known phenomenon in the lipase-catalyzed synthesis of esters and
polyesters (Compton et al., 2000; Giuliani et al., 2001; Mahapatro et al., 2003; Ulger et al., 2017).

Recently, the same enzyme was employed by Gherbovet et al. (Gherbovet et al., 2020) for the
esterification of vinyl ferulate with chromogenic aromatic substrates in acetonitrile as represented in
Scheme 1.2.2. The reaction was performed overnight at 37 °C and allowed to obtain high yield (up to
97%). The yields obtained as a function of the alcohol structure are given in Table 1.2.2. Interestingly,
the enzyme activity was hindered by electron withdrawing groups in ortho position of the alcohol used
in the transesterification. Moreover, transesterification of the vinyl ferulate with a compound presenting
a primary and secondary alcohol as well as with a phenol demonstrated the high selectivity of the enzyme
toward primary alcohol. Thus, the product containing a free secondary alcohol was produced with a
yield of 94 %, as represented in Scheme 1.2.2b.

(0] R4
Enzyme TLIM
a) y _0O N o
Acetonltnle
37 °C HO R,
Rs

Overnight

(0] OH
0 Enzyme TLIM o o
- X e N
b) jg/\)l\ w \©\ ACEYOnltnIe ow
HO 2 37 °C HO OH N02
Overnight

94 %

Scheme 1.2.2: Synthesis of feruloylated chromogenic compounds by TLIM-catalyzed transesterification: a)
study of the impact of the alcohol structure on the enzyme reactivity; b) Selective synthesis of a chromogenic
compound from a diol. Adapted from (Gherbovet et al., 2020).
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Table 1.2.2: study of the impact of the alcohol structure on the reaction yield in the synthesis of feruloylated
chromogenic compounds by TLIM-catalyzed transesterification. Reproduced from (Gherbovet et al., 2020).

R: R2 Rs Yield (%)
H H NO2 79

OH H NO2 76

Cl H NO2 44
F H NO. 46
H NO2 H 97

Another type of enzymes that brought much attention in this domain is the ferulic acid esterase
(FAE) family. First purified in 1991 (Faulds et al.), FAE (E.C. 3.1.1.73) is a subclass of carboxylic
esterases that are specific to the hydrolysis of ferulic and sometimes caffeic or p-hydroxycinnamic ester
moieties in plants cell wall (Crepin et al., 2004). Originally, FAEs were classified in four classes (A, B,
C and D) according to their substrate specificity (toward methyl ester of cinnamic derivatives) and
sequence resemblance. Today, other classification systems exist based again on the substrate specificity
but also on phylogenic analysis. More than 80 types of microbial FAEs have already been identified.
Their origin, activity and biotechnological application have been reviewed by Topakas et al. (Topakas
et al., 2007), Dilokpimol (Dilokpimol et al., 2016) and more recently by Oliveira et al. (Oliveira et al.,
2019).

Because of the FAE specificity toward natural cinnamic derivatives, Giuliani et al. (Giuliani et
al., 2001) tested the activity of an FAE from Aspergillus niger (AnFaeA) for the esterification of ferulic
acid. The esterification of ferulic acid with pentanol in a water-in-oil microemulsion was performed.
The solvent was composed of a mix of cetyltrimethylammoniumbromide (CTAB), hexane and pentanol.
A yield of 60% could be obtained after 8 hours of reaction. This high conversion was attributed to the
enzyme high activity associated with the use of an emulsion as reactive medium. Indeed, the authors
explained that such an emulsion allowed a high concentration and a convenient orientation of the

alcohol, favoring the enzyme activity.

Topakas et al. (Topakas et al., 2003b) extracted and purified a FAE (FoFAE-II) from Fusarium
oxysporum F3 from cumin. The activity of the FAE-II was assessed with cinnamic derivatives. The
esterifications were again performed with propanol in an emulsion but this time without surfactant. The
solvent consisted of an emulsion of hexane, propanol and MES-NaOH buffer pH 6.6. The conversion
of cinnamic acid into its propyl ester only resulted in trace amounts after 224 h of reaction. However, p-
hydroxycinnamic and ferulic acid were converted with a yield of 13 and 16%, respectively, in the same

period of time.

The same research group later assessed the esterase activity of another FAE (FOFAE-I from
Fusarium oxysporum F3) (Topakas et al., 2003c). Its activity was tested this time for the
transesterification of methyl p-hydroxycinnamate, methyl ferulate, methyl caffeate and methyl sinapate

with butanol in the same system of surfactant free microemulsion. This time the selectivity was different
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than with the previous enzyme. After 140h of reaction, methyl p-hydroxycinnamate gave the highest
yield (71%). It was followed by methy| caffeate (22%), methyl ferulate (13%) and methyl sinapate (1%).
This study demonstrates the great difference in selectivity between the different FAEs and thus the

importance of their source.

Topakas et al. (Topakas et al., 2005) also reported for the first time the use of FAE from
Sporotrichum thermophile (StFaeC) for the transesterification of methyl ferulate with v-arabinose. As
mentioned before, the coupling of ferulic acid with sugars and polyols interestingly increases the
substrate solubility in agueous medium (for cosmetic or medical applications, as an example). Yields up
to 39% were obtained after more than 160 h of reaction. It is worth mentioning that the authors assessed
the specificity of the enzyme in transesterification toward several ferulate esters (Vafiadi et al., 2005).

The enzyme showed a higher conversion with short ferulate esters such as the methyl ferulate.

To date, FAEs are not yet commercially available. However, FAE can be found mixed with
other enzymes in commercial preparations. Thus, Tsuchiyama et al. (Tsuchiyama et al., 2006) screened
several enzymatic preparation from Amano and Novozymes. These preparations were known to contain
other enzymes as contaminants. Some of them were hemicellulase, cellulase and pectinase, which are
enzymes that are produced by microorganisms to metabolize components of the plant cell wall, so does
FAE. There is therefore a high probability that these microorganisms also produced FAE as contaminant
in the preparation. Among the fifteen enzymatic preparations tested, only one showed FAE activity: the
pectinase PL from Amano. The FAE present in the preparation was then purified. Finally, it was assessed
for the esterification and transesterification of several phenolic acids and esters with glycerol. Again, as
described before, glycolyzed phenolic acids are more hydrophilic and therefore easier to utilize in
medical application or in beverage. The highest catalytic activity was observed for the conversion of
sinapic acid. Ferulic acid showed medium activity while little to no activity was detected with caffeic
and p-hydroxycinnamic acids. It is worth mentioning that no activity was either detected with natural
hydroxybenzoic acids as vanillic acid which will be presented later. Higher activities were measured in
transesterification but without differences in selectivity. Interestingly, ethyl ferulate presented a higher
conversion than methyl ferulate. Nevertheless, the reactions were performed in an aqueous buffer-
dimethyl sulfoxide-glycerol mixture and significant hydrolysis was reported. The same team later
obtained higher yields for the esterification of p-hydroxycinnamic acid with glycerol (up to 60 % in 72h)
in a similar buffer-dimethyl sulfoxide-glycerol mixture with 80% of glycerol (Tsuchiyama et al., 2007).
To summarize, FAE with interesting activity toward natural cinnamic derivatives can be extracted from
commercially available preparation, making it easier to source for laboratories that are not well-equipped

for enzymes biosynthesis.

Vafiadi et al. (Vafiadi et al.,, 2008) assessed the activity of the AnFaeA in n-
hexane:butanol:water microemulsion for the transesterification of various cinnamic derivatives with

butanol. The pure enzyme was employed as crosslinked enzyme aggregates (CLEA). Its activity toward
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methyl ferulate, methyl p-hydroxycinnamate, methyl caffeate and methyl sinapate was compared. The
highest transesterification activity was obtained for methyl sinapate with a conversion up to 78% after
120 h. It was followed by methyl ferulate and methyl p-hydroxycinnamate with a conversion of 42 and
2%, respectively. No enzymatic activity was detected with methyl caffeate as reactant. According to the
authors, these results show the specificity of AnFaeA for methoxy-substituted substrates. The effect of
the solvent on the conversion of methyl sinapate was studied with various amounts of n-hexane versus
water and butanol. The ternary system with the highest amount of n-hexane (i.e. with n-
hexane:butanol:water ratio of 47.2:50.8:2.0 in volume) was proven to be the one promoting the highest

enzymatic reactivity.

Such ternary solvent mixtures have recently been used by Antonopoulou et al. (Antonopoulou
et al., 2017) for the transesterification of vinyl ferulate with prenol (3-methylbut-2-en-ol, a biobased
unsaturated alcohol), as represented in Scheme 1.2.3. The activity of five FAEs: FaeAl, FaeA2, FaeB1
and FaeB2 from Myceliophthora thermophila C1 as well as MtFaela from Myceliophthora thermophila
ATCC 42464 were assessed. The optimal reactive conditions such as the solvent composition, reactants
nature, pH and temperature were specific to each enzyme. The enzyme offering the highest yield was
the FaeB2. It converted vinyl ferulate to prenyl ferulate (PFA) with a yield of 72 % in only 24h. As a
comparison, in the same reaction conditions, the conversion of methyl ferulate to prenyl ferulate only
reached 26 % of yield in 72h. The direct esterification of ferulic acid only resulted in a yield of 1 % in
96h. The time-course of the yield in PFA obtained from the various ferulic derivatives are shown in
Figure 1.2.7. This confirms the shifting effect of vinyl esters. Indeed, as depicted earlier, the
transesterification of vinyl ester leads to the production of a vinyl alcohol adduct that gets transformed
into acetaldehyde by tautomerism. This acetaldehyde can easily be eliminated from the medium, shifting

the reaction equilibrium.

o (0]
FAE o /\)\
/O X O/R + /\)\ I——— X O
HO
HO HO
PFA

R = - H, Ferulic acid
- CH3, Methyl ferulate
- CH=CH,, Vinyl ferulate

Scheme 1.2.3: FAE catalyzed esterification and transesterification of ferulic moieties with prenol. Adapted
from (Antonopoulou et al., 2017).
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Figure 1.2.7: Evolution over time of the yield in PFA obtained by FAE-catalyzed esterification of prenol
with various ferulic moieties: ® Vinyl ferulate, o Vinyl ferulate and stirring, m Methyl ferulate and o Ferulic
acid. Reproduced from (Antonopoulou et al., 2017).

The same protocol was used to assess the activity of the previously cited enzymes for the
transesterification of vinyl ferulate toward r-arabinose (Antonopoulou et al., 2018)(Scheme 1.2.4). In
these conditions FaeAl offered the highest yield (52.2% in L-arabinose ferulate in 8h). After a longer
period of time, the selectivity of the enzymes decreased, and the hydrolysis resulted in the decrease of
the reaction yield until 24h. A similar phenomenon was observed for all enzymes, as shown in Figure
1.2.8. According to the authors, this could be explained by the hydrophilicity of the L-arabinose ferulate

which could stay in the agueous phase in relatively large amounts, leading to a significant hydrolysis.
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Scheme 1.2.4: FAE catalyzed esterification and transesterification of vinyl ferulate with r-arabinose.
Adapted from (Antonopoulou ef al., 2018).
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Figure 1.2.8: Ratio of arabinose ferulate (AFA) and ferulic acid (FA) in the reaction medium for the

transesterification of arabinose with vinyl ferulate catalyzed with different enzymes. Reproduced from
(Antonopoulou et al., 2018).
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Later on, Antonopoulou et al. (Antonopoulou et al., 2019) published a study on three FAEs
from Talaromyces wortmannii: Fael25, Fae7262, Fae68. The conversion of vinyl ferulate with prenol
and c-arabinose was evaluated in various polar and nonpolar solvents and even in ionic liquids. The
solvents consisted of a mix 96.8:3.2 solvent:buffer pH 6. In 8h, Fae125 allowed to obtain the highest
yields both in the synthesis of prenyl ferulate and r-arabinose ferulate (50.2% and 25%, respectively).
Interestingly, the optimal solvent was different depending on the chosen enzyme and on substrate. As
an example, for the synthesis of prenyl ferulate, Fael25 and Fae68 gave higher yields in nonpolar
solvents while with Fae7262 the highest conversion was obtained using a hexane:butanol mixture.
Likewise, the maximum conversion of vinyl ferulate to L-arabinose ferulate with Fae125 and Fae7262
was maximal in the same hexane:butanol mixture. Finally, Fae68 produced r-arabinose ferulate at its
highest yield in hexane. Adding small amounts of DMSO to hexane facilitated the solubilization of the
substrate and its mass transfer. Adding 5% (in volume) of DMSO improved the synthesis of prenyl
ferulate to a yield up to 92.8% (after 24h). For the synthesis of r-arabinose ferulate, adding DMSO
allowed to reach a yield of 67.1% in 6h. However, for DMSO content higher than 20% in volume, the
enzyme appeared to be deactivated. The reusability of the enzyme was possible after up to 5 cycles
without major decrease of the yield. On the sixth cycle, the obtained yield decreased to 66.6%.
According to the authors, these results highlighted the possibility to use FAE in a continuous process

for the production in large scale of prenyl and r-arabinose ferulate.

A different ternary system was used by Romero-Borbon et al. (Romero-Borbdn et al., 2018)
that used a microemulsion composed of isooctane:butanol:water with 73:25:2 (in volume) to determine
the reactivity of a FAE from Aspergillus ochraceus (AocFaeC). It was compared with AnFaeA and FAE
B from Aspergillus niger (AnFaeB). First, methyl ferulate was transesterified with alcohols of different
length (from C2 to C12). AocFaeC was highly specific and could nearly only synthesize butyl ferulate.
AnFaeA showed a higher activity with C3 alcohols and AnFaeB was the least active and could not
synthesize any alkyl ferulate. Finally, the selectivity of the enzymes toward different methyl hydroxy-
cinnamate in transesterification with butanol was assessed. Methyl p-coumarate, methy| ferulate, methyl
caffeate and methyl sinapate were tested. AocFaeC showed a higher selectivity for the conversion of
methyl caffeate. AnFaeA showed a higher activity toward methyl sinapate when AnAFeaB showed a
better activity with methyl p-coumarate. In these conditions, for a same substrate, AocFaeC showed a
2.5 to 5 times higher activity. Its activity was also 16 and 35 times higher than those of StFaeC and
FoFae-I, other type C FAEs.

It has been pointed that the classification of FAE into types A to D is mostly based on the activity
of the enzyme toward short alcohol moieties. In plants, FAE converts cinnamic derivatives linked to
pentose monosaccharides as in arabinose. Thus, Hunt et al. (Hunt et al., 2017) investigated the activity
of AnFaeA with ferulate and caffeate methyl- or arabinose-esters. The docking of the substrates with

FAE has been studied through computational modelling. In agreement with the A-D classification of the
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enzyme, ferulate methyl esters were more rapidly converted than the caffeic methyl esters. Esters based
on arabinose moieties led to higher activity when compared to methyl ester. However, the Kinetics of
conversion of ferulate and caffeate arabinose esters showed comparable affinity toward the enzyme,
proving the complexity of classifying the FAEs. Modelling of the docking of caffeic derivatives revealed
favorable non-catalytic binding orientation, as represented in the Figure 1.2.9. This docking simulation
could explain the difference in AnFaeA activity between ferulic and caffeic esters. Indeed, small esters
of caffeic derivatives can occupy a small hydrophobic pocket. This tends to move the ester function
away from the catalytic site. When esterified with a bulky arabinose, the sugar cannot enter the small

hydrophobic pocket. As a result, the catalytic binding is favorized.
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Figure 1.2.9: Binding of the methyl caffeate with the AnFaeA active site: a) catalytic energetically favorable
orientation; b) non-catalytic also energetically favorable orientation. Reproduced from (Hunt ez al., 2017).

™

Immobilization of the FAE also plays an important role in its activity and selectivity. Recently
Grajales- Hernandez et al. (Grajales-Hernandez et al., 2020) studied in detail the immobilization of
AnFaeA for the esterification of cinnamic derivatives. A wide variety of immobilization methods were
assayed (i.e. covalent linking, adsorption, ionic linking). Carrier-bound immobilization was also
compared to carrier-free immobilization methods (i.e. CLEA). With FAE immobilized as CLEA, ferulic
and sinapic acids were fully converted to their butyl esters after 48 and 24 hours, respectively. Moreover,
the reaction could be performed in solvent free conditions. Interestingly, the caffeic and p-
hydroxycinnamic acids were not converted by the immobilized FAE, again confirming its high
selectivity. The enzyme immobilization allowed high reusability (up to 10 times) of the enzyme while
maintaining maximum activity. However, carrier-bounded and carrier-free immobilized enzymes did

not show improved thermal stability.

These experiments confirmed that the activity and selectivity of enzymes are very different
depending on the enzyme source and structure. Many sources of lipases and esterases have been
screened in order to characterize their affinity and selectivity. Even more complex, enzymes mixture
has also been investigated and could maximize yield while reducing the important cost of enzymatic
catalysis (Rahman et al.). New enzymes can also be carefully engineered through various processes such
as structure-based engineering or through directed evolution (Zhang et al., 2012; Cao et al., 2015;
Varriale et al., 2018; Cerullo et al., 2019; Santos et al., 2019).
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As an example, Lopez de los Santos et al. (Santos et al., 2019) employed directed evolution for
optimizing the activity of CALB-based enzymes toward the esterification of cinnamic and salicylic acids
through iterative semi-rational design. In silico modelling of substrate docking and residue interaction
network were combined with experimental measurement of mutant enzyme catalytic activity. 14
variants were identified with higher activity than the CALB wild type for the production of methyl
cinnamate. Widening of the enzyme docking site without disrupting the enzyme integrity was identified
as a critical step toward the improvement of CALB activity for the conversion of bulky aromatic

compounds.

2.3. Impact of the solvent

As mentioned previously, solvents can have a strong impact on enzymes activity. Again, the
activity of a given enzyme with cinnamic derivatives in a given solvent is difficult to predict and has
mostly been investigated empirically. As an example, hydrophobic solvents can block water from
accessing the substrate, limiting hydrolysis. However, enzymes such as FAE are deactivated by highly
hydrophobic solvents. As we saw earlier, several FAE catalyzed reactions have been performed in binary
or ternary microemulsion systems containing a mix of aqueous and organic solvents (Giuliani et al.,
2001; Topakas et al., 2003b, 2003c, 2005; Tsuchiyama et al., 2006, 2007; Vafiadi et al., 2008;
Antonopoulou et al., 2017, 2018, 2019; Romero-Borbon et al., 2018). In this way, the enzyme can
remain in the aqueous phase and the presence of an organic solvent facilitates the solubilization of the

substrate and its transesterification.

CALB is known to be soluble and stable in organic solvents such as cyclohexane or toluene.
Therefore, transesterification and esterification of hydroxy-cinnamic compounds have been studied in
such hydrophobic solvents. Buisman et al. (Buisman et al., 1998) investigated the CALB catalyzed
esterification of cinnamic acid with 1-butanol in several organic solvents. The yields obtained after 5
days of reaction in diethyl ether, t-butylmethyl ether, 1-butanol, cyclohexane and n-pentane were
compared. The highest yield (85%) was obtained in n-pentane followed by cyclohexane (68%). All other

studied solvents gave negligible yields.

This was confirmed by several studies. Lee et al. (Lee et al., 2006) performed the CALB-
catalyzed esterification of cinnamic derivatives with 2-ethyl hexanol and showed that solvents with an
octanol water partition coefficient (logP) > 3.5 offered the higher conversion. Isooctane (logP = 4.5)
was identified as a good solvent for the esterification of ferulic acid offering a conversion of the substrate
above 90 % in 48 h. From their side, Jakovetic et al. (Jakovetic¢ et al., 2013) determined the activity of
CALB for the esterification of cinnamic acid with butanol in different solvents. Isooctane offered the
higher yield in butyl cinnamate (45 %) when compared with solvent of lower logP as chloroform (logP

= 2, 9 %) or tert-butanol (logP = 0.35, 28 %). Interestingly hexadecane (logP = 8.8) led to lower
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conversion than isooctane (16 %), showing that the relation between the solvent polarity and the
conversion follows a bell shape with an optimum. Finally, this was also confirmed by Lue et al. (Lue et
al., 2005) for the CALB-catalyzed esterification of cinnamic acid with oleyl alcohol. The highest yield
of 78 % was obtained when hexane was employed as solvent (logP = 3.5) while isooctane and heptane
(logP = 4.0) resulted in a lower yield (71 %). More polar solvents as octanone and butanone resulted in
even lower yields (1.6 and 0.5 %, respectively). It is worth pointing out that these results are different
from those obtained by Lee et al. (Lee et al., 2006) and by Jakovetic et al. (Jakoveti¢ et al., 2013). The

optimal polarity of the solvent therefore tends to be specific to the substrate studied.

Recently, Suarez-Escobedo et al. (Suérez-Escobedo et al., 2021) studied in detail the impact of
solvent on the lipase-catalyzed esterification of cinnamic derivatives. The authors underlined that
previous studies generally required high temperatures and that the nonpolar solvents used were
potentially hazardous and/or polluting. They therefore focused on the possibility of using mild
conditions and if possible green alternative solvents. However, the highest conversion was still obtained
with hexane (92 % in 72 hours). Unfortunately, greener alternative solvents as 2-methy| tetrahydrofuran,
Cyrene, or deep eutectic solvents (that will be developed later) systematically resulted in lower

conversions.

Schér et al. (Schér et al., 2016) studied the conversion of ferulic derivatives and B-sitosterol
with the lipase from Candida rugosa in hexane. Direct esterification and transesterification resulted in
yields up to 35 and 55%, respectively, in 5 days. However, when the parameters of the reaction were
mathematically optimized, the low solubility of ferulic acid in the medium was pointed out. Thus, the
concentration of ferulic acid could not be increased beyond a certain point, possibly impacting the
reaction yield. Because of this lack of solubility, many authors chose to perform the esterification of
cinnamic derivatives with co-solvents such as butanone (Karboune et al., 2008; Sorour et al., 2012;
Yang et al., 2012).

Indeed, the mixture of a nonpolar solvent ensuring a good reactivity of the enzyme and a polar
solvent improving the solubility of the substrate is an interesting alternative. As an example, Yang et al.
(Yang et al., 2013) studied the CALB-catalyzed transesterification of ethyl ferulate with
phosphatidylcholine, as represented in Scheme 1.2.5, and found that mixture of toluene with polar
solvent such as butanol or chloroform offered higher yield when compared to common solvent as
hexane. After optimization, a mixture of toluene and chloroform (9:1 v/v) was found to be the optimal
composition, allowing to reach yields up to 40%. The esterification and transesterification of ferulic
moieties with phosphatidylcholine from egg-yolk was recently studied in details by Rychlicka et al.
(Rychlicka et al., 2020). Similarly, and as presented in Figure 1.2.10, the authors also obtained the higher
yields of feruloylated phosphatidylcholine in a mixture of toluene and chloroform with a yield up to 62

% after reaction optimization.

52



Chapitre 1

(o] O
0 )I\ 1 | - 0 [e)
Po /\/N\ 1 | -
o ~ O/\ . R O/Y\o 6' (e) N435 /O N O/\/\O/ I';’\O/\/ N+\
OYO Toluene/ OH o
HO R, Chlorform HO

Scheme 1.2.5: Transesterification of ethyl ferulate with phosphatidylcholine (Yang et al., 2013; Rychlicka et
al., 2020).
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Figure 1.2.10: Effect of the solvent on the transesterification of ferulic acid with phosphatidylcholine.
Reproduced from (Rychlicka et al., 2020).

Highly polar solvents are generally considered not suitable because they could denaturate the
enzyme through hydrogen bonding or by withdrawing structural water from the enzyme. However, polar
solvents such as alcohols or ketones have been proven to be suitable for lipase-catalyzed processes. Back
in 2000, Guyot et al. (B. Guyot et al., 2000) studied the CALB-catalyzed transesterification of 5-caffeoyl
quinic acid ester with fatty alcohols in 2-methyl-2-butanol. This solvent was employed because it allows
a higher solubility of the substrates compared to the solvent-free reaction. Moreover, secondary alcohols
being weakly reactive toward lipase, they have often been used as solvents (Compton et al., 2000, 2012).
Enzymes mentioned in studies cited earlier, like the lipase from Thermomyces lanuginosus, allow to
perform reactions in highly polar solvents such as acetonitrile (Mastihubové et al., 2006, 2013; Chyba
et al., 2016; Gherbovet et al., 2020). The high solubilizing power of these solvents is particularly
necessary for esterification of sugars derivatives as they are poorly soluble in non-polar solvents.

Several studies among those discussed above have performed the esterification or
transesterification of cinnamic derivatives under solvent-free conditions (B. Guyot et al., 1997; Stamatis
et al., 1999, 2001; Weitkamp et al., 2006). This method presents three major advantages. First, the
employed alcohols can often solubilize the cinnamic derivatives, which improves the contact between
substrates and enzyme. Moreover, the excess of alcohol shifts the equilibrium of the reaction toward the
esterification or transesterification. Finally, it allows to replace the hazardous nonpolar solvent (such as
hexane or toluene) by an often less hazardous substrate. This method is popular for the conversion of

cinnamic derivatives with glycerol.
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Sun et al. (Sun et al., 2007) performed the synthesis of glyceryl ferulate thanks to immobilized
CALB in solvent free conditions. In direct esterification, ferulic acid was weakly soluble in glycerol,
reducing its reactivity. Thus, the glyceryl ferulate was produced by transesterification of ethyl ferulate
and 96 % conversion was obtained in only 10 hours of reaction. The same authors converted ethyl
caffeate to glyceryl monocaffeate with a good selectivity thanks to CALB catalysis (Sun et al., 2017a).
The reaction was performed in solvent-free conditions. Through optimization, yields in glyceryl
monocaffeate above 95 % were obtained after 10.5 hours. This is an interesting result considering the

aforementioned low activity of CALB toward caffeic acid.

The same authors obtained similar results but this time with monoacyl glycerol as substrate (Sun
etal., 2017b). Recently, Yao et al. (Yao et al., 2020) used a similar method to produce glyceryl ferulate
but using free CALB instead of the immobilized one. This study pointed out the importance of good

substrate solubility and mass transfer to maximize its reactivity toward the enzyme.

Always with the idea of performing solvent-free reactions, Yang et al. (Yang et al., 2012)
studied the transesterification of ethyl ferulate directly in fish oil. The aim was to synthesize feruloylated
fish oil, a powerful additive to protect fish oil against oxidation. A mixture of feruloylated glycerides
was obtained. Full conversion of ethyl ferulate was observed with a yield of feruloylated fish oil higher

than 92%. Interestingly, the addition of glycerol to the mixture improved the reaction yield.

Recently, Abdelgawad et al. (Abdelgawad et al., 2021) performed solvent-free
transesterification of palm stearin with ferulic acid. The authors assessed the selectivity of three
enzymes: the lipase from Thermomyces lanuginosus (Lipozyme 100L, Novozymes), the CALB as well
as the Lipase A from Candida antarctica. The reactions were performed directly in the oil with,
evaluating the impact of adding glycerol to the mixture. Addition of free glycerol was shown to improve
the reaction yield. Moreover, a synergistic effect of the lipase from Thermomyces lanuginosus was
observed with either CALB or the lipase A from Candida antarctica allowing to produce the
feruloylated oil in higher yields. According to the authors, employing the Lipozyme 100L in mixture
with either the lipase A or B from Candida antarctica allows to obtain high yield while reducing the

reaction costs.

A new type of solvent that brings much attention today is the use of ionic liquids (IL). IL are
able to solubilize a large diversity of substrates and are compatible with enzymatic catalysis
(Elgharbawy et al., 2018, 2020, 2021). They are considered as a green alternative to classical solvents

because of their negligible vapor pressure, non-flammability and high stability.

Katsoura et al. (Katsoura et al., 2009) compared the activity of CALB and RML in an IL
medium constituted of [BMIM]PF (represented in Figure 1.2.12). The esterification of several cinnamic
derivatives with octanol gave results comparable to those of conventional organic solvents. The

esterification of ferulic acid was specifically studied with both enzymes. The esterification of ferulic
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acid with alcohols of different lengths in IL demonstrated that the enzymes presented the same
selectivity than in conventional organic solvents, offering yields up to 53 % (for the esterification with
butanol catalyzed by RML in 72 h). The esterification of ferulic acid with butanol in conventional
solvents and several IL types (shown in Figure 1.2.12) was also studied. Among all the solvents,
[BMIM]PFswas found to give the higher yields for both enzymes. As for the conventional solvents, no
correlation between the IL polarity and the obtained yield was found. The results obtained by the authors
are presented in Figure 1.2.11 where the yields obtained in different solvents are compared with their
ability to solubilize the substrate. Finally, the use of IL did not improve the reusability of CALB. On the

contrary, RML was found to be more fragile, and its activity decreased after each reuse.
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Figure 1.2.11: Yield of the lipase-catalyzed esterification of ferulic acid with butanol in common organic
solvents and ionic liquids. The reaction was catalyzed by CALB (black symbols) or RML (white symbols).
Reproduced from (Katsoura et al., 2009).

FAE has also been tested in IL. Vafiadi et al. (Vafiadi et al., 2009) converted sinapic acid into
glyceryl sinapate in [Cs0.mim][PF6] (Figure 1.2.12) with AnFaeA reaching high yields (76.7+1.8%).
Adding water (up to 15%) improved the activity which can be explained by the fact that the activity of
FAE requires a rather large amount of water compared to lipases.

The transesterification of ethyl ferulate with fatty oils in IL was also investigated. Sun et al.
(Sun et al., 2015) studied the CALB-catalyzed transesterification of ethyl ferulate with castor oil in
[EMIM]PF¢ (Figure 1.2.12). A high conversion of ethyl ferulate to feruloylated glyceryls was obtained.
According to the authors, the use of an IL favored the production of feruloylated glyceryls, brought a
protection to the enzymatic catalyst, promoted mass transfer and reduced the coloration of the solution
when compared to solvent-free reactions. Both media (solvent-free and IL) allowed to reach full
conversion of ethyl ferulate in approximatively the same timeframe. The same team later screened
several IL and employed [BMIM]PFs for the transesterification of ethyl caffeate with castor oil in high
yields (72.48% + 2.67) (Sun et al., 2019).
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Figure 1.2.12: Structures of the various IL employed for enzyme-catalyzed esterification and
transesterification reactions.

One important drawback of IL is their high viscosity. In order to address this problematics, Shi
etal. (Shietal., 2017) used a mixture of IL/hexane for the CALB-catalyzed esterification of ferulic acid
with lauryl alcohol. Adding hexane to IL (with a ratio 1/1) allowed to decrease the viscosity of the
medium, thus increasing the reaction rate. Thanks to this method a high yield up to 90.1% in lauryl
ferulate was obtained.

Another drawback of IL is their cost and in some cases their potential toxicity (Bubalo et al.,
2017). A new type of solvent with properties comparable to IL but a much lower price has emerged with
deep eutectic solvents (DES). DES are a mixture of compounds that once mixed together have a lower
melting point than the compounds taken separately. As IL, they have very low vapor pressure and good
solubilizing properties. Moreover, there are often constituted of non-toxic moieties and are considered
therefore less toxic than IL. Finally, the good activity of enzymes such as lipases in DES has already
been demonstrated (Durand et al., 2012).

Durand et al. (Durand et al., 2013a) evaluated the use of DES for the CALB catalyzed
transesterification of methyl p-hydroxycinnamate and methyl ferulate with octanol. A choline-
chloride/urea mixture allowed to obtain the highest conversion for both methyl esters with yields above
98%. It is worth mentioning that the equilibrium was reached with methyl p-hydroxycinnamate in 72 h
while it was reached for methyl ferulate in 168 h. Surprisingly, adding water to the mixture was
necessary in order to maximize the enzyme activity and such addition of water (below a certain amount)
did not promote hydrolysis. These results were confirmed by an extensive study of the influence of each
component of the medium on the reactivity (Durand et al., 2014). The same team investigated much
further the use of DES for the successful lipophilization of phenolic acids reported in several review
articles (Durand et al., 2013b, 2015).

Shi et al. (Shi et al., 2019) also employed DES for the CALB-catalyzed transesterification of
methyl ferulate with alcohols of different lengths with the aid of ultra-sonication. In agreement with
previous studies discussed above, the highest yield was obtained with the C6 alcohol, allowing a yield

of 94 % within 3 days of reaction.

Finally, among the various media used and reported for hydrolase-catalyzed cinnamic
derivatives esterification, one must mention the use of supercritical CO; (ScCO;). ScCO; as IL and DES
presents good solubilizing properties and is considered as green and less hazardous solvent in
comparison to conventional organic solvents. ScCO; has already been successfully employed for lipase-
catalyzed transesterification of cinnamic derivatives (Compton et al., 2001; Ciftci et al., 2012).
However, the practical application of ScCO2 is limited by the need for very specific equipment

supporting the high pressure required by the supercritical fluid.
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Other parameters have been investigated in order to increase the kinetics and the yield of
enzymatic esterification of cinnamic derivatives. One example is the use of reduced pressure. Partial
vacuum allows the evaporation of small adducts of esterification or transesterification, shifting the
equilibrium of reaction. As an example, Sun et al. (Sun et al., 2015) (cited above) assessed the use of
reduced pressure during the transesterification of ethyl ferulate with castor oil in IL with CALB. As
shown in Figure 1.2.13, reducing the pressure from atmospheric pressure to 10 mmHg increased the
yield from 60 % to 89 %. In a similar way, Huang et al. (Huang et al., 2015) performed the esterification
of ferulic acid with 2-ethyl hexanol in solvent free conditions under reduced pressure (560 mmHg) with
CALB. In order to maximize the medium agitation and to reduce the pressure, the reaction was
performed directly in a rotary evaporator. This method allowed to obtain yield of esterified ferulic acid
up to 99.5 %. Beside improving reaction yields, reduced pressure can also avoid side reactions such as

hydrolysis, thus improving the selectivity of lipase-catalyzed transesterification (Sun et al., 2017a).
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Figure 1.2.13: Effect of vacuum on the CALB-catalyzed transesterification of ferulic acid with castor oil
(EF: Ethyl ferulate). Reproduced from (Sun et al., 2015).

Finally, a popular method to improve enzymes stability and reusability is their immobilization,
which has been briefly mentioned earlier. The most common support for CALB immobilization is
Lewatit acrylic resin beads (corresponding to N435). However, other methods of immobilization have
been investigated in the literature for the conversion of cinnamic derivatives. As an example, Httner et
al. (Huttner et al., 2017) employed mesoporous silica with various architecture to support FAE. These
supported enzymes allowed the transesterification of methyl ferulate with butanol and showed a good

reusability with a high productivity up to 9 cycles of reuse.

Grajales-Hernandez et al. (Grajales-Hernandez et al., 2020) also investigated methods for
convenient immobilization of the AnFaeA. The authors studied both supports (covalent and non-
covalent) and support-free immobilization methods (as CLEA). CLEA realized by crosslinking with
glutaraldehyde showed promising results. Surprisingly, the enzyme immobilization did not improve its
thermal stability. The enzyme showed however an important activity and selectivity for the esterification

of multiple cinnamic derivatives with butanol reaching conversion up to 98 % in 24 hours in solvent
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free conditions. The crosslinked enzyme conserved its selectivity toward methoxylated substrates as
shown in Figure 1.2.14. Moreover, the immobilized enzyme showed an important reusability with no

significant loss of activity after 10 reuse cycles.
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Figure 1.2.14: AnFaeA-catalyzed transesterification of cinnamic derivatives with butanol: a) Free enzyme;
b) Enzyme immobilized as CLEA. Reproduced from (Grajales-Hernandez et al., 2020).

More unexpectedly, Sankar et al. (Sankar et al., 2017) employed cuttle bone powder to
immobilize a lipase from Bacillus subtilis and assessed this catalyst for the esterification of ferulic acid
with ethanol. Cuttle bone powder is a biobased high surface support. This support enhanced the thermal
stability of the enzyme allowing the esterification of ferulic acid with ethanol in high yields (above 85
% in 24 hours). Many more examples of enzymes supports can be found in the literature (Chandel et al.,
2011; Kumar et al., 2011).

3. Benzoic and hydroxybenzoic derivatives:

As described earlier, cinnamic derivatives are not the only aromatic compounds extracted from
biomass. Benzoic and hydroxybenzoic acids are also produced in the plant through the Shikimate
pathway (Valanciene et al., 2020) and can also be extracted in significant amounts from various plant
sources. The most common natural phenolic acid is gallic acid as it is present in high quantities in
tannins, a constituent of plants cell wall (Crozier et al., 2006). However, since gallic acid esterification
presents its own specificities, it will be described later in a separated part. Benzoic, vanillic and syringic
acid (see Figure 1.2.15) can be found in various plant sources such as blueberries or breadnut
(Valanciene et al., 2020). These aromatic platform chemicals can be directly extracted from biomass
(Dandekar et al., 2020) or produced from lignin depolymerization (Li et al., 2021; Poveda-Giraldo et
al., 2021). Moreover, the synthesis of vanillic acid from vanillin or from the previously mentioned
ferulic acid (Topakas et al., 2003a) have been described. Hydroxybenzoic derivatives are found in plants
from traditional medicines (Cai et al., 2004) and have been shown to possess beneficial actions on the
treatment of cardiovascular disorders or cancers (Srinivasulu et al., 2018; Kumar et al., 2019; Ingole et

al., 2021). Moreover, they present interesting antioxidant properties (Srinivasulu et al., 2018; Kumar et
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al., 2019). However, as for cinnamic derivatives, they are poorly soluble in organic solvents and oils as
well as in aqueous solutions. Therefore, the enzymatic esterification of these adducts with solubilizing

moieties has been investigated.
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Figure 1.2.15: Schematic representation of the more common natural benzoic derivatives.

As for cinnamic derivatives, the substitution of the aromatic ring with hydroxyl and methoxy
groups highly influences the reactivity of the hydroxybenzoic derivatives. Guyot et al. (B. Guyot et al.,
1997) studied the CALB-catalyzed esterification of hydroxybenzoic derivatives. The impact of the
position of hydroxy substituent was determined by assessing the reactivity of ortho, meta and para-
hydroxybenzoic acid in esterification with octanol. After 30 days of reaction, the m-hydroxybenzoic
acid was obtained with a yield of 14%. The ortho and para-hydroxybenzoic acid both resulted in a lower
yield of 4%. Dihydroxyl benzoic acid even gave lower yields, even after 50 days. Thus, among the
hydroxyl substituents, the meta position seems the less impacting one. Moreover, lower yields were
obtained with hydroxybenzoic acids when compared with hydroxycinnamic acids. This was confirmed
by Buisman et al. (Buisman et al., 1998) who compared the esterification of benzoic derivatives as the
p-hydroxybenzoic, m-hydroxybenzoic, vanillic, syringic and gallic acid with the esterification of
cinnamic acid butanol catalyzed by the CALB. Only trace amounts of the benzoic derivatives were
obtained. The same result was obtained from Stamatis et al. (Stamatis et al., 1999) when comparing the
reactivity in CALB and RML-catalyzed esterification with octanol of p-benzoic acid with cinnamic
derivatives. It is worth mentioning that the p-hydroxypheny! acetic acid, a compound presenting an acid

function spaced from the aromatic ring, presented a reactivity comparable to cinnamic acid.

Thus, this low reactivity of benzoic derivatives compared to cinnamic derivatives could be
explained by both electronic and steric effects as the carboxylic acid is directly linked to the aromatic
ring. Otto et al. (Otto et al., 2000) studied via computer modelling the interactions of benzoic derivatives
with CALB during esterification with glucose and compared them to those of cinnamic derivatives.
Because of its rigidity and non-polarity, the bulky aromatic ring led to unfavorable interaction of the
substrate with the enzyme binding site. It was also stated that spacing carbons from the aromatic rings
(as in cinnamic derivatives) could reduce the impact of the aromatic ring on the substrate binding.
However meta and para hydroxyl substitution of the aromatic ring of hydroxybenzoic derivatives were
found to have a limited steric effect thanks to the wide hydrophobic pocket of CALB, confirming the
dominance of electronic inhibitory effects. These observations were correlated to the experimental

yields obtained for the esterification of the benzoic and cinnamic derivatives with glucose through
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CALB-catalyzed reaction. The yield associated to the different substrates studied are given in the Figure

1.2.16 (the reactions were performed for 48 h in t-butanol).

A Influence of chain length
©/COOH ©/\COOH @/vCOOH ©/v\COOH ©/\/\/COOH
(no rxn) 2 (22 %) 3 (23 %) 4 (42 %) (11 %)
B Influence of substitution pattern of the aromatic ring

@\com COOH /©/\COOH /©/\COOH /©/\COOH
OH HO cl O,N

OH
6 (traces) 7 (18 %) 8 (17 %) 9 (27 %) 10 (12 %)

C Influence of functionalities within the acyl chain

mCOOH ©/\/COOH /@/\/COOH j@/\/COOH

(traces) (no rxn) 13 (no rxn) 14 (no rxn)
©/J\coo+| ©/|\/COOH
15 (no rxn) (no rxn)

Figure 1.2.16: Yield of the CALB-catalyzed esterification of cinnamic and benzoic derivatives with glucose;
Influence of the chain length, substitution of the aromatic ring and functionality of the acyl chain. “no rxn”
stands for no product detected. Reproduced from (Otto et al., 2000).

This substitution-related reactivity was investigated in details by VVosmann et al. (Vosmann et
al., 2008). The reactivity of methyl hydroxybenzoate with oleyl alcohol was assessed with CALB. The
transesterification of methyl meta and para-hydroxybenzoate resulted for both in high yields (around
90%) after 72h. The methyl ortho-hydroxybenzoate was less reactive and reached 78% of conversion
after 72h. According to Otto et al. (Otto et al., 2000) this could be caused by ortho-hydroxyl groups
giving hydrogen to the oxyanion in the reactive pocket of the enzyme. This is in adequation with the
fact that the CALB activity was enhanced when the hydroxyl groups were replaced with methoxy
groups. Both methyl ortho, meta and para-methoxylbenzoate reached 90% conversion with oleyl
alcohol in 72h. It is worth mentioning that the authors also assessed the reactivity of the methyl vanillate

in the same conditions which resulted in 89% conversion after 48h.

As enounced earlier, CALB has been described as less reactive toward hydroxybenzoic
derivatives than cinnamic derivatives in similar reaction conditions (B. Guyot et al., 1997; Buisman et
al., 1998; Stamatis et al., 1999; Vosmann et al., 2008). As for the cinnamic derivatives presented above,
the ability of other enzymes to convert benzoic acid derivatives into esters has been investigated. Yiang
et al. (Yang et al., 2010) performed the transesterification of benzoic and cinnamic vinyl esters with
arbutin and the lipase from Penicillium expansum as represented in the Scheme 1.2.6. As for the CALB,
the negative impact of the electronic delocalization of the carbonyl with the aromatic ring as well as the

steric hindrance were pointed out. Interestingly, cinnamic derivatives were not converted much faster
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than benzoic derivatives as in previous studies. The presence of hydroxyl et methoxy substituents on the
aromatic ring was deleterious to the enzyme activity. As an example, vinyl vanillate conversion only
reached 30% in 96 h in comparison to vinyl benzoate that was converted at 97 % in 72 h. According to
the authors, these observations could reinforce the hypothesis that electronic delocalization and steric

hindrance play a crucial role in the lack of reactivity of these compounds toward enzymes.

O
OH . Jol\ L RJ\O
HO + ipase
R= R=
Le?z or i
X =
Ry R;
a,X=0,Ri=Ry=H g, Ri=R:=H
b,le,RlszzH h,Rle;R2:OH
C,X=2,R1=R2=H i,R1=H;R2=OCH3
d,x=3,R1=R;=H J; Rt =R, =0CHjs
e,X=4,Ri=R2=H
f,XZO,Rl—OCHg,,Rz:OH

Scheme 1.2.6: Comparison of the transesterification of cinnamic and benzoic vinyl esters with arbutin
catalyzed by the lipase from Penicillium expansum. Adapted from (Yang et al., 2010).

The activity of ten enzymes was screened by Tan et al. (Tan et al., 2013) for the synthesis of
phytosteryl phenolates, compounds with promising health benefits. Among these enzymes were the
previously cited RML and CALB. The lipase from Candida rugosa type VIl was the only one to enable
the transesterification of vinyl vanillate with a mixture of phytosterols which main constituents are
represented in Figure 1.2.17. The reaction was performed in a binary solvent because of the weak
solubility of vinyl vanillate in non-polar solvents. The solvent was composed of a mixture of hexane
and 2-butanone (85:15 in volume). After ten days of reaction, the vinyl vanillate conversion was up to
88%.

sitosterol sitostanol

campesterol

Figure 1.2.17: Structure of the main phytosterols present in the mixture employed by Tan et al. (Tan et al.,
2013).
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Wang et al. (Wang et al., 2015b) also studied the transesterification of vinyl vanillate with
phytosterols (composed in majority of sitosterol) and the lipase from Candida rugosa. The reactions
were also performed in a mixture of hexane and 2-butanone (80:20 in volume). A yield of 23.6 % was
obtained after 24h. As a comparison, in the same conditions, vinyl ferulate and 4-hydroxybenzoate were
converted with 45.4 and 17.3% yield, respectively. The same team employed a similar protocol for the
CALB catalyzed transesterification of policosanols (long C.4 to Cs4 aliphatic primary alcohols obtained
from the biomass) with vinyl vanillate (Wang et al., 2016b). This time, the yield of vinyl vanillate was

only 8.6% after 4 days. The yield in vinyl p-hydroxybenzoate was even lower (1.8%).

The previously mentioned lipase from Thermomyces lanuginosus was assayed for the
transesterification of benzoic vinyl esters with methyl a-D-glucopyranoside (Mastihubova et al., 2013).
Vinyl benzoate, p-hydroxybenzoate, o-hydroxybenzoate, vanillate, syringate, gallate and 3,4,5-
trimethoxybenzoate were studied. Consistent with previously reported results, hydroxyl substituents
generally showed a stronger negative effect on the reactivity that methoxy substituents. Thus, the
attribution of this detrimental effect on the enzyme activity would be in favor of an electronic or a
hydrogen donating effect in opposition to steric hindrance. Again, the o-hydroxyl substituent had a

stronger negative effect on the enzymatic activity than the p-substituents.

As for cinnamic derivatives, the solvent employed in the reaction was identified as a critical
parameter. Reactions performed in various media have been investigated such as in non-polar solvents
(Buisman et al., 1998), a mixture of polar and non-polar (Tan et al., 2013; Wang et al., 2015b, 2016b),
highly polar solvents (Otto et al., 2000; Yang et al., 2010) or in solvent free conditions (B. Guyot et al.,
1997; Stamatis et al., 1999; Vosmann et al., 2008; de Meneses et al., 2020). The use of polar solvent
seems preferable because of the high solubility of benzoic derivatives in these solvents compared to
non-polar solvents. DES have also been employed with benzoic derivatives. Guajardo et al. (Guajardo
et al., 2017) used deep eutectic solvent for the CALB-catalyzed esterification of benzoic acid with
glycerol. DES composed of choline chloride or methylammonium chloride associated with urea,
glycerol and ethylene glycol as hydrogen bond donor were assessed (1:2 molar ratio). Among them, the
DES composed of choline chloride and glycerol generated the highest yields, glycerol acting here both
as a solvent and as a reactant. Full conversion was obtained in 24h when between 8 and 20% of water
was added to the mixture. Indeed, the addition of water decreased the viscosity of the medium,
improving the mass transfer of the reactants. Below 20%, the water was somehow stabilized by the
solvent and could not participate to hydrolysis. The same team later used a similar protocol for the
continuous production of glycerol benzyl ester in packed-bed reactor [10]. These studies demonstrates
that DES are also applicable to benzoic derivatives, opening the field toward new processes for their

hydrolase-catalyzed esterification.

Recently, de Meneses et al. (de Meneses et al., 2020) studied the lipase-catalyzed production of

benzyl benzoate, a common pharmaceutical compound. Instead of employing carboxylic acid or esters
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as carbonyl sources, the authors used benzoic anhydride. Indeed, when reacted with an alcohol,
anhydride can be converted to an ester by lipase catalysis. This avoids the production of a small alcohol
or water adduct along the reaction and therefore shifts the reaction equilibrium. Three commercial
immobilized enzymes were assessed: CALB, RML and the lipase from Thermomyces lanuginosus. The
use of the lipase from Thermomyces lanuginosus in solvent-free conditions was identified as the optimal
reaction conditions. High conversion yields were obtained (up to 90%) in batch as well as in fed-batch
process. It is worth pointing that ultrasonic activation of the reaction was assessed and led to high
reaction rates. However, the catalyst solid carriers did not tolerate ultrasonication, hindering the
reusability of the support.

As shown in the previous examples, hydroxybenzoic derivatives are often esterified in order to
produce antioxidants or bioactive molecules. However, material science applications have also been
investigated. Fordor et al. (Fodor et al., 2017) investigated the enzymatic polymerization of methyl p-
hydroxyethoxybenzoate derivatives with CALB. The transesterification of methyl p-
hydroxyethoxybenzoic derivatives issued from benzoate, vanillate and syringate methyl ester was
assessed in homopolymerisation as represented in the Scheme 1.2.7. Hydroxyethoxybenzoic derivatives
have been employed preferably to hydroxybenzoic derivatives because of the poor reactivity of phenols
toward CALB. The presence of methoxy groups on the aromatic ring was proven to reduce the activity
of CALB. Indeed, the conversion of syringic derivative was below 3% and negligible amounts of
oligomers were obtained. Vanillic derivatives resulted in oligomers with molar mass between 1070 and
1210 g.mol?. Finally, after optimization, methyl p-hydroxyethoxybenzoate allowed to produce

polyesters with an average molar mass between 1060 and 2340 g. mol.

(0] (0]
R, o Lipase R o
- MeOH
HO\/\O H O\/\O
n

Ry

R4 = R, = H, p-hydroxyethoxybenzoate
R4 = OCHj3, R, = H, p-ethoxyvanillate
R4 = R, = OCHj, p-ethoxysyringate

Scheme 1.2.7: CALB-catalyzed polymerization of a benzoic acid derivative. Adapted from (Fodor et al.,
2017).

4. Gallic acid

Tannins are natural polyphenols found in almost all parts of vascular plants. They are especially
present in certain species such as oaks, black mimosa, chestnut, and green tea (de Hoyos-Martinez et
al., 2019). Plants present high concentration of tannins in specific locations such as the bark, leaves,
seeds, and roots. Tannins have several roles in the plant and among them the protection against bacteria,
fungi, and insects. As cinnamic derivatives, tannins have been identified in various food sources and
could have a beneficial impact on health (Sharma et al., 2019). Since the 18™ century, gallic acid (Figure

1.2.18) has been identified as a major component of tannins (Pizzi, 2019). Tannins have a structure that
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can vary depending on its source but also on the season, temperature, quality of the soil... (de Hoyos-
Martinez et al., 2019).

(0]

" OH
H

OH

Figure 1.2.18: Structure of the gallic acid.

Tannins are divided into two classes: hydrolysable and condensed tannins, themselves
composed of subclasses. Hydrolysable tannins are composed of gallo-tannins and ellagi-tannins. Most
gallo-tannins are constituted of a central polyol (most of the time glucose) surrounded by units of gallic
and digallic acids (see Figure 1.2.19). Ellagi-tannins have a more complex structure since they are also
constituted of a central polyol but surrounded by gallic and hexahydroxydiphenic acids units (Figure
1.2.19). The hexahydroxydiphenic acid is a dimer of gallic acid produced by oxidoreduction (de Hoyos-
Martinez et al., 2019). Condensed tannins are defined as polymers or oligomers of flavonoids (see Figure
1.2.19). They can be found with various degrees of polymerization. Flavonoids, as phenolic acid
derivatives, have been studied for their lipase-catalyzed modification to facilitate their use in therapeutic
applications. This topic has been reviewed by several authors (Chebil et al., 2006; de Aradjo et al.,
2016). Finally, other less common classifications of tannins exist such as complex tannins and

phlorotannins (de Hoyos-Martinez et al., 2019).
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Ellagitannins
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Figure 1.2.19: Schematic structure of classified tannins (Sharma et al., 2019) (de Hoyos-Martinez et al.,
2019).
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Tannins have been employed for centuries in the tanning of leather. Today, tannins are used in
numerous industrial application such as wood adhesives, medical applications or as antioxidants in food
and beverages. The extraction of tannins from natural sources can be performed through various
processes (water, ILs, microwave...) and is still an important topic for research (de Hoyos-Martinez et
al., 2019).

Due to their availability, tannins are a natural source of choice for aromatic compounds. From
tannins, the main aromatic compound extracted is gallic acid. Gallic acid is already broadly used in
industry for its properties. Antioxidant properties of gallic acid are known for a long time. Already in
the forties, gallic esters were presented as powerful food antioxidants (Higgins et al., 1944). However,
as for cinnamic derivatives presented previously, its poor solubility in hydrophobic products (as in
natural oils) oriented the research toward its ester derivatives (Higgins et al., 1944). Several gallate
esters are currently employed as food additives, in Europe under the code E310, 311 and 312 for the
propyl, octyl and dodecyl gallate, respectively. Today, their use in food can be controversial because of
potential effects on reproduction (Ham et al., 2019) and allergies (Gamboni et al., 2013). However,
properly used, gallate esters could have potential beneficial features as anti-fungal or anti-cancerous
properties (Locatelli et al., 2013; Ito et al., 2014).

The esterification of gallic acid is generally performed by Fischer esterification with strong acid
catalyst as sulfuric acid or p-toluenesulfonic acid (EFSA, 2014, 2015). Replacing this process by
enzymatic esterification would represent a greener alternative and a more compatible with food
applications. Therefore, enzymatic esterification of gallic acid has been investigated by many authors

since Toth et al. in 1952 (Toth et al., 1952) and is still an ongoing research topic.

4.1. Tannase

As depicted previously, gallic acid can be extracted from tannins. Tannase is a specific enzyme
for the hydrolysis of ester bonds in tannins. Tannase has been known for a long time and is widely used
in the pharmaceutical and food industry. As an example, in teas, tannase degrades tannins avoiding them
from precipitating and blurring the beverage (Aharwar et al., 2018). It is also employed in the extraction
of gallic acid from tannins. Tannases are commercially available from several companies as Sigma-
Aldrich or Kikkoman. A wide variety of tannases are expressed in microbial, animal, or vegetal sources
(Chavez-Gonzalez et al., 2012; Aharwar et al., 2018; de las Rivas et al., 2019). The properties of the
tannase greatly vary depending on its sources. Their molecular weight can vary from 50 to 320 kDa but
all have in common the same serine-based active site (Chavez-Gonzélez et al., 2012). Tannases were
classically produced in submerged liquid fermentation systems. However solid-state fermentation
proved to be a promising alternative way presenting several advantages as higher efficiency and
compacity of the installations (Chavez-Gonzalez et al., 2012). Tannases, like FAEs, are classified into
several sub-classes, depending on their molecular structure and properties. Many sources of tannases

are yet to be discovered. It has even been shown that other enzymes such as some specific FAES present
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a tannase activity (de las Rivas et al., 2019). Tannases have been largely employed, at industrial scale,
for the hydrolysis of tannins. However, they are also able to esterify and transesterify gallic acid.

Therefore, they have largely been investigated for the production of valuable gallate esters.

In 1985, Weetal (Weetal, 1985) reported the esterification of gallic acid by tannase with
propanol and pentanol. Free form of tannase as well as immobilized form on alkylaminosilanized porous
silica were assessed. The enzyme was pre-soaked in buffer and a pH of 6 was found to be optimal for
the enzyme activity. First the syntheses were performed in solvent-free conditions with a large excess
of alcohol. Interestingly, the optimal temperature for the conversion of propyl gallate was 35°C and was
only of 4°C for pentyl gallate. When gallic acid was substituted with various hydroxybenzoic or benzoic
acids no conversion was observed. This proves the high specificity of tannase for gallic acid. While the
free enzyme promoted the synthesis of methyl and ethyl alcohol, the immobilized enzyme promoted the
conversion of propyl and pentyl gallate. Finally, the yields of esterification were generally improved
when hexane was employed as solvent. This could be explained by the low concentration of water in

hexane compared to alcohols, avoiding hydrolysis and shifting the reaction equilibrium.

Yuetal. (Yuetal., 2004b) studied the conversion of gallic acid by the tannase from Aspergillus
niger, encapsulated in chitosan-alginate beads. In a first study, the reactions were performed in a
biphasic medium of buffer, hexane and propanol. The enzyme allowed the synthesis of propyl gallate
but in low yields. Later, the same authors investigated the impact of the solvent on the reaction (Yu et
al., 2004a). The yield of propyl gallate was found to be maximal when the reaction was performed in a
mixture of hexane and propanol without added water. Even more, when drying salts (as MgSO4) or
molecular sieve were added to the reaction medium, the yield was improved by nearly 10%. Among the
solvents tested, the polar solvents (with logP < 1) resulted in low conversion of gallic acid. The best
results were obtained in benzene (44.3% in 12h), followed by hexane (35.7%). More hydrophobic
solvents (logP > 4) also resulted in low yields, maybe due to the low solubility of the substrate. The
corresponding results of the study are represented in Figure 1.2.20. Finally, primary and secondary
alcohols of various lengths were assessed for the esterification of gallic acid. The higher reactivity was
observed with propanol (yield of 44.3% in 12h), followed by butanol (37.5%) and pentanol (33.8%).
Other primary alcohols, such as ethanol or octanol, and secondary alcohols resulted in low conversion.
Interestingly, the authors studied in similar conditions, the tannase from Aspergillus oryzae and obtained
this time a higher yield of propyl gallate (53%) (Yu et al., 2008). The same authors studied the Kinetic
and thermodynamic parameters of the conversion of gallic acid with propanol by the tannase from
Aspergillus niger (Yu et al., 2006). The reactions were performed in benzene with an excess of propanol.
It has been shown that the esterification reaction followed a Ping—Pong Bi-Bi kinetic, a kinetic model
that has as an example been fitted to the behaviors of other hydrolases as lipases (Chulalaksananukul et
al., 1990).
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Figure 1.2.20: Yield of propyl gallate obtained through the tannase-catalyzed esterification of gallic acid
with propanol in solvents with different logP for 12 h. Data from (Yu et al., 2004a).

Meanwhile, Raab et al. (Raab et al., 2007) assessed the activity of tannase in ionic liquids. As
depicted previously, ILs are generally considered as green alternative to conventional organic solvents.
Performing the enzymatic esterification of gallic acid in an IL, because of its low water activity, could
favorably shift the reaction equilibrium. The authors performed the tannase-catalyzed esterification of
gallic acid with (-)-epicatechin. Among seven ILs, [BMIM][MEESO4] offered the highest yield of
reaction (3.5%). In this medium, free tannase was less reactive than tannase immobilized with Eupergit
C as carrier. A water content of 20% was found to be optimal for the reaction. Indeed, lower water
amounts resulted in the loss of enzymatic activity, probably due to the lack of essential hydration water.
Higher water amounts likely promoted the hydrolysis reaction, thus opposing the esterification. The
reaction tends to reach equilibrium after only 5h and always resulted in low yields (below 4%). Finally,
tannase proved again to be highly specific, even in ILs, towards gallic acid compared to 14 other benzoic
and cinnamic derivatives. Propyl and butyl gallate could also be synthesized but the authors did not give

the yield of reaction.

ILs seem a greener alternative to conventional organic solvents, however as depicted earlier,
they are still much more expensive than these last and are potentially toxic (Bubalo et al., 2017) which

reduces their potential for industrial scale applications.

Because of the high specificity of tannases, another method for producing gallate esters is to
directly transesterify tannins instead of starting from gallic acid. This reduces the number of steps for
the preparation of the derivatives. Gaathon et al. (Gaathon et al., 1989) enzymatically synthesized propyl
gallate by transesterification of tannic acid with propanol. A reverse micelle emulsion composed of
buffer and hexane was used as solvent for the reaction. This way, tannase was encapsulated in micro-

droplets of buffer solution while propyl gallate could be solubilized in the organic phase. This system
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allowed to shift the equilibrium of the reaction toward the transesterification by disadvantaging the
hydrolysis. Important yields in propyl gallate (up to 51% after 72 h) were obtained with this method.
Moreover, it was observed that the optimal pH for the enzymatic transesterification (4.5) was lower than

the hydrolysis optimal pH (5.5).

Aithal et al. (Aithal et al., 2013a). compared the production of propyl gallate starting either from
gallic acid or from tannins, the second being the more economical alternative. The authors studied the
cell-associated tannase from Bacillus massiliensis, studied for the production of propyl gallate by the
same authors (Aithal et al., 2013b). The reactions were performed in benzene, with an excess of propanol
and with a controlled water activity (aw = 0.33). When gallic acid was substituted by tannic acid, the
yield of reaction decreased from 25% to 10.4% showing a weaker activity of the immobilized tannase.

However, bio-imprinting of the enzyme with tannic acid improved the yield of reaction by 50%.

The bio-imprinting consist of putting an enzyme in an agueous solution with a stimulus affecting
its conformation (a substrate, surfactants, pH ...). This conformation is then fixed by transferring the
enzyme from the aqueous solution to an organic medium, as an example by lyophilization (Rich et al.,
2002). As the catalytic activity of an enzyme is directly linked to its conformation, it can thus be

improved by bio-imprinting. The principle of bio-imprinting is described in the Figure 1.2.21.

Native Imprinted
Active Site Imprmter Active Site
LYOPh”'Zat'O” Suspensmn in
Organic Solvent
Enzyme Enzyme-Imprinter Imprinted
Complex Enzyme

Figure 1.2.21: Principle of the bio-imprinting. Adapted from (Rich et al., 2002).

The bio-imprinting of tannase with tannic acid was studied earlier by Nie et al (Nie et al.,
2012b). The authors assessed the bio-imprinting of tannase with tannic acid in function of pH,
temperature, and surfactants addition. All the methods influenced the activity of the enzyme for the
transesterification of tannic acid with propanol. The enzyme once bio-imprinted with Triton X-100 and
tannic acid and further immobilized on celite was 100-fold more active than the non-imprinted control
enzyme. Once this bio-imprinted enzyme was used for the transesterification of tannic acid with

propanol high yields up to 75% were obtained (Nie et al., 2012a).

A year later, the authors further improved the preparation of tannase for the synthesis of propyl
gallate. First, because tannase is heat-sensitive, cryo-protectant were investigated (Nie et al., 2013) in
order to avoid a loss in activity due to the lyophilization step (necessary to the bio-imprinting).
Surfactants, sugars and metals were assessed as cryoprotectant and the best candidates were estimated

to be Triton X-100, mannose and magnesium, respectively. Finally, a mutant cell-associated tannase

68



Chapitre 1

from Aspergillus niger was assayed (Nie et al., 2014). The enzyme was again optimized through bio-
imprinting and gave Yyields close to those of the free tannase. The authors pointed out that the use of a
cell-associated enzyme could be a more ecological and economical approach to classical biocatalyst.

Indeed, with this method the enzyme purification and immobilization steps are no longer required.

4.2. Other enzymes

Tannase present a high specificity for gallic derivatives, however other hydrolases as lipases
have been shown to produce gallate esters through esterification or transesterification. Bouaziz et al.
(Bouaziz et al., 2010) studied the catalytic activity of the lipase from Staphylococcus xylosus
immobilized on CaCOs. The reactions were performed in hexane. The lipase-catalyzed synthesis of
propyl gallate from gallic acid was computationally optimized. After optimization with a well-fitting
model, the yield of propyl gallate was maximized to 90 + 3.5 % in only 4 hours. As an example, the free
enzyme only reached around 55% of conversion in the same time frame, showing the interest of the

enzyme immobilization.

Sharma et al. (Sharma et al., 2015) performed the lipase-catalyzed esterification of gallic acid
in solvent-free conditions. The authors studied the esterification of gallic acid with alcohols of different
lengths with the lipase from Bacillus licheniformis immobilized on celite. The water amount in the
reaction medium was reduced by employing molecular sieves. The gallic acid:alcohol ratio 1:1 gave the
highest yield for methyl gallate while for ethyl, propyl, and butyl gallate, a ratio of 1:2 was more
advantageous. After 10 hours of reaction, the highest yield was obtained with propyl gallate (72.1%).
The yields of the ethyl, butyl and methyl gallate then followed (with 66.8, 63.8 and 58.2%, respectively).

The same authors later reported the use of lipase from Bacillus thermoamylovorans for the
esterification of gallic acid (Sharma et al., 2017). The enzyme was immobilized on MgFe.O4 based
magnetic nanoparticles. Magnetic nanoparticles present high surface specific area and can be removed
with a magnet at the end of the reaction, simplifying the purification and reuse of the catalyst. Yields of

propyl gallate up to 82% could be obtained within 12 h at 55°C, in solvent-free conditions.

As depicted earlier, gallic acid is hardly soluble in oily products. However, it is also difficult to
solubilize in aqueous media. This limits its use as antioxidant in aqueous food, cosmetic and
pharmaceutical products. As for cinnamic acid, the glycolysis of gallic acid improves its solubility in
water (Nam et al., 2017). Otherwise, gallic acid can be reacted with glycerol. This strategy was
employed by Zhang et al. (Zhang et al., 2019). The transesterification was performed with immobilized
CALB (Lipozyme 435, Novozymes) in solvent-free conditions. After optimization of the reaction
parameters, the yield of glyceryl gallate was 67.1 + 1.9 % in 120 h. The glycerol:gallic acid ratio was
found to be optimal at 25:1 with a load of enzyme of 23.8% and a reaction temperature of 50°C. In the
same conditions, the commercial enzyme N435 allowed to reach an even higher yield of 75.0 £+ 2.5%.

Finally, in an organic solvent (t-butanol) the reaction yield remained below 1% even after 120 h. This

69



Chapitre 1

is particularly interesting results as previous studies on the CALB-catalyzed esterification of gallic acid

with hexanol in an nonpolar solvent resulted in no yield (Buisman et al., 1998).

Recently, the same authors optimized the enzymatic production of glyceryl gallate on a larger
scale (Zhang et al., 2020b). Because of lower temperature homogeneity when scaling-up, the optimal
temperature was found to be 55°C. Lipozyme 435, because of its food-compatible grade, was employed
as catalyst. The yield of glyceryl gallate after 120 h was higher than previously with approximatively
78%. The author attributes this higher yield to the better mass transfer induced by the mechanical

stirring. The authors then proved the good antioxidant capacity of glyceryl gallate (Zhang et al., 2020a).

5. Conclusion:

A large variety of cinnamic and benzoic derivatives can be extracted from biomass. These
derivatives have promising antioxidant and medical applications. However, their lack of solubility in
aqueous and hydrophobic media limits their potential applications. A common method to overcome the
lack of solubility of cinnamic derivatives is to esterify them with solubilizing moieties. Various
solubilizing entities have been used depending on the targeted application. Fatty alcohols are employed
for lipophilization and sugars polyols for hydrophilization. However, natural cinnamic and benzoic
derivatives are often heat sensitive and must be transformed under mild conditions. For this reason, and
to promote green processes, enzymatic esterification and transesterification of these compounds have

been extensively investigated in the past 20 years.

It has been proven that esterification and transesterification of cinnamic and benzoic derivatives
can be performed enzymatically and with high yields despite their aromaticity (Wang et al., 2015a).
However, many parameters must be considered. The architecture of the employed substrate directly
impacts its reactivity toward enzymes. As an example, the conversion of benzoic derivatives was
systematically lower than their cinnamic equivalents. This phenomenon might be due to a combination
of steric hindrance and electronic effects. Indeed, the carboxylic acid in benzoic derivatives is located
directly on the aromatic ring and is therefore conjugated with it. This loss of reactivity could explain
why p-hydroxybenzoic, vanillic and syringic acid are less represented in literature compared to cinnamic
derivatives as far as enzyme-catalyzed esterification is concerned. Because of steric and most likely
electronic effects, substituents on the aromatic ring highly affect the substrate reactivity toward most
enzymes in esterification and transesterification reactions. Generally, the ortho substituents have as
stronger negative impact on the reactivity followed in that order by para and meta substituents.
Moreover, hydroxyl substituents were shown to be more detrimental than methoxy substituents. This
loss of reactivity is not observed in hydrogenated cinnamic derivatives (Pion et al., 2014; Reano et al.,
2015). However, this specificity is enzyme dependent. As an example, the RML presents a high affinity
toward m-methoxylated substrate as ferulic acid. Also, one must mention the possible inhibitory effect

of phenolic compounds observed on the pancreatic lipase (Buchholz et al., 2015). For these reasons,
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several lipases from various sources have been screened for their activity toward natural cinnamic

derivatives.

Several studies focused on the FAEs which are specific to ferulic and cinnamic moieties. They
can be expressed in many organisms and allow the conversion of cinnamic derivatives in significant
yields. However, this enzyme is not yet commercially available and must be extracted from biological
medium or from commercial preparations of enzymes mixtures. The reaction conditions, especially the
solvent nature, are crucial for an optimal activity. Enzymatic esterification and transesterification with
lipase are classically performed in non-polar organic solvents. However, many other solvent systems
such as solvent free reaction, microemulsions, polar solvents or ionic liquids have emerged and are still
investigated. Several other parameters have been investigated such as enzyme immobilization on various

supports or the use of vacuum or ultrasonic activation (Sun et al., 2020).

This review work also concerned gallic acid, a natural benzoic acid derivative which can be
extracted from tannins, and which has many applications in industry, notably due to its good antioxidant
properties. However, the solubility of gallic acid must be improved in oil or in agqueous solution to fully
satisfy the targeted applications. The afore presented studies showed the potential of enzymatic catalyst
in the production of oil- or water-soluble gallate esters. Since it is commonly used to transform tannins,
tannase is an enzyme of choice to produce gallate esters. Tannins, which are far less costly than gallic
acid, can directly and efficiently be transesterified by tannase to produce gallate esters. Other enzymes
as lipases have also been proven to be efficient in the production of gallate esters. As for every enzymatic
process, the impact of several parameters such as the solvent, temperature and reaction time have been

investigated and optimized.

Nowadays, studies are increasingly directed towards continuous synthesis (Yoshida et al., 2006)
and pilot scale production (Compton et al., 2009) of this type of compounds. This would allow the
production of biobased phenolic antioxidant and medicines under more environmentally friendly

conditions and would enhance the use of enzymatic industrial processes.
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Conclusion chapitre 1

La premiére partie de ce chapitre a introduit les notions clefs de cette thése. Apres une rapide
introduction sur la synthése de polyesters, il a été mis en avant que le PET, toujours majoritairement
pétrosourcé aujourd’hui, est le polyester de référence de par ses excellentes propriétés mécaniques,
thermiques et barrieres. De leur c6té, les polyesters issus de ressources renouvelables tels que le PLA,
le PBS et les PHA ont été présentés comme des alternatives intéressantes et prometteuses. Cependant,
ces polyesters sont aliphatiques et présentent donc des valeurs de module et des températures de
transitions faibles en comparaison du PET. Une autre solution développée ces derniéres années repose
sur les polyesters partiellement biosourcés comme le bio-PET, le PBT et le PTT. Grace a leur

aromaticité, ceux-ci présentent des propriétés voisines ou identiques a celles du PET.

Dans ce contexte, les études récentes sur la synthese de polymeres aromatiques entierement
issus de ressources renouvelables sont présentées et discutées. Ces études reposent notamment sur
I’utilisation de synthons tels que le FDCA ou encore de phénols naturels issus de biomasses
lignocellulosiques. Ces polyesters aromatiques biosourcés partagent cependant comme point commun
avec le PET le fait d’étre généralement synthétisés a haute température a 1’aide de catalyseurs

métalliques potentiellement toxiques ou polluants.

La catalyse enzymatique a été présentée comme une alternative intéressante pour la synthése de
polyesters et notamment de polyesters biosourcés. La CALB est une enzyme qui, de par sa réactivité et
sa stabilité, s’avere particulierement adaptée a la synthése de polyesters. L’utilisation de cette lipase a
ainsi été largement décrite dans la littérature pour la synthése de polyesters aliphatiques biosourcés.
Toutefois, la synthese de polyesters aromatiques catalysés par la CALB n’a été que tres peu étudiée et
ne concerne qu’un nombre restreint d’études récentes. Des matériaux présentant des températures de
transitions relativement élevées peuvent ainsi étre obtenus a partir de monomeéres aromatiques. Les
masses molaires de ces polyesters ont cependant systématiquement été limitées a des valeurs faibles et

bien inférieures a celles des polymeéres aliphatiques obtenus par synthése enzymatique.

De nombreux dérivés phénoliques naturels pourraient étre de bons candidats pour la synthese
enzymatique de polyesters aromatiques. Le chapitre s’est donc poursuivi par une étude bibliographique
portant plus spécifiquement sur la réactivité en estérification et transestérification enzymatique des
dérivés phénoliques biosourcés. Il ressort notamment de cet état de 1’art que la réactivité trés variable,
et parfois limitée, de ces synthons peut étre attribuée a des effets stériques et électroniques propres au
substrat et a I’enzyme utilisée. De nombreuses enzymes et conditions réactionnelles différentes ont ainsi
été étudiées. Parmi ces études, la CALB s’est encore une fois démarquée par sa réactivité ainsi que sa

résistance et stabilité dans différents milieux (apolaires, polaire, liquides ioniques ...).

La premiére partie de ce travail de thése, présentée au chapitre suivant, s’intéressera donc dans

un premier temps a la synthése de polyesters catalysée par la CALB a partir d’un composé furanique, le
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DMFDC, un diester dérivé du FDCA, un synthon biosource déja largement étudié pour la synthese de
polyesters aromatiques. Cette premiere partie de 1’étude vise & mieux comprendre 1’origine des faibles
masses molaires généralement obtenues pour les polyesters aromatiques en catalyse enzymatique afin
de trouver une solution pour contourner cette limitation. La suite de nos investigations, présentée dans
les chapitres ultérieurs, portera sur 1’étude d’autres synthons aromatiques biosourcés, notamment les

composés phénoliques que sont les dérivés des acides féruliques et caféiques.
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Chapitre 2. Synthese de polyesters aromatiques a base de furane par
catalyse enzymatique.
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Introduction chapitre 2

Comme nous 1I’avons mentionné dans 1’Introduction et au chapitre précédent, la synthése de
polyesters biosourcés est un levier important dans la transition vers une production de matériaux
polymeéres plus durable et plus respectueuse de ’environnement. Dans ce contexte, la catalyse
enzymatique et notamment [’utilisation de lipases telles que la CALB constitue une voie de synthése
plus douce et durable que les méthodes reposant sur la catalyse organométallique classiquement

employées.

Il existe une trés grande variété de composés issus de la biomasse permettant la synthése de
polyesters. La polymérisation catalysée par la CALB d’un grand nombre de ces synthons a déja été
étudiée dans la littérature. Les monoméres les plus couramment étudiés et qui ont montré une bonne
compatibilité vis-a-vis de la polymérisation enzymatique sont essentiellement des substrats aliphatiques
tels que le 1,6-hexanediol ou I’acide adipique. La polymérisation enzymatique de ces composés mene
cependant a des polyesters aliphatiques aux propriétés mécaniques et thermiques plus faibles que celles
du PET, qui bien qu’étant aromatique et pétrosourcé reste le polyester le plus courant et donc la référence

pour ce type de polymeéres.

Afin de remédier a cette problématique, I’intérét s’est naturellement porté vers la polymérisation
de molécules plateforme aromatiques par catalyse enzymatique. Ces molécules aromatiques, plus
volumineuses et fortement insaturées, sont cependant trés différentes des substrats naturels de la CALB
que sont les triglycérides. De ce fait, la structure de ces synthons aromatiques peut avoir une influence
non négligeable sur I’activité catalytique de ’enzyme. Le FDCA est un substrat aromatique biosourcé
qui se démarque par sa disponibilité et ses propriétés proches de 1’acide téréphtalique. Son utilisation en
polymeérisation enzymatique a déja été rapportée dans la littérature mais elle conduit cependant a des
polyesters de faibles masses molaires présentant donc des propriétés thermiques et mécaniques limitées.
Ainsi, une meilleure compréhension et une amélioration de la réactivité du FDCA ou de ses dérivés vis-

a-vis de CALB s’avérent aujourd’hui nécessaires.

Le chapitre 2 de ce manuscrit repose donc sur un article intitulé ¢ Lipase-catalyzed synthesis of
furan-based aliphatic-aromatic biobased copolyesters: Impact of the solvent’ publié dans European
Polymer Journal. Celui-ci porte notamment sur 1’étude de I’influence de différents solvants de réaction
pour la copolymérisation enzymatique du DMFDC, un dérivé du FDCA, avec le 1,6-HDO ou le 1,4-
BDO comme diol. Le diéthyle adipate a également été utilisé et ajouté comme co-diester afin d’étudier
en détail I’impact de la proportion de monoméres aromatiques sur I’activité de la CALB et sur la

structure et les propriétés des polyméres ainsi formés.
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Chapitre 2 Lipase-catalyzed synthesis of furan-based aliphatic-

aromatic biobased copolyesters: Impact of the solvent

Alfred Bazin, Luc Avérous, Eric Pollet*

Publié par European polymer journal (2021, volume 159, p. 110717).

1. Abstract

Enzymatic polymerization is a promising route for a greener synthesis of biobased polyesters.
However, this approach is still often limited to aliphatic polyesters, which present limited properties
such as low thermal resistance. In this context and till now, introduction of aromatic monomers into
polyesters very often resulted in low molar mass chains. Herein, aliphatic-aromatic copolyesters based
on dimethyl-2,5-furandicarboxylate were enzymatically synthesized using immobilized Candida
antarctica lipase B with a particular focus on the influence of the solvent used. Two series of
poly(hexylene adipate)-co-(hexylene furanoate) and poly(butylene adipate)-co-(butylene furanoate)
copolyesters were successfully synthesized in diphenyl ether, displaying high molar masses (M, up to
19 000 g.mol*) for aromatic monomer contents up to 70 and 50%, respectively. High aromatic content
resulted in reduced molar masses due to a loss of solubility of the growing aromatic chains. Replacing
diphenyl ether by acetophenone, which had never been used before as solvent for enzymatic synthesis
of polyesters, led to significantly enhanced solubility and thus an increase in the average molar masses
of poly(hexylene furanoate) and poly(butylene furanoate). The resulting polyesters showed greater
thermal stability and higher T4, offering new perspectives for expanding the potential applications of

such enzymatically-produced biobased aromatic copolyesters.

2. Introduction

Due to the current environmental context and the global perspectives, polymer science research
is now increasingly oriented towards higher sustainability, notably by following the principles of green
chemistry. Thus, the synthesis of bio-based polyesters has aroused strong interest in recent decades
(Vilela et al., 2014; Rebouillat et al., 2016; Zia et al., 2016), to replace fossil-based polyesters and to
develop new macromolecular architectures. Numerous compounds produced from biomass, such as
building blocks or monomers, have been used for the elaboration of these polyesters (Becker et al.,
2015; Kristufek et al., 2017). For example, the conversion of biobased succinic and adipic acids with
butane- and propanediol into polymeric material has been studied (Debuissy et al., 2017c, 2017d). It is
thus possible to obtain a wide range of aliphatic copolyesters but their behaviors, such as thermal and
mechanical properties, are often limited. As an example, biobased poly(butylene succinate) presents a

glass transition temperature (T4) of -37°C and a Young’s modulus of approximately 368 MPa (Jin et
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al.). These values are far below the most common fossil-based polyester, namely polyethylene
terephthalate (PET) with a T4 of 76°C (Nguyen et al., 2018) and Young’s modulus above 2 600 MPa
(Bedoui et al., 2006). In order to improve these properties, aromatic and semi-aromatic bio-based
polyesters are now gaining a lot of attention since the aromaticity brings higher thermal resistance and
rigidity linked to higher transition temperatures. Several sources of aromatic building blocks have been
considered. As an example, lignocellulosic biomass is an important source of aromatic building blocks
such as vanillic and ferulic acids (Llevot et al., 2016; Nguyen et al., 2018). For instance, derivatives of
ferulic acid have been copolymerized to produce high thermal transition polyesters with T4 ranging from
3210113 °C (Figure 2.1, a) (Nguyen et al., 2015). Recently, vanillic-based polyesters have been studied
and showed thermal transitions comparable to PET with a T4 up to 77°C (Figure 2.1, b) (Xanthopoulou
etal., 2021).
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Figure 2.1: Examples of polyesters synthesis from biobased aromatic building blocks.

Among the aromatic monomers or building blocks that are attracting a lot of interest today, furan
derivatives occupy an important place (Poulopoulou et al., 2019). These compounds, often synthesized
from fructose, can be used in various polymeric materials such as polyamides, polyethers or polyesters
(Sousa et al., 2015). For instance, polyesters based on furan derivatives such as dimethyl 2,5-
furandicarboxylate (DMFDC) have been extensively studied (Papageorgiou et al., 2016; Terzopoulou
et al., 2020). The aim of these studies is often to develop biobased polymers that mimic the structures
and the properties of PET. Recently, it has been shown that furan-based polyesters, such as polyethylene
furanoate (PEF), have properties comparable or even higher than those of PET and therefore represent
a very promising alternative (Gandini et al., 2009; Loos et al., 2020). It was also claimed that PEF
presented good enzymatic degradability (Weinberger et al., 2017). However, the synthesis of such
polyesters requires high temperatures as well as potentially toxic metal-based catalysts (Nguyen et al.,
2015; Terzopoulou et al., 2017; Xanthopoulou et al., 2021) (such as antimony (Diantimony trioxide,
2021) and tin oxides (Dibutyltin oxide, 2021)), which are not in line with a green chemistry approach.

In order to address these problems, enzyme-catalyzed synthesis of polyesters represents a very
promising alternative and has been largely investigated (Douka et al., 2018; Kobayashi et al., 2019;
Pellis et al., 2016a; Jiang et al., 2016). Enzymatic polymerization was also studied by our group to
develop biobased aliphatic polyesters (Debuissy et al., 2017b, 2017a). Enzymes are environmentally
friendly and non-toxic catalysts that have demonstrated their efficiency in a large number of reactions

and that can be immobilized on solid supports to improve their stability and to be reused (Poojari et al.,
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2013; Oztiirk et al., 2016). The most commonly used enzymes for polyester synthesis are the esterases,
such as the immobilized form of Candida antarctica Lipase B (CALB) (Ortiz et al., 2019).
Immobilization of the enzyme allows greater stability and reusability (Mateo et al., 2007). CALB-
catalyzed polymerization can be performed in solution or in bulk (Douka et al., 2018). Bulk
polymerization is more relevant for industrial large scale processes but high viscosity and infusibility

issues linked to the mild temperatures imposed by enzymatic catalysis severely limit this route.

Enzymatic syntheses of furan-based oligomers or polyesters catalyzed by CALB have already
been performed but always resulted in polymers with lower molar masses than their aliphatic
counterparts (Jiang et al., 2015; Morales-Huerta et al., 2018; Flores et al., 2019; Comerford et al., 2020).
In this case, the impact of the structure and aromaticity of the monomers on the activity of CALB is not

well understood, till now.

Thus, this study aimed at investigating the (bio)synthesis of biobased aromatic copolyesters by
enzymatic catalysis. The influence of furan-based aromatic monomers on the activity of CALB in the
synthesis of several semi-aromatic copolyesters has been particularly examined. The reactivity of
DMFDC combined with diethyl adipate (DEA), 1,6-hexanediol (HDO) and 1,4-butanediol (BDO) in
different ratio was assessed (Figure 2.2). These esters were chosen to allow easier comparison with
results from the literature (Jiang et al., 2015; Debuissy et al., 2017b; Flores et al., 2019). For that, the
polymerization kinetics as well as the molar masses, compositions and chemical architectures of the
synthesized copolyesters were determined by SEC and NMR analyses. Different solvents were screened
in order to enhance the enzymatic synthesis of poly(hexylene furanoate) (PHF) and poly(butylene
furanoate) (PBF). Finally, the influence of the aromatic monomer content on the thermal properties of
the synthesized copolyesters was particularly studied and discussed.
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Figure 2.2: CALB-catalyzed synthesis of poly(hexylene adipate)-co-(hexylene furanoate) and poly(butylene
adipate)-co-(butylene furanoate)

3. Experimental part

3.1. Materials
DEA (99% purity), and diphenyl ether were supplied by Acros Organics. HDO (97% purity),
Lipase from Candida antarctica immobilized on acrylic resin (activity >5,000 U/g) (CALB) and
deuterated chloroform (CDClIs) were purchased from Sigma-Aldrich. BDO (99% purity) was supplied
by Alfa Aesar. Methanol was supplied by Fisher scientific. DMFDC (97% purity) was supplied by
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Fluorochem. Chloroform was purchased from Carlo Erba. CALB was dried at 25° C for 24 h under
vacuum before use. All other reactants were used without further purification. All solvents used for the

analytical methods were of analytical grade.

3.2. Synthesis of the aliphatic-aromatic copolyesters
Two series of copolyesters were synthesized, one for each diol, with different ratios in the furan-
based aromatic monomer. Both the Poly(hexylene adipate-co-furanoate) (PHAd-co-PHF) and
Poly(butylene adipate-co-furanoate) (PBAd-co-PBF) series were synthesized using an equimolar

proportion of ester and alcohol groups.

For that, the diol (HDO or BDO) was added to a mixture of DMFDC and DEA in various ratio
(given in Table 2.1 and Table 2.2, respectively) in a 10 mL Schlenk reactor. Then, 2 ml of dry diphenyl
ether (150 wt.% in comparison to the total mass of monomers) and 144 mg of pre-dried CALB (10 wt.%

in comparison to the total mass of monomers) were added.

The solution was magnetically stirred and heated at 90° C under partial vacuum. The pressure
was set to 350 mbar and was then decreased to 100, 50 and 20 mbar after 4, 8 and 24 hours of reaction,

respectively.

After 72h, or at precipitation of the sample, the reaction was quenched by adding 5 ml of
chloroform. The mixture was filtered to remove the CALB and the excess of chloroform in the filtrate
was eliminated by rotary evaporator. The obtained polyester was precipitated in a large volume of ice-
cold methanol and centrifuged at 8 000 g for 1 minute. The supernatant was eliminated. Finally, the

polymer was dried in a vacuum oven at 40°C for 24h before analysis.

Poly(hexylene adipate-co-furanoate) (PHAd-co-PHF): 'H NMR (CDCls, 400 MHz): 8y 1.25
ppm (3H, -O-CH2-CH3; of the terminal esters of DEA), 1.33-1.53 ppm (2H, -CH.-CH»-CH>-O of the
HDO units), 1.54-1.87 ppm (CH.-CH.-O of the HDO units superimposed with signals of CH»-CH,-
COO of the DEA units), 2.32 ppm (2H, CH»-COO of the DEA groups), 3.63-3.67 ppm (2H, CH»-OH
of the end BDO groups), 3.87-3.95 ppm (3H, O-CH3 of the furan terminal ester), 4.00-4.38 ppm (CH.-
O of the HDO core units superimposed with signals of O-CH»-CHj of the DEA terminal units), 6 = 7.19
ppm (2H, CH-CH of the aromatic furan units).

Poly(butylene adipate-co-furanoate) (PBAd-co-PBF): *H NMR (CDCls, 400 MHz): 8i 1.25
ppm (3H, -O-CH,-CHjs of the terminal esters of DEA), 1.59-1.91 ppm (CH2-CH»-O of the BDO units
superimposed with signals of CH,-CH»-COO of the DEA units), 2.32 ppm (2H, CH,-COO of the DEA
groups), 3.67-3.71 ppm (2H, CH»-OH of the end BDO groups), 3.87-3.95 ppm (3H, O-CHs of the furan
terminal ester), 4.00-4.38 ppm (CH2-O of the BDO core units superimposed with signals of O-CH»-CHjs
of the DEA terminal units), 6 = 7.20 ppm (2H, CH-CH of the aromatic furan units).
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3.3. Influence of the solvent on the synthesis of PHF and PBF
For the synthesis of PHF and PBF in different solvents, the previous protocol was slightly
modified. The proportions of diol and DMFDC were kept constant while the solvent and CALB were
doubled in order to avoid early polymer precipitation. The solution was magnetically stirred and heated
at 90° C. The pressure was reduced, when possible, depending on the solvent, to values indicated in
Table 2.3. After 72h, or at precipitation of the sample, the reaction was quenched by adding 5 ml of

chloroform. The polymer was then precipitated and recovered with the same method afore described.

3.4. Kinetics monitoring
The enzymatic polymerizations were monitored by NMR spectroscopy. Aliquots of solution
were withdrawn at 24, 48 and 72h from the medium. These samples were dissolved in chloroform and
filtered. They were then precipitated in a large volume of ice-cold methanol. The solution was
centrifuged at 8 000 g for 1 minute, the supernatant was discarded, and the polyester was dried in a

vacuum oven at 40°C for 24h before analysis.

3.5. Enzymatic activity assay

Samples of 14 mg of CALB beads were added into 5 mL vials. Before the vial sealing, 200 pl
of 1-butanol, 69 ul of diethyl adipate and 380 pl of the desired solvent were added. The solution was
placed at 50°C under mild magnetic agitation (100 rpm) to avoid deterioration of the fragile catalyst
support. Aliquots of 10 ul were withdrawn at different times and rapidly analyzed by NMR spectroscopy
to quantify the transesterification activity. In order to assess the leaching of the enzyme, samples of
CALB were incubated at 90°C for 24h in 380 ul of a given solvent. At the end of the incubation, the
solvent was carefully pipetted out of the vial. 5 mL vials were filled with the solvent of incubation, 200
ul of 1-butanol and 69 ul of diethyl adipate. The vials were placed at 50°C and aliquots were withdrawn

at given times and analyzed by NMR spectroscopy.

3.6. Characterizations
'H NMR spectra were obtained on a Bruker 400 MHz spectrometer. 2D and **C NMR spectra
were obtained on a Bruker 500 MHz spectrometer. CDCl; was used as a solvent. For the polymers hardly
soluble in CDCls, few microliters of trifluoroacetic acid (TFA) were added to achieve proper dissolution.

Calibration of the spectra was performed using the CDClI; peak (6H = 7.26 ppm, 6C = 77.16 ppm).

Size Exclusion Chromatography (SEC) was used to estimate the number average molar mass
(M), weight average molar mass (M) and dispersity (D). The analyses were performed on a Shimadzu
liquid chromatograph in chloroform at a flow rate of 0.8 mL/min. The apparatus was equipped with a
PLGel Mixed-C and PLGeL 100 A columns. A calibration curve using polystyrene (PS) standards was

built for molar mass determination.

Differential scanning calorimetry (DSC) analyses have been performed on the samples to

estimate their glass transition temperature (Tg), melting temperature (Tm), and crystallization
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temperature (T.), if applicable. The analyses were performed using a Q2000 DSC apparatus from TA
instrument (TA instrument, New Castle, Delaware, USA). Typically, a 1 mg sample in sealed aluminum
pan was fast heated to 170°C. The sample was kept 5 minutes at such high temperature to erase all
thermal history. The sample was then cooled a 5°C/min to -80°C followed by an isotherm of 5 minutes.
Finally, a second heating was performed at 10°C/min to 170°C. Modulated DSC (MDSC) was also
performed. For that, the samples were heated 10°C above T, then rapidly quenched in liquid nitrogen.
Samples were then analyzed by MDSC at a rate of 2°C/min, an amplitude of £ 1.2°C and a frequency
of 60s.

Thermogravimetric analysis (TGA) was performed to determine the polymers thermal stability.
The measurements were conducted on a High-Res TGA Q5000 from TA instrument. Samples between

1 and 2 mg were heated at 10°C/min from room temperature to 600°C under air.

Mass measurements were carried out on an AutoflexTM MALDI-TOF mass spectrometer
(Bruker Daltonics GmbH, Bremen, Germany) used at a maximum accelerating potential of 20 kV in
positive mode and operated in linear mode. The delay extraction was fixed at 560 ns and the frequency
of the laser (nitrogen 337 nm) was set at 5 Hz. The acquisition mass range was set to 1500-10000 m/z
with a matrix suppression deflection (cut off) set to 1500 m/z. The equipment was calibrated with ACTH
1-17 ([M+H]* 2094.42), insulin ([M+H]* 5732.52), ubiquitin | ([M+H]* 8565.76) and myoglobin
(IM+H]* 16952.31). Spectra were processed with flexAnalysis software (Bruker Daltonics). Sample
preparation was performed with the dried droplet method using a mixture of 0.5 pl of sample with 0.5
pl of matrix solution dried at room temperature. The 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) matrix was prepared at 20 mg/ml in dichloromethane.

4. Results and discussions

4.1. Polyesters synthesis
Semi-aromatic furan-based polyesters of different composition were synthesized by enzymatic
polymerization. A first series of experiments was conducted by reacting HDO with different ratios of
DMFDC and DEA.

The chemical structure of each polymer has been determined by *H NMR spectroscopy. The
spectra of the obtained polyesters are shown in Figure 2.3, and also Figure S2.1 to Figure S2.7 in
Annexes. The structure and the attribution of the peaks were confirmed by COSY, HMBC and HSQC
2D NMR spectroscopy (Figure S2.8 to Figure S2.10 in Annexes).
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are the ones of the diol surrounded by two furan units at 4.33 ppm (b”’).

Figure 2.3: '"H NMR spectra of the enzymatically synthesized PHAd-co-PHF with various ratio of furan
(from 0% (PHAJ), to 100 % (PHF) in CDCls.

The signals of the protons of the (CH2-O) at the end of the diol units included in the polymeric
chain are shifted differently depending on the nature of the esters surrounding them. This phenomenon
has already been observed by Wu et al. (Wu et al., 2014) with BDO. In our case, the protons (CH»-O)
of the diol surrounded by two adipate units form the less shifted triplet (4.05 ppm, ¢’). Then the (CH>-
O) protons of the diol next to an adipate unit when this diol is surrounded by both an adipate and a furan
unit are shifted to 4.06 ppm (e’”). The (CH2-O) protons of the diol also between an adipate and a furan
group but linked to a furan unit are shifted to 4.32 ppm (b’). Finally, the more shifted (CH»-O) protons
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These attributions allow to formulate several assumptions about the structure of the copolymers.
First, the M, of the polyesters can be estimated thanks to the intensities of the signals corresponding to
the end-groups compared to the ones of the core-units. Eq. 1 is inspired by the method given by Izunobi
et al. (Izunobi et al., 2011). It is comparable to the equation given by Jiang et al. (Jiang et al., 2015) but
also takes into account the adipic units as well as the ends group as part of the polymeric chain as did
Debuissy et al. (Debuissy et al., 2017b). It is a quick method to compare polyesters chain-lengths with
each other, but long polymeric chains show low intensity (1) end-groups signals, which consequently
decrease the accuracy of the calculated molar masses (Eg. 1).

2+

Iy +1,) = I — I ;
(be)4k3>*116.16 +If*112.13+17"*117.17+%*45.06+ﬁ*31.03 +1a. 12208 (1)

3

Mnyyg =

G

Also, characteristics signals corresponding to each monomeric unit are present and confirm the
synthesis of semi-aromatic polyesters. Characteristic signals of the furan and adipate moieties, the two
diesters employed, can be distinguished at 7.15 and 2.32 ppm, respectively. It is clearly noticeable that
the furan’s signal intensity is lower when the amount of DMFDC in the feed is low and that the signal
corresponding to the adipate moieties is inversely affected. The ratio of each diester inserted in the
polymeric chain can therefore be estimated by calculating the intensity ratio between the furan and
adipate signals (Eq. 2).
% of furan moeties in the chain = la (2)

I
L+%

Table 2.1 gives the M, values determined from NMR spectra compared to M,, My and B

obtained from SEC analyses (Figure S2.18 and Table S2.1 in Annexes) of the synthesized polyesters.
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Table 2.1: Compositions and molar masses values of the PHAd-co-PHF, as determined by NMR
spectroscopy and SEC.

NMR SEC
Ratio Measured
Sample Ratio of of vield ratio of Mn Mn Mw
P DMFDC a aromatic (9.mol (g.mol-  (g.mol b
name DEA (%) L 1 1 1
(%) %) moieties ) ) )
’ (%)

PHAd 0 100 98 - 6 300 19000 33500 1.76
PHF10 10 90 98 9.1 5300 18600 28500 1.53
PHF30 30 70 97 31.4 5400 18300 38800 211
PHF50 50 50 97 47.8 6 100 18000 29800 1.65
PHF70 70 30 97 65.6 6 600 19400 34400 1.77
PHF90 90 10 91 88.5 2500 6100 8700 1.42

PHF 100 0 89 - 2100 4100 5200 1.29

a Calculated from NMR spectra data.

The obtained PHAd and PHF have Mynmg) 0f 6 300 and 2 100 g.mol2, respectively. These
values are rather low but they are in accordance with those reported in the literature. For instance, Nasr
et al. (Nasr et al., 2020) obtained, after an extensive optimization of the reaction parameters, PHAd with
an average molar mass (M, determined by SEC) of 18 500 g.mol* in 48h. Concerning PHF, with a
protocol similar to ours but at a temperature of 95°C, Jiang et al. (Jiang et al., 2015) obtained Mnnmr)
of 3 500 g.mol. The values determined by NMR spectroscopy and SEC are different since SEC values
are given as polystyrene-equivalent molar masses (polystyrene standards were used for the calibration)
which are thus overestimated compared to the true molar masses. One can also note that in all the cases,
the molar masses of PHAd and PHF obtained by CALB-catalyzed polymerization are very different.
However, increasing the amount of aromatic moieties surprisingly did not induce a linear decrease in
the molar mass of the obtained copolyesters. Indeed, polyesters with a ratio of aromatic diester up to
70% have an identical average molar mass. Dispersity (B) values are quite high (from 1.5 to 2.1) but
consistent with the transesterification activity of the lipase. The slightly lower molar mass calculated
from NMR analyses for the PHAd-co-PHF containing 10 and 30% of DMFDC could be explained by
remaining traces of unreacted HDO in the final polymer. This increases the intensity of end groups in
comparison to the core units, thus lowering the calculated molar mass. Indeed, these copolyesters being

highly amorphous it was difficult to eliminate all traces of residual oligomers.

The progress of the reaction has been monitored by NMR spectroscopy. Thanks to Eq. 1, the

molar masses of the copolyesters could be calculated and plotted versus the reaction time (Figure 2.4).
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Figure 2.4: Time evolution of the M, values determined by NMR spectroscopy of the PHAd-co-PHF.
PHAd, A 10% of DMFDC, — 30% of DMFDC, o 50% of DMFDC, ¢ 70% of DMFDC, ¢ 90% of DMFDC,
= PHF

When the aromatic diester (DMFDC) content is lower than 70%, the Kinetics of the enzymatic
polymerization is not affected. However, the polyesters containing 90 % of aromatic diesters and the
PHF both precipitated before 24 h of reaction, which could explain the constant and low molar mass
obtained after 24 h of reaction. The solubility of the polymer in the medium would therefore be a critical
parameter influencing its final molar mass. In order to confirm these results, a similar study has been
conducted replacing HDO by a shorter diol, BDO. If the precipitation of the polymer in the medium is
the key parameter, a shorter diol should amplify the phenomenon at stake by inducing higher rigidity of
the polymer chain backbone and thus lower solubility. The molar mass of the polymers synthesized with
BDO evaluated by SEC and NMR spectroscopy are shown in Table 2.2 and Figure 2.5. The NMR
spectra of the resulting polymers are given in Annexes Figure S2.11 to Figure S2.17 while the SEC
traces and results are given in Annexes Figure S2.19 and Table S2.2 The average molar masses were
evaluated by NMR spectroscopy using an equation similar to equation 1 but using the molar mass of the
corresponding constituting moieties as coefficients.

Table 2.2: Compositions and molar masses values of the PBAd-co-PBF as determined by NMR spectroscopy
and SEC

NMR SEC
Ratio of Ratio . Measured ratio
Sr?;nnﬁ);e DMFDC of DEA \(2}5'2 of aromatic @ I’|\T<|8|'1) @ n'\fcr;l'l) @ :\n/lgl'l) b
(%) (%) moieties (%) ' ' '

PBAd 0 100 98 - 5100 16 600 34 700 2.08
PBF10 10 90 98 9.1 4700 16 800 33 100 1.96
PBF30 30 70 97 30.2 4500 11 100 19 500 1.73
PBF50 50 50 97 48.3 4300 10 200 17 500 1.71
PBF70 70 30 94 68.3 2800 6 200 10 400 1.68
PBF90 90 10 88 85.5 1500 2 800 4 300 1.50

PBF 100 0 85 - 1400 2 000 2400 1.20

a Calculated from NMR spectra data.
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Figure 2.5: Time evolution of the M, values determined by NMR spectroscopy of the PBAd-co-PBF.
PBAd, A 10% of DMFDC, = 30% of DMFDC, © 50% of DMFDC, ¢ 70% of DMFDC, ¢ 90% of DMFDC,
= PBF

PBAd and PBF with Mywnwmr) Of respectively 5 100 and 1 200 g.mol* were synthesized. Again,
these results are comparable with values reported in the literature. Pellis et al. (Pellis et al., 2018)
obtained, with both enzymatic synthesis and a thermal post processing, PBF with M, of approximatively
1 000 g.mol. While Jiang et al. obtained PBF with a Mgy 0f 1 500 g.mol* (Jiang et al., 2015). In a
previous study, our group obtained PBAd with a comparable Mnnmr) 0f 5 600 g.mol* (Debuissy et al.,
2017b). Here again, the difference between M, values determined from NMR analyses and by SEC
comes from the fact that the latter are given as polystyrene-equivalent. In comparison with the
aforementioned results, the average molar mass of the synthesized PBAd is significantly lower than
PHAJ. This phenomenon was described in several previous studies (Mahapatro et al., 2003; Cruz-
Izquierdo et al., 2015; Jiang et al., 2015; Debuissy et al., 2017b; Pellis et al., 2018). In connection with
its natural hydrolytic activity, CALB has a better affinity for longer monomers, especially C6 monomers,
resulting in higher molar masses for the obtained polymers. Therefore, the decrease of average molar
mass between PHAd and PBAd is effective and not only due to the different molar mass of the diol.
Indeed, from the NMR analysis, the DPn values of PHAd and PHF (27 and 8, respectively) are also
higher than those of PBAd and PBF (25 and 5, respectively).

PBAd-co-PBF copolyesters with a ratio up to 50% of DMFDC could be obtained with high
molar masses. However, a slight decrease in the average molar mass with the DMFDC content is
noticeable. Dispersity values around 2 are obtained which is in agreement with the literature and the
transesterification activity of the enzyme (Mahapatro et al., 2003; Debuissy et al., 2017b). The molar
mass distribution observed on SEC elution profiles (Annexes Figure S2.19) revealed shouldered peaks
for PBAd-co-PBF containing between 10 and 50% DMFDC. This could indicate a bimodal distribution
and therefore the presence of less reactive growing chains during the polymerization, resulting from a
high aromatic content. The PBAd-co-PBF containing 70% of DMFDC precipitated in the medium after
30 hours of reaction resulting in low molar mass polymers. The copolyester containing 90% of DMFDC
and the PBF also precipitated, and it occurred even earlier, after approximatively 8 hours. Therefore,

reducing the diol length leads to the precipitation of the polymer in the medium for a lower ratio in
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aromatic diester. It also seems to reduce the reactivity of CALB towards highly aromatic polymeric

chains.

The ratio of aromatic moieties in the polyesters depending on time could be calculated thanks
to Eq. 2. These results for PHAd-co-PHF and PBAd-co-PBF, respectively plotted in Figure 2.6 and
Figure 2.7, show similar behavior. The ratio of aromatic moieties inserted in the polymer remains equal
to the feed ratio in DMFDC all along the reaction, indicating no specific preference of the enzyme

toward one or another diester.
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Figure 2.6: Determined ratios of aromatic moieties in the PHAd-co-PHF depending on time for different
ratio of DMFDC
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Figure 2.7: Determined ratios of aromatic moieties in the PBAd-co-PBF depending on time for different
ratio of DMFDC
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These results led us to consider that the activity of the enzyme was only slightly impacted by
the amount of aromatic diesters in the medium but that the solubility of the synthesized polymer chains
in the medium was the main parameter responsible for the low molar masses obtained. Maniar et al.
(Maniar et al., 2019) reported that for the CALB-catalyzed synthesis of polyester an increase in
aromaticity leads to a decrease in DPn. This behavior was attributed to side reactions with the aromatic
diol and to potential substrate specificity of the enzyme with intermediate structures inhibiting the
polymerization. In our study, we observed that the copolyesters with a high content in aromatic
monomer display a chain growth with a Kinetics that does not depend on the aromatic content until they
are no longer soluble in the reaction medium. At this point, the polymer precipitates and is no longer
available for the enzyme, completely stopping the chain growth (see Figure S2.44 in Annexes). Low

molar masses polymers have a direct impact on the thermal properties of the corresponding material. It
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particularly leads to low T4 when the main goal of introducing aromatic moieties, when producing furan-

based polymers, is to obtain high T4 materials.

In order to facilitate the solubility of the copolyester in the medium and thus avoid precipitation,
different options can be considered. First, the temperature of reaction could be raised. Indeed, it has been
shown that CALB can be used at temperatures higher than 90°C, without denaturation (Poojari et al.,
2013; Jiang et al., 2015; Frampton et al., 2013; Lozano et al., 2003). However, such high temperatures
increase the risk of denaturation with a rapid loss of activity of the enzyme. Besides, higher temperature
conditions are against the main advantage of using enzymes, which allow polymerization under mild
conditions. The second option is to find the appropriate solvent which is (i) able to support the reaction
conditions (especially with a high boiling point, since the reaction is performed under partial vacuum),
(ii) compatible with the enzyme and (iii) solubilizing the final polyester. Debuissy et al. (Debuissy et
al., 2016, 2017a) have already screened different solvents for CALB catalyzed polymerization and
reported anisole and phenetole as potential candidates. To complement these previous works, other
solvents have been investigated based on their partition coefficient (log P) and their boiling points. The
log P is the logarithm of the studied product concentration in octanol divided by its concentration in
water. It is an empirical method for the estimation of the lipophilicity of a given solvent. A high log P
value corresponds to a highly lipophilic solvent and vice versa. Other parameters could be considered
such as the dielectric properties of the solvent or the interaction of the substrates with the solvents with
computational tools as did Pellis et al. (Pellis et al., 2019a). However, the log P has been used as a
reference as it has already been employed in previous studies (Kobayashi et al., 1998; Dong et al., 1999;
Kumar et al., 2000; Juais et al., 2010).

The study of the solvents influence was focused on the synthesis of PHF and PBF, which are
the polymers with the highest backbone rigidity and therefore the most difficult to get dissolved.
Solvents with a variety of log P have been investigated, taking diphenyl ether and toluene as references.
Toluene having a boiling point of 111°C, the reaction has been performed at atmospheric pressure.
Phenetole, anisole, acetophenone and cyclohexanone have been used at a minimal pressure of 250 mbar.
Diphenyl ether having a high boiling point, it has been used as described before through a four steps
method to reach 20 mbar. Early precipitation of the polymer was sometimes observed due to evaporation
of the solvent. Thus, the volume of solvent was doubled to avoid such issue but the amount of enzyme
was also multiplied by 2 in order to keep a constant enzyme concentration. Kinetics of the reaction was
proven to be similar to previous reaction conditions. The resulting polymers were analyzed by NMR
spectroscopy (Figure S2.32 to Figure S2.37 in Annexes) and MALDI-TOF MS (Figure S2.45 to Figure
S2.48 in Annexes) analyses. As MALDI-TOF-MS analysis of polydisperse polymers are not
guantitative (McEwen et al., 1997; Rashidzadeh et al., 1998), only rough estimates of M, values were
given in order to compare polymers with each other but they should not be taken as absolute values. The

characteristics of the solvents and molar masses of the obtained polyesters are shown in Table 2.3.
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Table 2.3: Influence of solvents on molar masses of PHF and PBF (CALB 20 wt.%, solvent 300 wt.%, 90°C
72 h)

PHF PBF
Boiling Miwvr  Momacoitor Manvr - MomaLoi-Tor

Solvent Log P point (°C)  (g.mol?) (g.mol ™) (g.mol™t) (g.mol ™)
Diphenyl ether 4.2 258 21008 28002 14002 2300°

Toluene 2.7 111 2 300° n.a. 1200° n.a.

Phenetole 2.5 168 2 700¢ n.a. 1200° n.a.

Anisole 2.1 154 6 700° 3300°¢ 1200°¢ 2600°
Acetophenone 1.6 202 7600° 3500°¢ 2000° 2700°¢
Cyclohexanone 0.8 155 1500¢ n.a. 1500°¢ n.a.

a Program of pressure: 4 h at 350mbar, 4 h at 200 mbar, 16 h at 50 mbar, 48 h at 20 mbar.
b Ambient pressure.

¢ Program of pressure: 4 h at 350mbar, 68 h at 250 mbar.

n.a.: not available (these polymers have not been analyzed by MALDI-TOF MS).

A strong influence of the solvent on the resulting molar masses can be observed, especially for
PHF. Acetophenone and anisole, solvents with log P lower than 2.5 but higher than 0.8, gave the higher
molar masses for both PHF and PBF (Table 2.3). In these solvents, the reaction could be carried out for
a longer time before observing the precipitation of the synthesized polymer. Acetophenone was the
solvent allowing the longer reaction time before precipitation (around 24 hours for PHF) and thus
allowed to synthesize a semi-aromatic copolyester whose molar mass determined from NMR analyses
is nearly four times greater than that obtained in diphenyl ether. Anisole also allowed the synthesis of
more than three-fold higher molar mass PHF, as calculated from NMR spectra, when compared to
diphenyl ether. However, anisole has no effect on the final molar mass of PBF. One may note from the
experimental part that, when synthesized in anisole and phenetole, PHF needed the addition of 5 ul of
anhydrous TFA for complete solubilization before NMR analysis. This method has already been

described and proved not to alter the polymer structure (Hariharan et al., 1993).

In the literature, Dong et al. (Dong et al., 1999) studied the impact of solvent log P on the
enzymatic ring opening polymerization of lactones. They reported that solvents with log P value higher
than 4 were preferable whereas solvents with log P values between 4 and 2 gave unpredictable results.
Finally, solvents with log P lower than 2 resulted in low enzymatic activity. However, in their study 1,2-
dichloroethane (log P = 1.52) was an exception and led to higher molar masses than expected. Kumar
et al. (Kumar et al., 2000) also observed inconsistencies in the relationship between log P and CALB
enzymatic activity. Our results also demonstrated that the log P value alone does not allow to predict
the CALB activity. Because of precipitation issue, the solubility of the polymer in the medium is also a
critical parameter to be considered. Unfortunately, this solubility in a given solvent cannot simply be
predicted by log P. As depicted before, research with computational tools also showed that monomers
stability in a given solvent greatly impacted the CALB reactivity and the obtained molar mass (Pellis et
al., 2019a). Nevertheless, acetophenone and anisole were clearly identified here as new promising

solvents for the enzymatic synthesis of PHF and PBF.

102



Chapitre 2

MALDI-TOF-MS analysis also allows to determine the molar mass distribution and to estimate
the average molar masses of the polyesters. The obtained spectra confirm an increase in molar mass
when PHF and PBF are synthesized in acetophenone or anisole in comparison to diphenyl ether.
However, the average values are significantly lower than those determined from NMR analyses. Two
phenomena can explain this difference. First, MALDI-TOF-MS analysis of polydisperse polymer
samples is not quantitative and the largest polymer chains are underrepresented, which results in an
underestimation of the average molar masses. On the other hand, the determination of molar masses by
NMR spectroscopy is based on the measurement of the intensity of chain ends compared to that of the
core repeating units. If the end groups are consumed by a side reaction, their intensity decreases,

resulting in an overestimation of the molar masses.

However, this last hypothesis can be verified since MALDI-TOF-MS allows of the analysis of
polymer chain ends. The end groups of PHF and PBF synthesized in the different solvents have been
analyzed (Figure 8 and Figure S2.45 to Figure S2.48 in Annexes). When synthesized in dipheny! ether,
the PHF is mostly ended by both an ester and a hydroxyl or by two hydroxyl groups. A minority of
chains with an ester group at both ends can be observed (Figure 2.8.a). When synthesized in anisole, the
PHF was mostly ended by hydroxyl groups (Figure S2.45). When PHF was synthesized in
acetophenone, chains were ended by hydroxyl groups or by a carboxylic acid and hydroxyl group
(Figure 2.8.b). This carboxylic acid could be produced by hydrolysis in the reaction medium even though
the acetophenone used for the reaction was anhydrous. Indeed, as previously mentioned, acetophenone
allows to prolong the reaction time thus leaving more time for an eventual hydrolysis of the polyester.
Moreover, acetophenone is much more polar than the other solvents. This could facilitate the hydration
of the solvent under partial vacuum. Such hydrolysis of the polyester chains could be responsible for the
apparent increase in molar mass calculated by NMR spectroscopy through the phenomenon impacting
the chain ends depicted earlier. End groups analysis was also performed on PBF (Figure S2.46-Figure
S2.48). Interestingly, no hydrolysis was observed this time for the PBF chains synthesized in
acetophenone. Acetophenone had already been studied as solvent or as co-solvent for the synthesis of
aromatic polyesters (Imai et al., 1984; Akutsu et al., 1996) but had never been used in enzymatic
polymerizations.
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Figure 2.8: MALDI-TOF-MS spectra of PHF synthesized in a) diphenyl ether and b) acetophenone with c)
corresponding end-groups identification.

The catalytic activity of CALB was measured in the newly selected solvents, acetophenone and
anisole, and compared to the one in diphenyl ether. For that, and in order to avoid the problem of polymer
solubility, a simpler reaction of transesterification on model substrates was considered. The enzymatic
activity has thus been assayed by studying the transesterification of diethyl adipate with 1-butanol at
50°C and atmospheric pressure (Figure 2.9). The reaction being reversible, an excess of 1-butanol was
used to displace the reaction equilibrium.

o CALB, 50°C o

/\OMO\/ + O TN - Son  + /\/\OMO\/\/

o} o
Figure 2.9: Assessment of the activity of CALB with diethyl adipate and 1-butanol

Moreover, it has been reported that in certain solvents, part of the enzyme can leak from the
supporting beads (José et al., 2011; Ortiz et al., 2019). Presence of free enzyme could promote the
reaction of polymerization. However, this enzyme leaching reduces the reusability of the beads. The
impact of the selected solvents on the CALB activity and leaching has therefore been evaluated. After
incubation of the beads at 90°C in a given solvent, the catalytic activity of the solvent was determined
(after removal of the immobilized enzyme) in order to detect the possible presence of free enzymes that
would have leached from the support.

The progress of reaction was determined from the conversion of ester groups (Figure 2.10).
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Figure 2.10: CALB catalyzed conversion of diethyl adipate with 1-butanol in various solvents: A Diphenyl
ether, = Acetophenone, ¢ Anisole.

The catalytic activity of CALB was found to be similar in all solvents. Only a slightly higher
activity was observed in acetophenone. These results tend to imply that the higher molar masses obtained
for the polyesters in acetophenone, and anisole are not due to a higher specific activity of the enzyme in
such solvents. Moreover, no activity was detected in the solvent alone after incubation with the CALB.
This indicates that among these solvents, none was found to cause significant leaching of the enzyme
from the support to the medium. Therefore, no free enzyme participated to the improvement of the molar
mass of PHF and PBF. The high potential of solubilization of these solvents, delaying the precipitation
of the polymer in the medium, leads to longer time of reaction with a higher accessibility of the substrate

to the enzyme and therefore allows to obtain higher molar masses.

4.2. Polyesters thermal properties
As depicted before, one of the main goals of increasing the aromatic content of polyesters is to
improve their behaviors such as their thermal properties. Moreover, the molar masses and thus the
synthesis method can also affect these properties. Consequently, the thermal behavior of the synthesized

polymers has been determined to evaluate the impact of the aromatic content and synthesis method.

4.2.1. Thermal properties of PHAd-co-PHF and PBAd-co-PBF copolyesters
The thermal properties of PHAd-co-PHF and PBAd-co-PBF synthesized in diphenyl ether with
different ratio of DMFDC have been studied by DSC, MDSC and TGA (Table 2. And Figure S2.20,
Figure S2.21, Figure S2.24 and Figure S2.25 in Annexes).

Table 2.4: Thermal properties of PHAd-co-PHF and PBAd-co-PBF

Polyester T," Tm® Taso Tamax
)] () ()] )

PHAd --a 58 270 374

PHF10 -52 51 305 390
PHF30 -40 32 329 387
PHF50 -32 83 336 384
PHF70 -19 107 347 387
PHF90 -6 135 334 379
PHF -1 140 332 381
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PBAd --2 60 283 387
PBF10 -58 41 302 389
PBF30 -39 -- 345 386
PBF50 -25 102 327 387
PBF70 -8 141 340 383
PBF90 -3 148 307 381

PBF 15 153 264 375

2Ty gap was too weak and in the limit of the apparatus to be precisely measured.
b from Modulated DSC analyses
¢ from classical DSC analyses

For a given aromatic content, the Ty values of the hexanediol-based polyesters were
systematically lower than those of the butanediol-based ones. In polyesters, the thermal properties are
highly dependent on the length of the monomers. These results are in agreement with previous
observations on aliphatic polyesters (Debuissy et al., 2017b). Indeed, hexanediol brings more flexibility

to the polymeric chains compared to a shorter diol, lowering the Tj.

The impact of the aromatic content on the Tg4 values of the PHAd-co-PHF and PBAd-co-PBF
copolyesters have been evaluated (Figure 2.11 and Figure 2.12). As expected, an increase in the aromatic
content leads to an overall increase in the Tg value. The experimental T, values of the copolyesters have
been compared to the values calculated with the Fox law. For both polyesters, samples with an aromatic
content below 70% generally followed the Fox law. However, PHAd-co-PHF with an aromatic ratio
above 90% and PBAd-co-PBF with an aromatic ratio above 70% have T4 below the values predicted by
the Fox law. The values are also lower than those found in the literature. For instance, T4 of PBF90 and
PBF have been measured at 23 and 36 °C, respectively, by Wu et al. (Wu et al., 2014) who synthesized
high molar mass PBAd-co-PBF with an organometallic catalyst. As described by Fox-Flory equation
(Fox et al., 1950), molar mass and Ty are directly linked. The low molar mass of PBF, PBF90 and PHF
obtained by CALB-catalyzed polymerization thus explain the low Tg4 values. This has been confirmed
by Little et al. (Little et al., 2020) who synthesized by organometallic catalysis PBF and PHF chains,

with molar masses similar to ours, displaying T values of 15 and 4 °C, respectively.
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Figure 2.11: Evolution of Tg of the PHAd-co-PHF with different proportions of DMFDC (experimental data
compared to the theoretical ones from Fox equation)
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Figure 2.12: Evolution of Tg of the PBAd-co-PBF with different proportions of DMFDC (experimental data
compared to the theoretical ones from Fox equation)

DSC analysis also showed a variation in T of the copolyesters (Table 2.4). The incorporation
of 10 to 30% DMFDC decreased the T, of the polyesters with even a fully amorphous material for
PBF30. Then for higher DMFDC contents, Tm values increased again even if the melting endotherms of
PBF50, PHF50 and PHF70 were hardly discernible. Polyesters with a DMFDC content higher than 70%
showed relatively high melting temperature (above 100°C) and higher crystallinity. This is in perfect
agreement with results reported in the literature (Yu et al., 2013; Zhou et al., 2013; Wu et al., 2014;
Papadopoulos et al., 2018).

Weight (%)

250 350
Temperature (°C)

Figure 2.13: TGA measurements of PHAd-co-PHF with different ration of DMFDC = PHAd, — 10% of
DMFDC, = 30% of DMFCD, = 50% of DMFDC, =— 70% of DMFDC, = 90% of DMFDC, — PHF

Polyesters properties have been also evaluated by TGA. For both series of polyesters, increased
thermal stability, measured as Tdsw, is observed when the aromatic content increases, up to 70% of
DMFDC (Figure 2.13). Then, Tdse is dramatically reduced for higher aromatic content. This evolution
is less marked on Tdmax, especially for the PBAd-co-PBF series. A similar but less pronounced
phenomenon has been reported in the literature with a decrease of Tdse, above 80% of aromatic content
(Wu et al., 2014). The decrease in Tdsy is intensified by the low molar masses of the co-polyesters
(Chrissafis et al., 2006). Increasing the aromatic content of these polyesters was therefore an efficient
way to increase their thermal resistance until their molar masses were negatively impacted and thus led

to a decrease in the thermal stability.
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According to these results, reaching sufficiently high molar masses seems essential to produce
polyesters with high thermal properties. Indeed, the low molar masses of the polyesters containing high

aromatic contents are responsible for the decrease of the T4 and T, of the polymers.

4.2.2. Thermal properties of the PHF and PBF synthesized in different solvents
PHF and PBF synthesized in acetophenone and in anisole were also analyzed and compared to
the polyesters synthesized in diphenyl ether to determine the impact of the higher molar masses on the

thermal properties (Table 2.5 and Figure S2.28 to Figure S2.31 in Annexes).

Table 2.5: Thermal properties of the PHF and PBF synthesized in different solvents

Polymer Solvent T, (°C) Tm (°C) Taso (°C) Tamax (°C)

Diphenyl 1 140 331 381

PHE ether
Anisole 11 145 338 374
Acetophenone 10 146 351 385
Diphenyl 15 153 264 375

PBE ether
Anisole 16 159 307 386
Acetophenone 17 163 288 384

As expected, for PHF a significant increase of at least 10°C in the T4 was observed when the
polymer was synthesized in acetophenone or in anisole due to the higher molar masses evaluated from
NMR analyses of 7 600 g.mol* and 6 700 g.mol*, respectively, compared to diphenyl ether (which
resulted in PHF with a molar mass of 2 100 g.mol?). In the case of PBF, no significant change was
observed due to the lower impact of these solvents on the obtained molar masses. For both PHF and
PBF, the melting temperature slightly increased for the polymers synthesized in acetophenone and
anisole when compared to diphenyl ether. The thermal resistance (measured as Tdss) was improved for
both polymers. PHF showed a Tdso value 6°C higher when synthesized in acetophenone. For PBF, the
Tdsy was increased by 23°C when synthesized in acetophenone. For both polyesters, the improvement
in thermal resistance could be linked to the higher molar masses obtained when using acetophenone.
However, we do not explain the significant improvement observed for PBF synthesized in anisole since
the Mn value (1 200 g.mol) was not found to be higher than the one obtained in diphenyl ether (1 400

g.mol?).

5. Conclusion

In this work, PHAd-co-PHF and PBAd-co-PBF biobased aliphatic-aromatic copolyesters were
synthesized in various solvents via the green route of enzyme-catalyzed transesterification reactions

using immobilized Candida antarctica lipase B as biocatalyst.

For reactions carried out in diphenyl ether the highest molar masses were obtained for the

PHAd-co-PHF series. M, values above 30 000 g.mol* were obtained for aromatic diester contents
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ranging from 0 to 70 %. Replacing HDO with BDO as a shorter diol resulted in copolyesters with slightly
lower molar masses at up to 50% aromatic monomer content. In this composition range, an increase in
the furan-based monomer content resulted in improved thermal properties (higher T4 and degradation
temperature) for both copolyesters series. The obtained molar masses are similar or even slightly higher
than those reported so far in the literature for equivalent systems (Jiang et al., 2015; Comerford et al.,
2020).

As in previous published studies, the molar masses remain low and reach a plateau at high
aromatic monomer content (Jiang et al., 2015). However, our results then showed that CALB was able
to insert the furan-based aromatic monomer into the macromolecular architectures of different
copolyesters chains in proportions equal to those of the feed without negative impact on the reaction

kinetics or on the obtained molar masses.

In contrast, this study highlighted that it is the loss of solubility observed for polyesters with
high aromatic content (above 50% and 70% in DMFDC with butanediol and hexanediol, respectively)
that is stopping the polyester chain growth thus leading to lower molar masses and consequently lower

thermal properties.

The screening of various alternative solvents showed that replacing diphenyl ether with
acetophenone or anisole resulted in significantly improved solubility for both the highly aromatic PHF
and PBF polyesters. The best results were obtained with acetophenone, which had never been reported
so far as a solvent for the enzymatic synthesis of polyesters, resulting in a significant increase in molar
masses for PHF up to 7 600 g.mol* as measured from NMR analysis and 3 500 g.mol* as estimated
from MALDI-TOF MS. Consequently, the polymer presented a greater thermal stability and a Ty
increased by 11 °C. However, a possible hydrolysis of the polyester in the reaction medium was

highlighted and will be further investigated.

This study clearly demonstrated the impact of the solvent in such enzymatic systems to obtain
high molar mass copolyesters based on elevated aromatic content with improved thermal behavior. To
complete this study, additional investigations should be carried out (mechanical properties,
biodegradation...) in connection with the potential uses of these biobased aliphatic-aromatic

copolyesters such as packaging or biomedical applications.
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Conclusion chapitre 2

Ce chapitre a montré et confirmé la capacité de la CALB a produire des copolyesters a partir
d’un synthon aromatique biosourcé, le DMFDC associé au 1,6-HDO ou au 1,4-BDO en tant que diol et
au diéthyle adipate comme co-diester. L’enzyme a ainsi montré une activité importante méme a des taux
¢élevés de DMFDC, écartant I’hypothése d’une inhibition de son activité de la part du substrat. Des
polyesters de masses molaires relativement élevées ont ainsi été obtenus. Les propriétés thermiques des
matériaux se sont retrouvées améliorées par I’ajout d’aromaticité, prouvant la pertinence d’envisager et

d’étudier la conversion par catalyse enzymatique de monomeres aromatiques.

Toutefois, des polyesters de plus faibles masses molaires ont été obtenus pour des teneurs
¢élevées en DMFDC. 11 a été montré que ceci résulterait d’une précipitation des chaines polymeres en
croissance. Cette précipitation empécherait ainsi la diffusion du substrat dans le milieu réactionnel. La
solubilité des substrats (monomeres et chaines en croissance) dans le milieu réactionnel est donc un
paramétre important a considérer dans ce type de polymérisation enzymatique. De nouveaux solvants
tels que I’acétophénone ou I’anisole ont ainsi montré avoir un effet bénéfique sur la solubilisation du

substrat et ont permis, in fine, d’augmenter les masses molaires des polyesters obtenus.

Ce premier chapitre a donc permis la mise en lumiére de deux points importants. Premiérement,
ce chapitre a mis en exergue la bonne réactivité d’un synthon aromatique biosourcé vis-a-vis de la
CALB. Ensuite, cette étude a mis en évidence I’importance des conditions réactionnelles sur 1’activité
de I’enzyme et la structure du polymére ainsi formé. Ces observations ouvrent donc la voie vers une
investigation plus large portant sur la réactivité de synthons aromatiques biosourcés plus atypiques ou
nouveaux afin d’améliorer encore les propriétés des polyesters obtenus ou de développer de nouveaux

matériaux aux propriétés spécifiques.
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Chapitre 3. I’acide férulique comme molécule plateforme pour la
synthése enzymatique de polyesters aromatiques biosourcés.

Hydrogenation

High Tg Biobased Polyesters
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Introduction chapitre 3

Comme cela a été montré dans le chapitre précédent, I’insertion de monomeres aromatiques est
un moyen efficace pour améliorer les propriétés thermiques d’un polyester. Les dérivés de furanes, tels
gue ceux utilisés et étudiés dans le chapitre 2, sont ainsi les substrats les plus étudiés, et de loin, pour la
synthése de polyesters aromatiques aussi bien par catalyse organométallique qu’enzymatique. Il existe
cependant une tres grande variété de substrats aromatiques pouvant étre directement extraits ou étre

produits a partir de la biomasse. C’est notamment le cas des dérivés phénoliques naturels.

Comme cela a été exposé au chapitre 1, les dérivés phénoliques biosourcés ont été largement
étudiés pour leur réactivité en estérification et transestérification par catalyse enzymatique. Ces études
se sont cependant concentrées sur la synthese ou la modification enzymatique de petites molécules et
synthons de faibles masses molaires. La synthése par catalyse enzymatique de polyesters a partir de ces

substrats reste donc un vaste champ qui reste a explorer.

Nous avons choisi dans ce chapitre d’étudier la réactivité de dérivés d’acide férulique en
polymérisation par (trans)estérification catalysée par CALB. En effet, I’acide férulique peut directement
étre extrait d’une grande variété de sources naturelles et pourrait représenter a 1’avenir une molécule
plateforme importante pour la synthése d’additifs et de matériaux. Ce chapitre repose donc sur le contenu
d’un article intitulé ‘Ferulic acid as building block for the lipase-catalyzed synthesis of biobased
aromatic polyesters’, publié¢ dans Polymers. Plusieurs monomeres ont été synthétisés a partir de ’acide
férulique afin d’améliorer leur réactivit¢ en polymérisation. L’influence de la structure de ces
monomeres sur leur réactivité vis-a-vis de I’enzyme et la structure des polymeéres obtenus ont ainsi été
étudiées. En effet, la modification des monomeéres a base d’acide férulique permet également de moduler
les propriétés du matériau obtenu. Le lien entre structure et propriété du matériau a donc également été

analysé.
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Ferulic acid as building-block for the lipase-catalyzed synthesis of

biobased aromatic polyesters

Alfred Bazin, Luc Avérous, Eric Pollet*

Publié par Polymers (2021, volume 13, n°21, p. 3693)

1. Abstract

Enzymatic synthesis of aromatic biobased polyesters is a recent and rapidly expanding research
field. However, the direct lipase-catalyzed synthesis of polyesters from ferulic acid has not yet been
reported. In this work, various ferulic-based monomers were considered for their capability to undergo
CALB-catalyzed polymerization. After conversion into diesters of different lengths, the CALB-
catalyzed polymerization of these monomers with 1,4-butanediol resulted in short oligomers with a DP,,
up to 5. Hydrogenation of the double bond resulted in monomers allowing to obtain polyesters of higher
molar masses, with DP, up to 58 and M, up to 33 100 g.mol. These polyesters presented good thermal
resistance up to 350°C and T4 up to 7°C. Reduction of the ferulic-based diesters into diols allowed to
preserve the double bond and to synthesize polyesters with a DP, up to 19 and, My up to 15 500 g.mol
L and higher T (up to 21°C). This study has thus shown that the monomer hydrogenation strategy proved
to be the most promising route to achieve ferulic-based polyester chains of high DP,. This study also
demonstrates for the first time that ferulic-based diols allow the synthesis of high T4 polyesters. This is
therefore an important first step towards the synthesis of competitive biobased aromatic polyesters by

enzymatic catalysis.

2. Introduction
The current environmental issues are directing research towards the production of greener
materials through more environmentally friendly processes. This trend is particularly important in the
field of polyesters. Indeed, the vast majority of polyesters are fossil-based, often show poor

biodegradability, and are synthesized through harsh reaction conditions (Mandal et al., 2019).

For this reason, biobased polymers are gaining much attention. Indeed, such polymers are
produced from a renewable feedstock (Delidovich et al., 2016; John et al., 2019) and can sometimes
present good biodegradability (Satti et al., 2020). However, like their oil-based counterparts, these
biobased polymers are also generally synthesized at high temperatures by employing potentially

hazardous organometallic catalysts (Li et al., 2019).

The lipase B from Candida antarctica (CALB) is an enzyme capable, in specific conditions, to

catalyze esterification and transesterification reactions. It is a versatile enzyme that accepts a wide
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variety of substrates (Ortiz et al., 2019). Thus, CALB can be employed as a biocatalyst for the synthesis
of various polyesters, replacing the organometallic catalyst and allowing milder reaction conditions
(Pellis et al., 2019c; Todea et al., 2021). As an example, our team studied the synthesis of various
biobased aliphatic polyesters (Debuissy et al., 2017b, 2017a; Duchiron et al., 2017). However, because
of the superior thermal and mechanical properties of aromatic and semi-aromatic polyesters, their
enzymatic synthesis is gaining attention (Albanese et al., 2016; Nguyen et al., 2018). As an example,
the enzymatic synthesis of semi-aromatic furan-based polyesters has been studied (Flores et al., 2019;
Comerford et al., 2020; Skoczinski et al., 2020; Bazin et al., 2021b) as these polymers represent a
promising alternative to common oil-based aromatic polyesters such as polyethylene terephthalate (Loos
et al., 2020). However, furans are a particular case of C5 aromatic molecules. We therefore directed our
research towards more classical C6 aromatic compounds as is the case for terephthalic acid. Several
biobased compounds with C6 aromatic rings can be extracted from biomass and are promising
candidates for biobased polymers synthesis, one of them being ferulic acid (Crozier et al., 2006; Tinikul
etal.,, 2018).

Ferulic acid can be extracted from various natural sources such as orange pulp, sugarcane
bagasse, or corn and wheat bran (Flourat et al., 2021). This compound is present in hemicellulose as a
crosslinker of the polysaccharide chains (Terrett et al., 2019) and can also be produced from lignin (Li
et al., 2021). Ferulic acid has been considered for potential uses as an additive in food and cosmetic
products due to its interesting antioxidant and potential drug-like properties (Figueroa-Espinoza et al.,
2013; Mancuso et al., 2014; Sandoval et al., 2015). Because of its rigid structure and adequate
functionality, ferulic acid has been investigated for the synthesis of various polyesters with advanced
properties. As an example, Thi et al. investigated the homopolymerization of coumaric derivatives, such
as ferulic acid, catalyzed by an anhydride at temperatures up to 200°C. The obtained polyesters showed
interesting liquid-crystalline behavior but presented limited solubility in common organic solvents.
Indeed, purely ferulic-based polymers result in very rigid materials with high glass transition and
melting temperatures around 113 °C and 325 °C (Elias et al., 1985), respectively. The processability of
these materials ends up hindered and strategies of copolymerization as well as the modification of ferulic
acid have been investigated to produce materials with more controlled and appropriate thermal
properties (Llevot et al., 2016). Nguyen et al. (Nguyen et al., 2015) studied the polymerization of ferulic
acid derivatives bearing hydroxyether moieties of various lengths, as represented in Scheme 3.1.
Varying the length of the hydroxyether allowed to fine-tune the polymers thermal properties. The
authors also showed the strong influence of the ferulic acid double bound on the polyester thermal
properties by hydrogenating the ferulic derivatives. The same authors obtained interesting results on the
copolymerization of these derivatives with cyclic monomers such as e-caprolactone or L-lactide
(Nguyen et al., 2017).
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Scheme 3.1: Representation of the synthesis of polyesters from ferulic derivatives of different length as well
as with and without hydrogenation. Adapted from (Nguyen et al., 2015).

Recently, Kurt et al. (Kurt et al., 2020) used hydrogenated derivatives of ferulic acid for the
synthesis of aromatic polyesters catalyzed by zinc acetate and obtained M, up to 8 000 g.mol™.
Moreover, because of its therapeutic as well as anti-UV properties, native unmodified ferulic acid also
allows the synthesis of material with innovative properties. As an example, Ouimet et al. produced a
biobased copolyester from ferulic acid and diethyl adipate. Upon degradation, this polymer then allowed
the controlled release of ferulic acid as an antibacterial and antioxidant agent (Ouimet et al., 2013).
Recently, Parthiban et al. used ferulic acid for the synthesis of UV absorbing polymers. Pospiech et al.
(Pospiech et al., 2021) showed that insertion of ferulic acid units in an aliphatic polyester significantly

improved the material Ty.

Enzymes such as CALB have been investigated by Pion et al. in processes for the synthesis of
ferulic-based monomers subsequently used for the elaboration of various materials (Pion et al., 2013).
This method allowed the production of various polymers such as isocyanate-free
poly(hydroxy)urethanes (Ménard et al., 2017a) and epoxy thermosets (Ménard et al., 2017b). Polyesters
were also synthesized with acyl chloride (Pion et al., 2014) or by ADMET (Barbara et al., 2015). These
studies showed the great potential of ferulic acid for the synthesis of materials with tunable thermal and
mechanical properties as well as antioxidant properties. However, the enzymatic catalysis was not used
for the polymerization step. Besides, the polymerization of ferulic-based monomers is often performed
under harsh thermal conditions that can be deleterious to the monomer integrity, leading to a coloration
of the material. Moreover, the often-toxic metal-based catalyst can remain in the final material, leading

to environmental and health issues (Rovira et al., 2015).

CALB has already been used for the synthesis of aromatic polyesters (Pellis et al., 2016b).
However, lipase-catalyzed polymerization of aromatic monomers often results in low molar mass
polyesters (Comerford et al., 2020; Skoczinski et al., 2020). Moreover, to the best of our knowledge,
CALB and lipases in general have never been studied as biocatalysts for the polymerization of ferulic

monomers.

123



Chapitre 3

In this study, ferulic acid was modified into new diesters of different lengths and polymerized
with 1,4-butanediol using CALB as biocatalyst. Two strategies were then developed to enhance the
reactivity of ferulic-based monomers in CALB-catalyzed polymerization and achieve higher molar
masses: the hydrogenation and reduction of the monomer. The structure and the properties of the final
materials were then investigated. The impact of the structure of the ferulic-based moieties first on the
reactivity of the CALB and then on the thermal properties (glass transition, melting temperature, and

degradation temperatures) of the final materials were assessed.

3. Materials and Methods

3.1. Materials

Lipase B from Candida antarctica immobilized on acrylic resin (activity measured to 11 000
PLU/g (propyl laurate units)) (CALB), deuterated chloroform (CDCl3), dibutyl aluminum hydride
(DIBAL-H) solution in toluene (25 wt%), and palladium on activated charcoal (Pd/C) were supplied by
Sigma-Aldrich. Diethyl adipate (DEA), potassium iodine, methyl 4-chlorobutyrate, and diphenyl ether
were purchased from Acros Organics. 1,4-butanediol (BDO), acetophenone, ferulic acid, and methyl
chloroacetate were supplied by Alfa Aesar. Methanol and potassium carbonate were supplied by Fisher
scientific. Chloroform was supplied by Carlo Erba. CALB was dried at 25° C for 24 h under vacuum

before use. Other reactants were employed without further purification.

3.2. Characterization
A Bruker 400 MHz spectrometer was used for 'H NMR analysis and a Bruker 500 MHz
spectrometer was used for 2D and *C NMR analyses. The solvents employed were CDCl; and DMSO-
ds depending on the solubility of the substrate. Calibration of the spectra was performed using the CDCl3
peak (6H = 7.26 ppm, 6C = 77.16 ppm) and DMSO-d6 peak (8H = 2.50 ppm, 86C = 39.52 ppm).

Size Exclusion Chromatography (SEC) was performed to estimate the number average molar
mass (M»), mass average molar mass (Mw), and dispersity (D). The analyses were performed in THF at
40 °C in an Acquity-APC (Waters) equipped with three columns (Acquity APC XT 450 A 2.5 um
4.6x150 mm, 200 and 45). 10 pL of dissolved polymer were injected and a flow of 0.6 mL/min was
applied for the 11 minutes run. Refractive index (RI1) detector and photodiode array (PDA) detector at
254 nm were used. A calibration curve with polystyrene (PS) standards was carried out for molar mass

determination. The molar mass calculation was performed with data collected from the UV detector.

Differential scanning calorimetry (DSC) analyses were performed using a Q2000 DSC
apparatus from TA Instrument (TA Instrument, New Castle, Delaware, USA) to estimate the polymers
glass transition temperature (Ty) as well as their melting temperature (Tm) and crystallization
temperature (T¢), if applicable. Typically, a 1 to 3 mg sample in a sealed aluminum pan was treated

following a three-step method: (1) fast heating to 180 °C. The sample was kept for 3 minutes at this high
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temperature to erase all thermal history, (2) cooling at 10 °C/min to -80 °C followed by an isotherm of
5 minutes and (3) second heating was performed at 10 °C/min to 180 °C. The characteristic temperatures
were determined from this second heating scan. DSC was employed as well for the determination of the

synthesized compounds melting points.

Thermogravimetric analysis (TGA) was performed to determine the thermal stability of the
polymers. The measurements were conducted on a High-Res TGA Q5000 from TA Instrument. Samples

between 1 and 2 mg were heated at 10 °C/min from room temperature to 600 °C.

Infrared spectroscopy (IR) was performed with a Nicolet 380 Fourier transformed infrared
spectrometer (Thermo Electron Corporation) used in reflection mode and equipped with an ATR
diamond module (ATR-FTIR). The spectra were collected at a resolution of 4 cm* and with 32 scans

per run.

MALDI-TOF analyses were carried out on an AutoflexTM MALDI-TOF mass spectrometer
(Bruker Daltonics GmbH, Bremen, Germany) used at a maximum accelerating potential of 20 kV in
positive mode and operated in linear mode. The delay extraction was fixed at 560 ns and the frequency
of the laser (nitrogen 337 nm) was set at 5 Hz. The acquisition mass range was set to 1500-10000 m/z
with a matrix suppression deflection (cut off) set to 1500 m/z. The equipment was calibrated with ACTH
1-17 (J[M+H]* 2094.42), insulin ([M+H]* 5732.52), ubiquitin 1 ([M+H]* 8565.76) and myoglobin
(IM+H]* 16952.31). Spectra were processed with flexAnalysis software (Bruker Daltonics). Sample
preparation was performed with the dried droplet method using a mixture of 0.5 pl of sample with 0.5
pl of matrix solution dried at room temperature. The 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) matrix was prepared at 20 mg/ml in dichloromethane.

3.3. Synthesis of ferulic diesters

Ferulic acid was dissolved in a large volume of methanol. Few drops of sulfuric acid were added
as catalyst. The solution was refluxed overnight. The solution was then neutralized by few drops of
saturated sodium carbonate solution. The solvent was then evaporated, and the product was recovered
in ethyl acetate and dried over MgSO.. The salts were extracted by filtration, and the solvent was
evaporated. Methyl ferulate (MeFA) was obtained as a clear yellow oil and used without further
purification. (Yield: quantitative, IR: 3391 cm™ (O-H), 2949 cm™* (C-H), 1698 cm™* (C=0 ester), 1510
cm? (C=C Ar), 1262 cm™ (C-O ester), *H NMR (400 MHz, CDCls) & (in ppm): 7.62 (d, J = 15.9 Hz,
1H), 7.07 (dd, 1H), 7.03 (d, J = 1.9 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.29 (d, J = 15.9 Hz, 1H), 5.83
(brs, 1H), 3.93 (s, 3H), 3.80 (s, 3H)). *3C NMR (126 MHz, CDCls) & (in ppm): 167.81, 148.08, 146.87,
145.04, 126.93, 123.05, 115.12, 114.83, 109.47, 77.10, 55.95, 51.64, 30.93.

The methyl ferulate (MeFA) (4 g, 19.2 mmol, 1 eq.) was then dissolved in acetonitrile (95ml).
Potassium carbonate (7.97 g, 57.63 mmol, 3 eq.) and potassium iodine (0.77g, 4.61 mmol, 0.24 eq.)

were added as catalyst. The corresponding chloroester (methyl chloroacetate or methylchlorobutyrate)
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was added (38.42 mmol, 2 eq.). The solution was then refluxed overnight. After cooling down, the
solution was filtered to eliminate the undissolved catalyst. The solvent was evaporated under reduced
pressure. The crude product was recovered in ethyl acetate and washed once with a saturated solution
of sodium carbonate and twice with brine. The organic solution was dried over MgSO., and the solvent

was evaporated. The product was then recrystallized in a mixture of ethanol and water.

The methyl 4-(methyl ethanoate-oxy)-ferulate (DeFA!) was obtained as white crystals (yield:
80 %, melting point : 64 °C, IR (in cm™): 2952 (C-H), 1735 (C=0 ester), 1709 (C=0 ester), 1517 (C=C
Ar), 1268 (C-O ester), tH NMR (400 MHz, CDCls) & (in ppm): 7.62 (d, J = 16.0 Hz, 1H), 7.12 — 7.02
(m, 2H), 6.78 (d, J = 8.8 Hz, 1H), 6.32 (d, J = 16.0 Hz, 1H), 4.73 (s, 2H), 3.91 (s, 3H), 3.80 (s, 6H)). *C
NMR (126 MHz, CDCls) & (in ppm): 169.02, 167.56, 149.70, 149.14, 144.49, 128.90, 122.09, 116.31,
113.52, 110.59, 77.06, 66.10, 56.00, 52.38, 51.70.

The methyl 4-(methyl butanoate-oxy)-ferulate (DeFA'") was obtained as off-white needles
(yield: 80%, melting point : 83 °C, IR (in cm™): 2952 (C-H), 1699 (C=0 ester), 1510 (C=C Ar), 1250
(C-O ester), 'H NMR (400 MHz, CDCl3) 5 (in ppm) 7.62 (d, J = 15.9 Hz, 1H), 7.13 — 7.01 (m, 2H), 6.86
(d, J =8.3 Hz, 1H), 6.30 (d, J = 16.0 Hz, 1H), 4.09 (t, J = 6.3 Hz, 2H), 3.88 (s, 3H), 3.79 (s, 3H), 3.68
(s, 3H), 2.54 (t, J = 7.2 Hz, 2H), 2.23 — 2.08 (m, 2H)). **C NMR (126 MHz, CDCls) & (in ppm): 173.54,
167.69, 150.46, 149.60, 144.80, 127.54, 122.52, 115.53, 112.66, 110.22, 77.09, 67.79, 55.96, 51.68,
51.63, 30.41, 24.40.

3.4. Hydrogenation of the ferulic diesters
Pd/C (75 mg, 5 wt%) and the diester DeFA' or DeFA!' (1,5 g, 5.1 mmol) were placed in a round
bottom flask and sealed with a septum. The powders were placed under argon and ethanol (15ml) was
carefully added with a syringe. Hydrogen was then bubbled for 15 minutes in the solution. Finally, the
solution was stirred for 24 h with hydrogen overpressure. The solution was filtered through celite, and

the solvent was evaporated under reduced pressure.

The methyl 3-(3-methoxy-4-(2-methoxy-2-oxoethoxy)phenyl)propanoate (H-DeFA!) was
obtained as a transparent oil (yield: 97%, IR (in cm): 2952 (C-H), 1731 (C=0 ester), 1512 (C=C Ar),
1258 (C-O ester), *H NMR (400 MHz, CDClIs) & (in ppm): 6.80 — 6.65 (m, 3H), 4.67 (s, 2H), 3.87 (s,
3H), 3.79 (s, 3H), 3.67 (s, 3H), 2.90 (t, J = 7.5 Hz, 2H), 2.61 (t, J = 7.5 Hz, 2H)). 1*C NMR (126 MHz,
CDCls) 8 (in ppm) 173.32, 169.61, 149.57, 145.69, 135.08, 120.11, 114.56, 112.38, 77.13, 66.62, 55.88,
52.18, 51.64, 35.84, 30.61.

The methyl 4-(2-methoxy-4-(3-methoxy-3-oxopropyl)phenoxy)butanoate (H-DeFA!") was
obtained as a yellow oil (yield: 99%, IR (in cm™): 2951 (C-H), 1731 (C=0 ester), 1513 (C=C Ar), 1257
(C-O ester), 'H NMR (400 MHz, CDCls) & (in ppm): 6.80 (d, J = 7.9 Hz, 1H), 6.75 — 6.65 (m, 2H), 4.03
(t, J = 6.3 Hz, 2H), 3.84 (s, 3H), 3.67 (d, J = 3.6 Hz, 6H), 2.89 (t, J = 7.8 Hz, 2H), 2.61 (t, J = 7.5 Hz,
2H), 2.54 (t, J = 7.3 Hz, 2H), 2.13 (m, 2H). **C NMR (126 MHz, CDCls) & (in ppm): 173.72, 173.42,
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149.50, 146.75, 133.63, 120.19, 113.62, 112.25, 77.09, 68.03, 55.94, 51.64, 51.62, 35.99, 30.62, 30.54,
24.60.

3.5. Synthesis of the ferulic diols

Ferulic diester DeFA' or DeFA" (1.5g) was added to a three-neck flask equipped with a
condenser and a dropping funnel. The flask was sealed with a septum and flushed with argon. Dry
toluene (55 ml) was added. The solution was cooled at -78 °C and a solution of DIBAL-H in toluene
(27.1 mmol, 5 eq.) was added dropwise over 20 minutes. The solution was then left for 2 hours at room
temperature. The solution was then cooled down at 0 °C and ethyl acetate (20 ml) was carefully added.
A saturated solution of Rochel salts was then added (30 ml) to complete the quenching of the reaction
medium. The solution was left stirring overnight. The agueous phase was washed 3 times with ethyl
acetate. The organic phase was then washed once with brine and dried over MgSQOa. The solvent was

then removed under reduced pressure.

The 4-(hydroxyethoxy)-coniferyl alcohol (FAD') was obtained as a white powder (yield: 94 %,
melting point : 103 °C, IR (in cm): 3448 (O-H), 2932 (C-H), 1511 (C=C Ar), *H NMR (400 MHz,
DMSO-d6) 6 (in ppm): 7.05 (s, 1H), 6.90 (s, 2H), 6.47 (d, J = 15.9 Hz, 1H), 6.26 (dt, J = 15.9, 5.3 Hz,
1H), 4.84 (t, J =5.5 Hz, 1H), 4.81 (t, ) = 5.4 Hz, 1H), 4.10 (t, J = 4.8 Hz, 2H), 3.96 (t, J = 5.1 Hz, 2H),
3.78 (s, 3H), 3.71 (g, J = 5.3 Hz, 2H). *C NMR (126 MHz, DMSO-d6) & (in ppm): 149.51, 148.12,
130.43, 129.04, 129.00, 119.61, 113.49, 109.79, 70.63, 62.11, 60.06, 55.86, 39.98.

The 4-(hydroxybutoxy)-coniferyl alcohol (FAD") was obtained as an off-white powder (yield:
98 %, melting point : 87 °C, IR (in cm): 3273 (O-H), 2923 (C-H), 1512 (C=C Ar), *H NMR (400 MHz,
DMSO-d6) 6 (in ppm): 7.04 (s, 1H), 6.88 (s, 2H), 6.46 (d, J = 15.9 Hz, 1H), 6.25 (dt, J = 15.9, 5.3 Hz,
1H), 4.80 (t, J = 5.4 Hz, 1H), 4.44 (t, J = 5.2 Hz, 1H), 4.10 (td, J = 5.3, 1.7 Hz, 2H), 3.94 (t, J = 6.5 Hz,
2H), 3.78 (s, 3H), 3.45 (q, J = 6.4 Hz, 2H), 1.85 — 1.67 (m, 2H), 1.64 — 1.50 (m, 2H). 2*C NMR (126
MHz, DMSO-d6) & (in ppm): 149.54, 148.14, 130.30, 129.05, 128.94, 119.64, 113.42, 109.84, 68.59,
62.10, 60.90, 55.96, 39.99, 29.50, 26.02.

3.6. Enzymatic polymerization
Each polyester was synthesized according to a procedure adapted from a previous study (Bazin
et al., 2021b) (with optimal temperature, solvent and concentrations) but varying the nature of the
solvent, reaction time and pressure when necessary or desired. The obtained polymers were then

recovered with the same procedure as in the literature.

3.6.1. From ferulic-based diesters (PDeFA!!"" and PH-DeFA'"):
The ferulic-based diester (150 mg) and BDO were placed in a Schlenck reactor in equimolar
proportions. Diphenyl ether (300 wt% vs the mass of the monomers) and supported CALB (20 wt%

regarding the mass of the monomers) were then added. The solution was magnetically stirred and placed
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at 90°C and 350 mbar. After 4 hours, the pressure was decreased to 100 mbar. After another 4 hours,

the pressure was finally set to 20 mbar and was kept to this value until the end of the reaction.

3.6.2. From ferulic-based diols (PFAD''"):

The ferulic-based diol (150 mg) and diethyl adipate were placed in a Schlenck reactor in
equimolar proportions. Acetophenone (300 wt% vs the mass of the monomers) and CALB (20 wt%
regarding the mass of the monomers) were then added. The solution was magnetically stirred and placed
at 90°C and 350 mbar. After 4 hours, the pressure was decreased to 250 mbar and was kept to this value

until the end of the reaction.

3.6.3. Recovery of the polyesters:
The solution was diluted with chloroform (2 ml) and filtered through cotton wool to remove the
catalyst. The polymer was then precipitated in a cold methanol bath under vigorous stirring. The solution
was then centrifuged (8000 RCF, 10 min, 4 °C) and the supernatant was eliminated. Finally, the

recovered polymer was dried for 24h in a vacuum oven at 40 °C before analysis.

4. Results and discussion

4.1. Polyesters based on ferulic diesters.

Various ferulic acid derivatives were synthesized and enzymatically polymerized. The first step
has been to modify the ferulic acid to optimize its reactivity towards CALB. Indeed, CALB catalyzed
polymerization results in faster kinetics and higher molar masses by transesterification with methyl or
ethyl esters than by polycondensation (Vosmann et al., 2008; Douka et al., 2018; Kobayashi et al.,
2019). The small alcohol adduct in transesterification can easily be eliminated, compared to water,
shifting the equilibrium of the reaction. Therefore, ferulic acid was first esterified to give methyl ferulate
(MeFA) (confirmed by *H and 3C NMR, see in Annexes Figure S.3.1 and Figure S.3.8). Ferulic acid is
a bifunctional molecule able to undergo homopolymerization through polycondensation (Parthiban et
al., 2020). Homopolymers of ferulic acid give incredibly rigid polyesters with high Ty (Elias et al., 1985)
making them difficult to process because of their extreme melting temperature and difficulty to dissolve
in common solvents. Besides, phenols, such as the one in methyl ferulate, have a lower reactivity
compared to primary alcohols, especially in CALB-catalyzed transesterification (Christelle et al., 2011;
Sandoval et al., 2015). For all these reasons, ferulic acid is often modified before polymerization (Kurt
et al., 2020; Llevot et al., 2016; Nguyen et al., 2015). This allows at the same time to fine-tune the
properties of the monomer and those of the resulting polymer, especially of the chain rigidity. Methyl
ferulate was thus modified through Williamson ether synthesis with chloroesters of different lengths
(DeFA! and DeFA") (Scheme 3.2). This process allowed to overcome the low reactivity of the methyl
ferulate phenol group towards CALB. The structure of the obtained monomers was confirmed by *H
and *C NMR (see in Annexes Figure S.3.2, Figure S.3.3, Figure S.3.9, and Figure S.3.10). The resulting

products were diesters capable to undergo enzymatic transesterification with CALB.
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Scheme 3.2: Synthesis and polymerization of the ferulic diesters DeFA! and DeFA, i: MeOH, H2SO4, 70 °C
16h. ii(a): Methyl chloroacetate, K2CO3, KI, acetonitrile, 85 °C 16h. ii(b): Methyl 4-chlorobutyrate, K2CQOs,
KI, acetonitrile, 85 °C 16h.

The obtained diesters were assayed for CALB-catalyzed polymerization with BDO in diphenyl
ether under reduced pressure. The obtained products were then analyzed by *H NMR (Figure 3.1 and in
Annexes Figure S.3.17 and Figure S.3.18).

The appearance of characteristic peaks (a-1V and b-IV on Figure 3.1) of the (CH2-OC(O))
protons from esters between & = 4.05 and 4.30 ppm confirms the transesterification of the methyl esters
with BDO. For both monomers DeFA! and DeFA!, the intensity of the characteristic peaks of the methyl
ester functions (respectively a-11, a-111 on Figure 3.1 at & = 3.72 ppm for DeFA' and b-Il at 5 = 3.79 ppm
and b-111 at & = 3.68 ppm on Figure 3.1 for DeFA!") decreased after polymerization when compared with
the starting material. This confirms that the methyl ester moieties were consumed during the reaction
and therefore converted by CALB. However, the intensities of the end groups signals a-11, a-1l1, and b-
Il in the products are still important, indicating a low conversion of the monomer and consequently low
molar mass chains. This was confirmed by SEC analysis (see Table 3.1 and in Annexes Figure S.3.23)

that gave molar masses of 1 300 g.mol* and 2 000 g.mol for PDeFA' and PDeFA'", respectively.
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Figure 3.1: NMR spectra in CDCI; of the ferulic-based diesters and their corresponding polyesters: (a)
DeFA! and PDeFA!; (b) DeFA!" and PDeFA™.

The signals corresponding to the two esters of the ferulic diester DeFA'" can be distinguished
and were unambiguously attributed thanks to 2D NMR (Figure 3.1 and in Annexes Figure S.3.15 and
Figure S.3.16). The low intensity of the peak corresponding to the remaining terminal methyl of the
methyl butyrate moiety (b-111) in the product suggests a quantitative conversion of this ester function.
On the contrary, the intensity of the peak corresponding to the terminal protons of the ester neighboring
the double bond (b-11) is only reduced by half after the reaction (Figure 3.1b and in Annexes Figure
S.3.18). This suggests a lower conversion and thus a lower reactivity of this ester function towards
CALB. This poorly reactive function could therefore rapidly become a terminal group at both ends of

the growing chains and thus strongly limit their growth, leading to low molar masses.

The low reactivity of the ferulic acid and its corresponding ester towards CALB has already
been described in the literature (Stamatis et al., 1999; Cassani et al., 2007; Zoumpanioti et al., 2010)
showing that para and ortho hydroxyl and methoxy substituents on the aromatic ring of coumaric
derivatives had an inhibitory effect on the CALB activity in esterification and transesterification.
Computational modeling performed by Otto et al. (Otto et al., 2000) suggests that steric hindrance
cannot explain this loss of reactivity towards specific substitutions and rather indicates that charge
distribution could be the cause. We observe here that this lack of reactivity hindered the synthesis of

high molar mass polyesters after 72 hours of reaction resulting in oligoesters with a DP, up to 5.
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4.2. Polyesters based on hydrogenated ferulic diesters.

The hydrogenation of the double bond has been shown to unlock the reactivity of ferulic acid
(Cassani et al., 2007; Zoumpanioti et al., 2010). This method was previously used for the CALB-
catalyzed synthesis of ferulic-based monomers (Pion et al., 2013). It allowed a high conversion of the
substrate in only 4 hours. We used a similar strategy to improve the reactivity of the studied monomers

towards CALB but this time in a process of enzymatic polymerization.

The monomers DeFA! and DeFA!" were hydrogenated using Pd/C as catalyst in ethanol to
obtain PH-DeFA! and PH-DeFA". The structure of the products was confirmed by 'H and *C NMR
(see in Annexes Figure S.3.4, Figure S.3.5, Figure S.3.11 and Figure S.3.12). They were then
polymerized with BDO (Scheme 3.3). The reaction was monitored by SEC analysis of samples

withdrawn at regular intervals (Figure 3.2).
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Scheme 3.3: Synthesis and polymerization of the hydrogenated ferulic diesters H-DeFA! and H-DeFA!
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Figure 3.2: Molar mass of the polymers synthesized from the hydrogenated monomers. ll PH-DeFA,
PH-DeFA".

As expected, the reactivity of the ferulic moieties was greatly enhanced by hydrogenation.

Quantitative conversion of the monomers 4a and 4b was observed from NMR analyses (in Annexes
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Figure S.3.19 and Figure S.3.20). From NMR analysis of PH-DeFA!, it is possible to distinguish the
signal corresponding to the CH, of the diol linked to the ester vicinal to where was the double bond at
d = 4.19 ppm and the CH of the diol linked to the ester coming from the Williamson ether synthesis at
& = 4.06 ppm. Both peaks have similar intensity, indicating that the diol has bound to both esters without

distinction. This result would suggest that both esters have an equivalent reactivity towards CALB.

The polyesters PH-DeFA' and PH-DeFA'" were obtained with high My, of 39 400 g.mol* and
38 000 g.mol?, respectively, as measured by SEC (see in Annexes Figure S.3.24 and Table 3.1). It is
interesting to notice that PH-DeFA! systematically resulted in higher DP, than PH-DeFA" (58 for PH-
DeFA! compared to 37 for PH-DeFA"). This result is counterintuitive and quite unexpected since
previous studies showed that CALB presented a higher activity towards aliphatic monomers with a
number of carbons higher than 4 (Mahapatro et al., 2003; Debuissy et al., 2017b; Pellis et al., 2018). A
higher reactivity of H-DeFA!" in comparison to H-DeFA! would be expected as previous studies showed
higher reactivity of the ester function with increasing distance from the bulky aromatic ring (Otto et al.,
2000). However, prediction of the enzyme activity cannot be only based on steric hindrance
considerations because of the complex interactions with the substrate (Zoumpanioti et al., 2010). The
M, of PH-DeFA! (17 900 g.mol?) is comparable to values obtained for equivalent aliphatic polyesters
enzymatically synthesized with HDO. However, the aromatic polyesters show lower DP, compared to
aliphatic ones because of the high molar mass of the ferulic-based diesters (58 for H-DeFA' compared
to 81-83 in the literature (Nasr et al., 2020)).

Thus, the activity of CALB towards the ferulic-based diester was efficiently unlocked by
hydrogenation of the double bond, leading to high molar mass polyesters. As depicted before, two main
hypotheses could explain this result. First, the hydrogenation of the double bond lowers the rigidity of
the molecule, facilitating its introduction and orientation in the active site of the enzyme. The second
hypothesis is that the electronic conjugation between the ester and the aromatic ring is broken by the
disappearance of the double bond. This conjugation could lower the reactivity of the ferulic esters (Otto
et al., 2000; Cassani et al., 2007; Vosmann et al., 2008). Indeed, because of its double bond, ferulic acid
presents multiple resonance forms making it less prompt to nucleophilic attack from the serine amino

acid of the CALB active site, hindering enzymatic activity.

The thermal properties of the obtained polyesters were assessed (Figure 3.3 and Table 3.1). Both
polyesters PH-DeFA' and PH-DeFA!" were fully amorphous with a T4 measured by DSC (Figure 3.3a)
at 7 and - 9 °C, respectively. It is the first time these monomers are used for polymer synthesis and no
similar structures, even synthesized by any other means than enzymatic catalysis, could be found in the
literature for comparison. Polyesters PH-DeFA! and PH-DeFA" present low T in comparison to fully
ferulic-based polyesters showing a T4 above 113 °C (Elias et al., 1985). The hydrogenation of the
monomer’s double bond as well as the use of an aliphatic diol leads to a polymer structure with a lower

T4. However, when compared to fully aliphatic polyesters synthesized from BDO such as polybutylene
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adipate (PBAd) or polybutylene succinate (PBS) (with a T4 of - 59 and -37 °C, respectively (Debuissy
etal., 2017b)), the use of the ferulic-based hydrogenated diester increased the T, of the polyesters. These
results are in agreement with previous studies showing that adding ferulic-based units to a polymeric
structure leads to mostly amorphous materials with increased Ty (Kreye et al., 2011; Barbara et al.,
2015). Finally, the polyester synthesized from methyl 4-chlorobutyrate-based diester (PH-DeFA!'")
presents a lower T4 compared to the one based on methyl chloroacetate (PH-DeFA'). Indeed, its longer

aliphatic moiety induces more chain flexibility, reducing the Ty of the final polymer.
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Figure 3.3: Thermal analysis of PH-DeFA! and PH-DeFA!: (a) DSC measurement, heating rate 10 °C/min,
data have been offset one from another by -0.5 W.g!; (b) TGA measurement, under air at a heating rate of
10 °C/min.

The polymers were also analyzed by TGA, and the weight loss curves are presented in Figure
3.3b. The temperature of degradation at the maximum rate (Tamax) Was measured at 373 °C and 394 °C
for PH-DeFA!' and PH-DeFA'"", respectively. These values are within the range of those found for
aliphatic polyesters such as PBAd and PBS (391 and 355 °C, respectively (Debuissy et al., 2017b)).
Interestingly, the degradation of both polyesters PH-DeFA! and PH-DeFA!" occurred in two steps. This
degradation pattern has already been observed in other aromatic polyesters such as PET (Oh et al.,
2006). The first step could correspond to the thermal degradation of the aliphatic parts of the polymer
and correspond to the temperature of the ester bonds breaking. The aromatic parts get then reorganized
into more thermally stable aromatic polycyclic ashes which get decomposed during the second step

occurring at a much higher temperature.

4.3. Polyesters based on ferulic diols.

Another strategy of ferulic acid modification was evaluated. Reducing the methyl ferulate to its
corresponding alcohol could offer a similar effect to hydrogenation. Indeed, after the reduction, the
monomer gains a CH; and thus flexibility (Scheme 3.4), which could favor the accessibility of the
molecule to the enzyme active site. Moreover, the alcohol resulting from the reduction would not be

electronically conjugated to the aromatic ring. Additionally, along this synthesis path, the monomer
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double bond is preserved, bringing rigidity to the chain backbone and allowing further modification of
the polymer (Jawerth et al., 2016; Parthiban et al., 2020).

Both ferulic-based diesters previously synthesized (DeFA' and DeFA'") have been reduced to
their corresponding diols by diisobutyl aluminum hydride (DIBAL-H). The structure of the monomers
was confirmed by *H and *C NMR (see in Annexes Figure S.3.6, Figure S.3.7, Figure S.3.13 and Figure
S.3.14). The monomers were then evaluated for the synthesis of polyesters via CALB-catalyzed
polymerization as presented in Scheme 3.4. Diethyl adipate has been selected as a co-monomer since
previous studies demonstrated its good reactivity with CALB, thus maximizing the chances of obtaining

a high molar mass polyester (Mahapatro et al., 2003; Debuissy et al., 2017d).
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Scheme 3.4: Synthesis and polymerization of the ferulic-based diols FAD' and FAD".,

The obtained polyester PFAD' and PFAD'! were analyzed by NMR (in Annexes Figure S.3.21
and Figure S.3.22) and SEC (in Annexes Figure S.3.25). The M, of PFAD' and PFAD'" determined by
SEC after 24 hours were respectively of 6500 and 6300 g.mol* corresponding to a DP, of 19 and 17.
The two polyesters were obtained with similar molar masses and kinetics which is in agreement with
the study by Pellis et al. (Pellis et al., 2020) who showed that moving the hydroxyl group further away
from the aromatic ring did not significantly alter the molar mass of the obtained polyesters. Longer times
of polymerization did not increase the polymers molar masses. On the contrary, a decrease in M, was
even observed after 24h of reaction (Figure 3.4). Side reactions could be responsible for such a decrease
in molar masses. To investigate this phenomenon and to understand more deeply the structure of the

formed polymeric chains, the synthesized polyesters have been analyzed by MALDI-TOF MS.
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Figure 3.5: (a) MALDI-TOF MS spectrum of PFAD'; (b) corresponding identified polymer structures.

Although the large polydispersity of the polymer does not allow obtaining quantitative results
from the MALDI-TOF MS (Rashidzadeh et al., 1998), it is possible to qualitatively compare the end
groups with each other. A large number of polymeric chains are ended with both an ester and a hydroxyl
group (green triangles in Figure 3.5a). This is expected due to the one-to-one stoichiometry of the
monomers. However, a significant proportion of polymeric chains are terminated on both ends by an
ester group (red triangles in Figure 3.5a). This result indicates an unbalanced stoichiometry in the
reaction medium with an excess of the diester. Side reactions involving one of the monomers could
result in its deactivation or loss of reactivity and thus unbalance the stoichiometry of the reaction.
However, no obvious traces of side products could be found on the NMR analyses. Moreover, reacting
the diol alone with and without CALB in presence of ethanol did not allow to clearly identify any side

product from FAD'. Using an excess of diol resulted in polymers with a majority of chains terminated
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with both an ester and a hydroxyl group (in Annexes Figure S.3.26). However, the polymer presented
similar or lower molar masses (in Annexes Figure S.3.27) than for the synthesis with a stoichiometric
ratio. The end group analysis also showed traces of hydrolysis with chains ended with both an acid and
an ester, resulting in a residue m/z equal to 174 (purple triangles in Figure 3.5a). This phenomenon could
also explain the end of chain growth followed by the slight decrease in molar masses (Figure 3.4).
Finally, macrocycles were detected and although they were present in lower amount compared to other

end groups, they could also contribute to lowering the apparent molar mass determined by SEC.
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Figure 3.6: Thermal analysis of PFAD' and PFAD": (a) DSC measurement, heating rate 10 °C/min, data
have been offset one from another by -0.5 W.g"'; (b) TGA measurement, under air at a heating rate of 10
°C/min.

The thermal properties of the polyesters have then been assessed by DSC and TGA (Figure 3.6
and Table 3.1). The Ty of PFAD' and PFAD'" were measured at 21 °C and 2 °C, respectively. Once
again, the materials synthesized are fully amorphous and therefore present no melting or crystallization
temperatures. However, despite a lower molar mass, polyester PFAD' presents the highest T4 when
compared with all other polymers from this study. As expected, the preservation of the double bond
resulted in a more rigid polymeric backbone and therefore a higher Tg. This observation is in agreement
with recent results from Prezzana et al. (Pezzana et al., 2021). The diol originating from methyl 4-
chlorobutyrate (FAD'") gives a polyester with lower Ty compared to the diol obtained from methyl
chloroacetate (FAD'). Again, the longer aliphatic chain of monomer FAD" decreases the T4 of the
resulting polyester PFAD". The Ty of this polyester was even lower than the T, measured for polyesters
synthesized from the methyl 4-chlorobutyrate hydrogenated-based diester (PH-DeFA!"). However,
these results are not fully comparable since in PFAD" the aromaticity is brought by the diol when in
PH-DeFA'" it comes from the diester. Thus, these polyesters present aliphatic comonomers (BDO and
DEA) which are not directly comparable, and which could have an impact on the thermal transitions of

the final material.
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Table 3.1: Main properties of the enzymatically synthesized polyesters.

. - Mn Muw Tg Tdmax Tas%
Ferulic-based monomer Comonomer  Yield®? . . DP o o o
(g.mol?)  (g.mol?) " _(C) _(©) ()
(DeFA'
(0]
/OJQ/\)%/ BDO n.d.> 1300 1600 4 nd® ndb ndb
/OW/\O
(0]
(DeFA™
(0]
/O:©/\)%/ BDO n.d.o 2000 2 500 5 nd.® nd® nd?®
/OWO
(0]
(H-DeFA"
(o]
/Ojij/\)%/ BDO 58 % 17 900 38 000 58 7 373 346
/OY\O
(o]
(H-DeFA™)
0]
/OJQ/\AO/ BDO 96 % 13 600 39 400 37 -9 394 350
/OWO
O
(FAD')
A X-"oH DEA 82 % 6 500 15 000 19 21 403 316
HO\/\O
(FAD'!)
/OJQ/\/\OH DEA 79 % 6 300 15 500 17 2 418 308
HO\/\/\O

2 Recovered mass yield taking into account the loss of methanol or ethanol during the reaction.
® Not determined as only low molar mass oligomers were obtained.

The thermal degradation of PFAD' and PFAD'" was measured by TGA. A similar degradation
behavior was observed for both polymers. When compared with PH-DeFA' and PH-DeFA!!, the
degradation begins at lower temperatures with a Tasy of only 316 and 308 °C for PFAD' and PFAD",
respectively. This early degradation could be due to the presence of the double bond of the a,p-
unsaturated alcohol (coniferyl). It is known to form by-products such as aldehydes through radical
pathways during thermal degradation (Masuku, 1992). The degradation of the polymers appears as three
steps with maximum rates of degradation at 343, 403, and 506 °C for PFAD' and 321, 418, and 507 °C
for PFAD'". As depicted before, the first step of degradation could correspond to the degradation linked
to the presence of coniferyl alcohol moieties. The second degradation step is the fastest and is in the
temperature range of degradation of aliphatic polyesters. The final degradation step corresponds to the
aromatic part of the polyesters that only get fully degraded above 530 °C, as observed for the previous

polymers.
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5. Conclusions

In this study, several various monomers derived from ferulic acid were synthesized and tested
for CALB-catalyzed polymerization. First, ferulic acid was converted into a long and a short diester.
With both substrates, only partial monomer conversion by CALB was observed, resulting in low molar
mass oligomers. This observation was in good agreement with studies in the literature pointing the a.,f3-
unsaturation as responsible for the lack of reactivity of ferulic compounds. Thus, o,B-unsaturation of
the monomers was eliminated by hydrogenation prior to their assessment for CALB-catalyzed
polymerization. The hydrogenation of the monomers allowed the synthesis of polyesters with the highest
molar masses in this study, with M,, up to 33 100 g.mol* for the shorter diester (H-DeFA'). The M, of
the polyester (17 900 g.molt) is comparable to values obtained for equivalent fully aliphatic polyesters
synthesized by CALB-catalyzed polymerization. However, lower DP, (58 for H-DeFA!) were obtained
with aromatic monomers when compared to aliphatic ones (81-83 (Nasr et al., 2020)) due to the high
molar mass of the ferulic-based diester monomer. Moreover, hydrogenation of the ferulic-based
monomers led to polymer T4 up to 7°C, below ambient temperature. Another strategy used in this study
was the reduction of the ferulic diesters into their corresponding diols. The polyesters synthesized from
the reduced monomers resulted in My, up to 15 500 g.mol*. However, the presence of side reactions
(hydrolysis, cyclization) was observed in the medium, explaining the lower molar mass obtained when
compared to the hydrogenated monomers. However, in line with existing literature, it has been shown
that preserving the monomer double bond, as in the reduction of the ferulic diesters, stiffens the polymer
chain backbone, resulting in higher Ty (up to 21 °C). However, although the presence of the double bond
increases the Tg of the polymer, it could constitute its weak point during thermal degradation, resulting

in an early thermal degradation when compared with the other polyesters.

This study constitutes a first step in understanding the optimal condition for the CALB-catalyzed
synthesis of ferulic-based aromatic polyesters. Other modifications of ferulic acid as well as the
combination of the previously synthesized monomers with other comonomers will be investigated.
Indeed, such monomers could give access to biobased polymers with innovative properties that could

challenge conventional petroleum-based materials.

Moreover, the enzymatic degradation of the polymers produced in this study could be
investigated in order to reduce their end-of-life environmental impact through recycling (Tournier et al.,
2020; Devi Salam et al., 2021). Indeed, several studies focused on the CALB-catalyzed
depolymerization of polyesters (Carniel et al., 2017; Magnin et al., 2021). This could allow both the

synthesis and recycling of ferulic-based polyester using the same enzyme.
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Conclusion chapitre 3

Dans ce chapitre, ’utilisation de 1’acide férulique a été étudiée pour la synthése de polyesters
aromatiques par catalyse enzymatique. Cette molécule plateforme biosourcée présente une
fonctionnalité qui permet sa modification via des réactions rapides et quantitatives. Des diesters de
plusieurs longueurs ont ainsi €té synthétisés a partir d’acide férulique. Cette étude a mis en exergue la
faible réactivité de I’ester vicinal de la double liaison des différents monomeéres féruliques. Celle-ci est
en adéquation avec les observations rapportées dans la littérature et énoncées au chapitre 1. L’obtention

d’oligomeéres de faibles masses molaires a ainsi été directement attribuée a ce manque de réactivité.

Afin de maximiser la réactivité des diesters d’acide férulique, deux stratégies ont été employées,
a savoir ’hydrogénation et la réduction. Supprimer la double liaison des diesters par hydrogénation
permet d’améliorer la réactivité des monoméres vis-a-vis de I’enzyme. Encore une fois, cette
observation est en adéquation avec les résultats de la littérature exposés au chapitre 1. La réduction des
diesters d’acide férulique en leurs diols correspondant a également permis 1’obtention de polymeéres de
masses molaires élevés tout en conservant la double liaison de I’acide férulique. Nous avons ainsi pu
montrer que la rigidité apportée par cette double liaison conduisait a des polyesters aux températures de

transitions vitreuses supérieures a celles obtenues dans le cas des monomeres hydrogénés.

Toutefois, les polyesters obtenus a partir des diols issus de la réduction des diesters féruliques
ont montré une résistance thermique réduite. De plus, I’hydrogénation et la réduction des dérivés d’acide
féruliques nécessitent 1’utilisation de réactifs inflammables et ne répondent pas au principe d’économie
d’atome. Le développement de stratégies faisant appel a des conditions de syntheses plus vertes pour la
modification de ces dérivés d’acide férulique en vue de leur utilisation en polymérisation enzymatique

constitue donc une voie d’amélioration intéressante a investiguer.
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Chapitre 4. Diméres de dérivés d'acide férulique pour la synthese
enzymatique de polyesters aromatiques photo-dégradables.

e Sous-Chapitre 4.1 : Etude sur la dimérisation par irradiation UV
de dérivés d’acide férulique.

e Sous-Chapitre 4.2 : Photo-dimerization of ferulic derivatives for
the CALB catalyzed synthesis of biobased cleavable polyesters.
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Introduction chapitre 4

Le chapitre précédent a permis de mettre en lumicre le fait que la double liaison de I’acide
féruliqgue (FA) joue un rdle crucial dans sa réactivité vis-a-vis de la CALB dans les réactions de
polymeérisation par (trans)estérification. La délocalisation électronique du carbonyle avec le cycle
aromatique via la double liaison serait responsable de cette faible réactivité. La rupture de cette
délocalisation par hydrogénation ou réduction du carbonyle a permis d’améliorer la réactivité du
monomeére vis a vis de CALB. Cependant, I’hydrogénation du FA nécessite I’utilisation d’un catalyseur
au palladium, un métal noble onéreux. La réduction du FA nécessite quant a elle des catalyseurs
organomeétalliques comme 1’hydrure de diisobutylaluminium qui sont facilement inflammables.

Ce chapitre s’intéresse donc a une modification de la double liaison du FA via une réaction plus
« verte », la cycloaddition [2+2]. Cette réaction, en plus de se faire a température ambiante, ne nécessite
pas de catalyseur et est initiée par irradiation UV. Celle-ci entraine la dimérisation de la molécule,
remplacant la double liaison par un cyclobutane. La dimérisation du FA par cycloaddition [2+2]
permettrait d’éliminer la délocalisation électronique de son carbonyle avec le cycle aromatique. Cette
réaction pourrait alors potentiellement améliorer la réactivité du carbonyle vis-a-vis de la CALB comme
le permet I’hydrogénation de la double liaison. Le dimére résultant de la cycloaddition [2+2] du FA est
a la fois un diacide et un diphénol. Comme décrit précédemment, les phénols sont trés peu réactifs vis-
a-vis de la CALB. Le dimére de FA pourrait alors étre considéré comme étant difonctionnel en
polymérisation catalysée par la CALB et permettrait donc la synthése de polyesters linéaires.

De plus, cette réaction de cycloaddition est réversible. Dans le cas des dérivés cinnamiques, la
cycloaddition a lieu a une longueur d’onde A > 350 nm. La réaction inverse peut alors étre initiée a une
longueur d’onde de plus haute énergic A = 254 nm. Cette derniere entraine alors la scission du
cyclobutane et la reformation des doubles liaisons d’origine. La synthése de polyesters a base de dimeres
de FA permettrait ainsi d’inclure dans la chaine polymére des motifs répétitifs présentant des liaisons
covalentes dynamiques. La rétrocyclisation des entités cyclobutanes entrainerait alors la scission des
chaines polyméres et une diminution de leur masse molaire. Cette dépolymérisation par les UV pourrait
alors étre une premiére étape de recyclage chimique de ces polyesters aromatiques.

Ce chapitre est découpé en deux sous-chapitres avec le second qui est présenté sous forme d’une
publication :

- Le sous-chapitre 4.1 présente 1’¢tude de la réactivit¢ de plusieurs dérivés
cinnamiques. Certains de ces dérivés ont déja été décrits dans la littérature et les
autres ont été synthétisés dans le cadre de cette these. La capacité donner lieu a une
cycloaddition ou une isomérisation a été étudiée pour ces différents composés.

- Le sous-chapitre 4.2 présente tout d’abord 1’optimisation de la cycloaddition des

composés réactifs identifiés dans le sous-chapitre précédent. Il s’intéresse ensuite a
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la polymérisation enzymatique du dimere de diester de FA en combinaison avec des
diols de différentes longueurs (1,3-propanediol, 1,4-butanediol, 1,6-hexanediol et
1,8-octanediol). Ce sous-chapitre est présenté sous la forme d’une publication
intitulée ‘Photo-dimerization of ferulic derivatives for the CALB catalyzed

synthesis of biobased cleavable polyesters’.
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Sous-chapitre 4.1. Etude sur la dimérisation par irradiation UV de

dérivés d’acide férulique

Cycloaddition [2+2]
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1. Introduction :

Comme exposé dans les chapitres 1 et 3, les dérivés cinnamiques sont présents dans la paroi
cellulaire de nombreux végétaux. Ces dérivés, et notamment 1’acide férulique (FA), participent au
renforcement de I’hémicellulose en agissant comme point de réticulation entre les chaines
polysaccharides (xylane et arabinoxylane) ou entre les chaines polysaccharides et la lignine (Grabber et
al., 2000; Hatfield et al., 2017; Bento-Silva et al., 2018; Terrett et al., 2019). lls protégent également la
plante contre certains parasites (Santiago et al., 2010). Ces nceuds de réticulation sont générés par des
réactions radicalaires au sein de la plante. Cependant, des composés issus de la cycloaddition [2+2] de
dérivés cinnamiques ont été identifiés dans la paroi cellulaire de plusieurs plantes (Hartley et al., 1990;
Morrison et al., 1992). Ce type de réaction pourrait donc avoir lieu au sein de la plante. Les produits

ainsi formés pourraient étre des acteurs importants de la rigidité de la plante.

La réaction de cycloaddition entre dérivés cinnamiques est cependant connue depuis plus de
cent ans (Stobbe, 1919). Il a été observé que I’organisation de la molécule a I’état cristallin, et
notamment sa structure cristalline, avait un fort impact sur sa capacité ou non a dimériser par
cycloaddition [2+2] (Cohen et al., 1964; Schmidt, 1971; Ramamurthy et al., 1987; Khan et al., 2008).
Les dérivés cinnamiques ont été classés en trois formes cristallines : a, B et y (Schmidt, 1964;
Ramamurthy et al., 1987). La forme o correspond a des molécules orientées de maniére dite « téte-
queue » dans laquelle les molécules, dont les doubles liaisons sont les plus proches, sont tournées selon
un axe de rotation normal au plan du cycle aromatique. Les doubles liaisons sont alors paralléles les
unes aux autres avec une distance d’environ 4,2 A, ce qui permet 4 la cycloaddition de se faire. Dans la
forme B les molécules dont les doubles liaisons sont les plus proches sont alors symétriques selon un
miroir dans le plan du cycle aromatique. On parle alors de forme « téte-téte ». Dans ce cas, la distance
entre les doubles liaisons est comprise entre 3,8 et 4,2 A et celles-ci sont paralléles ce qui permet
également la cycloaddition. Enfin, dans la forme v, les doubles liaisons des molécules ne se recouvrent
pas et la distance entre celles-ci est supérieure & 4,8 A, ce qui empéche la cycloaddition de se faire
(Ramamurthy et al., 1987). Les formes cristallines o, p et y de I’acide cinnamique sont représentées
schématiquement en Figure 4.1.1. La distance entre les doubles liaisons et leur orientation au sein de la
maille cristalline permet donc de prévoir la capacité des dérivés cinnamiques a réagir par cycloaddition
[2+2]. Cependant, il est également possible d’observer la cycloaddition de ces composés en solution

(Shindo et al., 1983).
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Cean 0
. AO (@) 4,8-52A "
o WOH X7 OH
Forme a Forme B Forme y

Figure 4.1.1: Représentation schématique de I'arrangement des molécules d'acide cinnamique dans les
formes cristallines a, § ety . Adapté de (Ramamurthy et al., 1987).

La dimérisation de dérivés cinnamiques permet 1’élaboration de molécules d’intérét
thérapeutique telles que des anti-inflammatoires, antidouleurs ou de potentiels anticancéreux (Chi et al.,
2005; Dembitsky, 2007; Priebe et al., 2018; Yan et al., 2018). Cette dimérisation a également été
envisagée et investiguée pour 1’élaboration de synthons pour la synthése de nouveaux matériaux. Wang
et al. (Wang et al., 2017) ont utilisé I’acide truxillique, un dimére d’acide cinnamique (Figure 4.1.2),
avec des diols de différentes longueurs pour la synthése de polyesters. Ils ont ainsi obtenu des polyesters
présentant une haute résistance chimique ainsi que des Ty allant jusqu’a 81°C. Ding et al. (Ding et al.,
2019) ont montré que I’ajout de motifs d’acide truxillique au sein d’une chaine de PET permet
d’améliorer les propriétés de résistance aux UV du PET. La présence de dimeéres de dérivés cinnamiques
au sein d’un matériau peut aussi induire des propriétés mécanochimiques innovantes. Par exemple,
Zhang et al. (Zhang et al., 2017) ont mis a profit 1’utilisation de macrocycles a base d’acide truxinique,
une autre forme de dimérisation de I’acide cinnamique (Figure 4.1.2), pour concevoir un matériau
polymere contenant un cyclobutane pouvant étre clivé via une contrainte mécanique, entrainant son
allongement. Enfin, Castillo et al. (Castillo et al., 2004) ont étudié des diméres de dérivés de FA pour
la synthese de polyesters et de polyamides & hautes propriétés thermiques. Aprés dimérisation de I’acide
p-acétyle férulique (AcFA), ils ont obtenu par chauffage a haute température un polyester

tridimensionnel infusible et insoluble tel que représenté sur le Schéma 4.1.1.

Truxillic acid Truxinic acid

Figure 4.1.2: Représentation de la structure des acides truxillique et truxinique.
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T i

Schéma 4.1.1: Dimérisation et polymérisation de I’acide p-acétyle férulique. Adapté de (Castillo ez al., 2004).

Enfin, il convient de préciser que ces réactions de cycloadditions sont généralement faites a
température ambiante, sans catalyseur et sont initiées par irradiation UV, ce qui les rend compatibles
avec plusieurs principes de la chimie verte (Anastas et al., 2010). Cependant, il est intéressant de noter
qu’aucune des études menées jusqu’ici sur la synthése de polymeéres a partir de ces diméres de dérivés

cinnamiques n’emploie la catalyse enzymatique pour la conversion de ces composés en matériaux.

Ce sous-chapitre a pour but I’étude des propriétés de dimérisation par cycloaddition de plusieurs
dérivés de FA que sont le méthyle férulate (MeFA), I’acide p-acétyle férulique (AcFA) et deux diesters
présentés au chapitre précédent notés DeFA! et DeFA!" et comparés au FA (Figure 4.1.3). La structure

cristalline des composés en lien avec leur réactivité a ensuite été étudié a chaque fois que cela a été

possible.
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Figure 4.1.3 : Structure des dérivés de FA étudiés en photodimérisation.

2. Etude de la réactivité en cycloaddition [2+2] de dérivés feruliques

2.1. Synthese et caractérisation des dérivés de FA :
Le MeFA, DeFA! et DeFA!' ont été synthétisés et caractérisés selon les méthodes décrites dans
le chapitre 3.

Le AcFA a été synthétisé de la maniére suivante : 1g de FA a été dissout dans 2,2 ml d’un
mélange d’anhydride acétique et de pyridine (3 équivalents molaires d’anhydride acétique pour 4
équivalents molaires de pyridine). La solution a été agitée pendant 3 heures a température ambiante. Le

produit a ensuite été précipité dans un mélange d’eau et de glace. La solution a alors été centrifugée
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(8000 g, 10 minutes) et le surnageant éliminé. Le produit a ainsi été lavé 3 fois a I’eau distillée et séché
en étuve sous vide (40°C, 24h). Le produit obtenu est une poudre blanche et son point de fusion est de :
199 °C (lit. 195-201 °C (Castillo et al., 2004; Allais et al., 2009)). Le produit a été caractérisé par RMN
'H a 400 MHz dans le DMSO-d6 (Annexes Figure S4.1 et Figure S4.2). Le doubleta & = 7,57 ppm (J =
16,0 Hz, 1H) a été attribué a I’hydrogéne de la double liaison vicinale du carbonyle. Les doublets situés
aod=747 ppm (J = 1,9 Hz, 1H) et 7,25 ppm (J = 1,8 Hz, 1H) ont été attribuées aux hydrogénes en
position ortho du cycle aromatique. L’hydrogéne situé du coté du groupement méthoxy est le plus
déblindé des deux. L’hydrogene en position méta du cycle aromatique a été attribué au doublet situé a
6 =711 ppm (J = 8,2 Hz, 1H). Le doublet situé a 6 = 6,28 ppm (J = 16,0 Hz, 1H) correspond a
I’hydrogéne de la double liaison vicinale du cycle aromatique. Enfin les singulets situés a 6 = 3,82 (3H)

et 2,26 ppm (3H) ont été attribués respectivement aux protons des groupements methoxy et acétate.

2.2. Essais de photo-dimérisation :

La dimérisation par cycloaddition [2+2] de dérivés cinnamiques est généralement faite dans des
solvants apolaires tels que 1’hexane ou le cyclohexane (Castillo et al., 2004; Nguyen et al., 2016). Le
cyclohexane étant décrit comme moins toxique que I’hexane, ¢’est lui qui a é€té choisi comme solvant
de réaction (Prat et al., 2016; Tobiszewski et al., 2017). Le FA ou ses dérivés (20 mg) ont été placés
dans un flacon en verre et mis en suspension dans le cyclohexane (3 ml). Tous les dérivés se sont avérés
étre insolubles dans le cyclohexane a température ambiante. Les flacons ont alors été placés, sous
agitation, dans un photoréacteur LZX-4Xp (Luzchem Reasearch, Inc). Ce dernier est équipé de 14
lampes 8 Watts émettant des UV a une longueur d’onde de 350 nm et une puissance mesurée a 3,3
mW.cm2. Toutes les réactions ont été faites a température ambiante. Aprés 24h d’irradiation, les
produits ont été solubilisés et extraits par ajout de 700 ul de DMSO-d6. La solution de DMSO-d6 a

ensuite été analysée par RMN. Les spectres des produits obtenus sont représentés en Figure 4.1.4.
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Figure 4.1.4 : Spectres de RMN 'H des produits issus de I’irradiation 2 350 nm dans le cyclohexane des
dérivés de FA : a) FA ; b) MeFA ; ¢) AcFA ; d) DeFA! et ) DeFA''.

L’analyse de RMN du FA apres irradiation par des UV-C a une longueur d’onde de 350 nm

montre qu’aucun produit de dimérisation n’est obtenu. Des résultats similaires ont déja été observés et
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rapportés dans la littérature avec le FA (Ford et al., 1989). Nethaji et al. (Nethaji et al., 1988) ont étudié
la structure cristallographique du FA. L’arrangement des molécules dont les doubles liaisons sont les
plus proches est représenté en Figure 4.1.5. Sous cette forme les doubles liaisons les plus proches ne se
recouvrent pas et sont séparées par une distance calculée a 4,64 A. Le FA a donc une forme cristalline
v (Nethaji et al., 1988). Cet arrangement des molécules et leur distance explique donc 1’absence de

réaction de cycloaddition sous irradiation UV observée expérimentalement.

Figure 4.1.5 : Représentation de I’arrangement du FA sous forme cristalline. Adapté de (Nethaji et al.,
1988).

Le MeFA, aprés irradiation & 350 nm, semble converti en plusieurs sous-produits. Tout d’abord
le doublet identifié 5 = 5,79 ppm avec une constante de couplage égale a 12.89 Hz est attribuée a
I’hydrogéne de la double liaison vicinale du carbonyle du férulate de méthyle en configuration cis. En
effet, le déplacement chimique et la constance de couplage des pics observés en RMN *H correspondent
au cis-férulate de méthyle (Karakousi et al., 2020). La cis-isomérisation de composés cinnamiques tels
que le FA et ses dérivés sous irradiation UV a déja été rapportée dans la littérature (Shindo et al., 1984;
Moni et al., 2021). L’irradiation de la double liaison permet d’élever suffisamment son niveau d’énergie
pour que la double liaison prenne la configuration électronique dite « anti-liante » (Horbury etal., 2017).
Dans cette configuration la molécule peut tourner selon 1’axe de la liaison sigma et ainsi accéder a la
forme cis de la double liaison. Le signal a 6 = 4,23 ppm avec des constantes de couplage J = 10,5 et 7,2
Hz correspond a un doublet de doublets. Ce signal a été attribué a 1’hydrogene vicinal du cycle
aromatique et porté par le cyclobutane de la forme dimérisée de la molécule. La présence de ce signal
atteste donc de la formation d’un dimére par cycloaddition [2+2] a partir de férulate de méthyle. Le
rapport d’intensité de ces signaux rapporté au nombre d’hydrogénes qu’ils représentent permet d’estimer
la conversion du férulate de méthyle. Le calcul du rendement de dimérisation est donné dans 1’équation
(1). Dans le cas présent, lgimere correspond a la valeur d’intégration du signal attribué au dimére de
férulate de méthyle a & = 4,23 ppm, lians correspond a la valeur d’intégration du signal attribué au trans-
férulate de méthyle a 6 = 6,48 ppm et l¢s correspond a la valeur d’intégration du signal attribué au cis-

férulate de méthyle a = 5,79 ppm.
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Ly s
Rendement de dimerisation = dimere 3)
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Les proportions des produits issus de I’irradiation du férulate de méthyle sont données en Figure
4.1.6. On observe que la conversion en dimére est trés faible (< 15%) et que s’ajoute a celle-ci environ
5% de cis-isomérisation. De plus, des traces de sous-produits de dégradation sont visibles entre & = 3.50
et 3.80 ppm ainsi qu’a & = 9,60 ppm. Ces observations sont confortées par un jaunissement de
I’échantillon aprés irradiation. Le MeFA n’a pas pu étre obtenu sous forme de monocristal de taille
satisfaisante et n’a donc pas été¢ analysé par diffraction des rayons X (DRX). Sa structure n’ayant pas
¢été décrite dans la littérature, il n’est donc pas possible, pour le moment, d’expliquer la faible réactivité
en dimérisation du MeFA par I’étude de sa structure cristalline. Cependant, la difficulté de cristallisation
du MeFA peut étre la raison de sa faible réactivité en dimérisation sous UV (Cohen et al., 1964) méme
si des études ont montré que des esters cinnamiques amorphes pouvaient également dimériser par
cycloaddition [2+2] (Shindo et al., 1983).

100% - sy, PTUl% 4% [FTT1%

50% - 15%

60% - 039, ™ Isomeére cis

100 % 99% 96 % Dimeére
40% A 80% m Produit de départ
20% -
0% - T |
FA

MeFA AcFA DeFAl DeFAI

Proportionde conversion

Figure 4.1.6 : Proportions en produit de départ, isomére cis et dimére obtenus apres irradiation des dérivés
de FA sous UV (A =350 nm) pendant 24 heures dans le cyclohexane.

Dans le cas du AcFA, les signaux correspondant aux hydrogénes de la double liaison a 6 = 7,57
(J =16 Hz) et 6,58 (J = 16 Hz) ppm sont quasi inexistants sur le spectre de RMN *H du produit. Le
signal & 6 = 5,98 ppm est un doublet de constante de couplage J = 12,7 Hz. Il correspond a I’hydrogéne
de la double liaison vicinal du carbonyle du cis-FA acétylé. Enfin le signal a 6 = 4,32 ppm correspond
aun doublet de doublets de constantes de couplage J = 10,5 et 7,2 Hz et est attribué & I’hydrogene vicinal
du cycle aromatique et porté par le cyclobutane de la forme dimérisée du AcFA. Les proportions des
différents produits obtenus par irradiation UV du AcFA ont été calculées grace a I’équation 1 et sont
données en Figure 4.1.6. On observe que AcFA est converti en dimére de maniere quasi totale (99%) en
seulement 24 heures. La structure cristalline du AcFA a été décrite dans la littérature et I’arrangement
des molécules dont les doubles liaisons sont les plus proches est représenté en Figure 4.1.7 (Lee et al.,
1988). Ces molécules de AcFA sont ainsi organisées de maniére « téte-queue » et la distance entre les

doubles liaisons a été mesurée a 3,77 A. Ce type de structure correspond donc a la forme cristalline o
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qui est en adéquation avec une bonne réactivité par cycloaddition sous UV. Comme pour les autres
dérivés cinnamiques, la cycloaddition du AcFA peut générer deux isoméres de constitution dits « téte-
téte » et « téte-queue » (Figure 4.1.8). A cause de leur symétrie, ces isoméres sont difficilement
différenciables par analyse de RMN. Ces isoméres peuvent cependant étre différenciés par spectrométrie
de masse. En effet, le clivage du cyclobutane donne des fragments différents en fonction de 1’isomére
analysé. L’obtention d’isoméres exclusivement « téte-queue » a partir du AcFA a ainsi été confirmée
dans la littérature par Castillo et al. (Castillo et al., 2004) et résulte de la structure cristalline « téte-
queue » du AcFA. Cette observation est en adéquation avec la forme cristalline a du substrat sujet a
dimérisation qui, d’apres la littérature, induit la formation d’un produit « téte-queue » (Cohen et al.,
1964).

Dimere téte-téte Dimeére téte-queue

Figure 4.1.8 : Représentation des deux diméres possibles par cycloaddition du AcFA.

Le DeFA! a également été étudié pour établir sa faculté a dimériser sous irradiation UV a 350
nm. Le pic correspondant a un doublet a 6 = 7,57 et de constante de couplage J = 12,9 Hz a été attribué
a I’hydrogéne de la double liaison vicinale du carbonyle en conformation cis du DeFA!. Comme pour
les autres dérivés, une partie du DeFA!' est donc cis-isomérisée durant I’irradiation. Aucune trace de
dimére n’a été observée sur le spectre de RMN *H. Le rendement de cis-isomérisation a été calculé grace
a I’équation 1 et n’est que de 4 % (Figure 4.1.6). Comme pour le MeFA, des signaux correspondant a
des traces de sous-produits de dégradation sont observées entre & = 4,50 et 4,90 ppm ainsi que dans la
région dite des aromatiques autour de & = 6,8 ppm. De plus, un jaunissement de 1’échantillon a également
été observé. Le DeFA! n’a pas pu étre obtenu sous la forme d’un monocristal de taille satisfaisante pour
étre étudié en DRX et sa structure n’a pas été décrite auparavant dans la littérature. Ici encore, comme
pour le MeFA, la difficulté de cristallisation du DeFA!, peut expliquer sa faible réactivité en

dimérisation sous UV.
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Enfin, les produits issus de I’irradiation du DeFA!" ont été étudiés. Comme pour le dérivé acétylé
AcFA, les signaux correspondant a la double liaison du DeFA'" (a & = 4,5 et 4,9 ppm) sont difficilement
observables sur le spectre de RMN 'H du produit. Comme pour les autres composés, un signal
correspondant a I’isomére cis du DeFA!" est observable (& = 5,86, J = 12,9 Hz). Enfin le doublet de
doublets a 6 = 4,29 ppm (J = 10,5 et 7,2 Hz) correspond a I’hydrogéne vicinal du cycle aromatique et
situé sur le cyclobutane de la forme dimérisée du DeFA'". Le rendement des différents produits issus de
I’irradiation a été calculé grace a I’équation 1 et est donné dans la Figure 4.1.6. On observe que le produit
de départ et I’isomére cis sont minoritaires et que le composé DeFA!" est converti de maniére quasi
totale (93%) en dimere, et cela en seulement 24h. La structure du DeFA" n’a pas été décrite dans la
littérature et a donc été analysée en DRX afin de mieux comprendre le lien entre structure cristalline et
réactivité en cycloaddition (Figure 4.1.9). Comme pour le AcFA, les molécules de DeFA!" dont les
doubles liaisons sont les plus proches s’avérent étre en position « téte-queue ». La distance entre les
doubles liaisons a été mesurée a 3.59 A. Cet arrangement correspond donc & une forme cristalline o qui
vient corroborer la bonne réactivité du DeFA'" en cycloaddition (Schmidt, 1964; Ramamurthy et al.,
1987).

Figure 4.1.9 : Représentation de I’arrangement du DeFA"" sous forme cristalline tel que déterminé par DRX.

Comme indiqué précédemment, la dimérisation de dérivés cinnamiques peut conduire a la
formation de deux isomeéres dits « téte-téte » et « téte-queue ». Ces deux formes sont difficilement
discernables par RMN *H ou 3C. Des analyses plus poussées par RMN a deux dimensions mesurant
I’effet Overhauser nucléaire (permettant de déterminer le voisinage dans I’espace des atomes) n’ont pas
permis de différencier les deux formes de diméres. Le dimere de DeFA" n’est pas décrit dans la
littérature et sa structure a donc également été déterminée par DRX (Figure 4.1.10). Cette analyse a
confirmé I’obtention d’un dimére « téte-queue » dans lequel les fonctions acides carboxyliques sont en
positions opposées sur le cyclobutane. Ce résultat correspond parfaitement a ce qui pouvait étre attendu
d’aprés la forme o du substrat DeFA!" sujet a dimérisation, lui aussi arrangé sous forme « téte-queue »
(Cohen et al., 1964).
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Figure 4.1.10: Représentation du dimére obtenu par cycloaddition du DeFA™ sous UV dans le cyclohexane.
a) Représentation tridimensionnelle issu de ’analyse par DRX, b) Représentation schématique.

3. Conclusion :

Depuis de nombreuses années, la littérature dans le domaine fait état que 1I’obtention de dimeéres
de dérivés cinnamiques tels que le FA permet d’envisager la synthése de molécules a haute valeur
ajoutée. Ces diméres peuvent notamment étre directement utilisés a des fins thérapeutiques ou comme

synthons pour la synthése de matériaux innovants.

Plusieurs dérivés de FA ont ainsi été testés afin d’établir leur capacité a réagir par cycloaddition
[2+2]. Conformément a ce qui a été rapporté jusqu’ici dans la littérature (Ford et al., 1989), le FA s’est
trouvé étre inactif et n’a pas donné licu a une isomérisation ou une dimérisation sous irradiation UV a
350 nm. Ce manque de réactivité est expliqué par la distance trop importante entre les doubles liaisons
des molécules de FA dans la maille cristalline.

En revanche, tous les dérivés de FA testés ont donné lieu a une faible cis-isomérisation aprés
exposition au rayonnement UV. Ce phénomene d’isomérisation des dérivés d’acide férulique a déja été
rapporté et étudié dans la littérature, notamment pour des applications pharmaceutiques ou cosmétiques
(Horbury et al., 2017; Moni et al., 2021). Cependant la proportion en isomeére cis est restée faible,
inférieure ou égale a 5%, et ce produit est donc systématiquement largement minoritaire dans le milieu
apres 24 h de réaction. Les études présentées dans la littérature indiquent par ailleurs que les molécules
en conformation cis ne peuvent pas donner lieu a une réaction de dimérisation (Schmidt, 1971; Ford et
al., 1989).

Seuls les MeFA, AcFA et DeFA!" ont pu étre dimérisés sous irradiation UV. Le rendement le
plus important en dimére a été obtenu pour le AcFA (99%) suivi du DeFA'" (93%) et du MeFA (14%).
Il a été déterminé que le AcFA ainsi que le DeFA!' présentaient tous deux une structure cristalline de
forme a. Cette structure particuliére induit une forte proximité des doubles liaisons qui expliquerait leur
bonne réactivité en cycloaddition [2+2]. Cette structure cristalline peut également justifier le fait que
seul le produit de dimérisation « téte-queue » ait été obtenu. En effet, dans leur forme cristalline o, les

molécules dont les doubles liaisons sont les plus proches présentent déja un arrangement « téte-queue ».

Enfin, le MeFA ainsi que le DeFA! ont montré des traces de dégradation apreés irradiation sous

UV. Cette dégradation peut étre liée a leur difficulté a cristalliser. A 1’état amorphe les molécules
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pourraient donner lieu a d’autres types de réactions sous irradiation UV, comme des réactions

radicalaires, par exemple. Ainsi la structure de ces deux composés n’a pas pu étre déterminée par DRX.

Les dérivés AcFA et DeFA' sont donc deux candidats intéressants pour la synthese de nouveaux
matériaux a partir de leurs dimeres respectifs. Leur fonctionnalité permet d’envisager leur utilisation
pour la synthese de polyesters ou leurs cycles aromatiques et le cyclobutane formé permettraient
I’obtention de matériaux particuliérement rigides avec des T élevées. La réactivité de la CALB, et celle
des lipases en général, vis-a-vis de ce type de structure n’a pas encore été étudiée et pourrait étre
investiguée dans un objectif d’obtention de nouveaux matériaux biosourcés dans les conditions douces

de la catalyse enzymatique.
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1. Abstract

Derivatives of ferulic acid were assayed for photo-dimerization through [2+2] cycloaddition. A
clear link was established between the substrate crystalline arrangement and its ability to photo-dimerize
and the resulting product structure. Interestingly, screening of greener alternative solvents showed that
cyclohexane usually employed for the reaction could be advantageously substituted with water, offering
the dimers in high yields. The obtained dimers were then tested for CALB catalyzed polymerization.
Dimers from p-acetyl ferulic acid could not undergo polymerization, most likely due to steric hindrance.
However, a dimer of a ferulic diester was successfully converted by CALB biocatalyst into aromatic
biobased polyesters. In this case, the selectivity of CALB allowed the synthesis of peculiar polyester
chains with pendant ester groups. Diols of different lengths (1,3-propanediol, 1,4-butanediol, 1,6-
hexanediol and 1,8-octanediol) were used and allowed the synthesis of polyesters with high Mw up to
57 700 g.mol. These polyesters also presented high T4 values measured within the range of 12 to 34
°C. The reversibility of the [2+2] cycloaddition used for the monomer synthesis was then demonstrated
resulting in the controlled photo-depolymerization of the polyesters under UV-C with a drastic reduction
in the chain length and production of oligomers with DP, around 3. The combination of UV-induced
photoreactions associated to enzymatic catalysis has thus allowed the synthesis as well as the controlled
depolymerization of biosourced ferulic-based aromatic polyesters, thus placing these new materials

within a circular economy model.

2. Introduction

The development of biobased building-blocks for the production of new materials is today being
extensively studied (Becker et al., 2015; Delidovich et al., 2016; Sun et al., 2018b; John et al., 2019).
These compounds represent an alternative to oil-based monomers employed for the synthesis of
common polymers. These developments are motivated by the need to produce more environmentally
friendly materials. Indeed, because of their sustainable nature, biobased polymers could present a lower
impact on the environment than their oil-based equivalents (Hatti-Kaul et al., 2019; Siracusa et al.,
2020). Such approaches are especially interesting for the replacement of the well-known oil-based BTX
(benzene, toluene, xylene) building blocks. Therefore, various natural resources are investigated for the
synthesis of alternative biobased building-block such as sugar canes, lignin from wood, or vegetal oils
(Kristufek et al., 2017; Stadler et al., 2019; Siracusa et al., 2020). Xylene is the principal raw material
for the production of terephthalic acid, a constituent of the most widely used polyesters like polyethylene
terephthalate (PET) (Mandal et al., 2019). Thus, the replacement of oil-based monomers by biobased
equivalents is currently a highly active research field (Pellis et al., 2016b; Zia et al., 2016).

Numerous biobased building-blocks have been identified for the synthesis of polyesters (Stadler
et al., 2019; Zhang et al., 2021). As an example poly(butylene adipate) (PBAd) and poly(butylene

succinate) (PBS) are produced from 1,4-butanediol, adipic acid and succinic acid (Debuissy et al., 2016).

167



Chapitre 4

These building-blocks are produced from biorefining processes (Bozell et al., 2010). However, these
aliphatic polyesters such as PBS often present limited mechanical and thermal properties compared to
PET which is the most widely used polyester, in particular because of the high properties brought by its
aromaticity (Albanese et al., 2016). For this reason, extensive research is being carried out on biobased
aromatic building-blocks for the synthesis of polyesters (Nguyen et al., 2018; Ali et al., 2019). As an
example, furan-based building-blocks, synthesized from sugars, represent a very promising alternative
for the substitution of terephthalic acid (Nakajima et al., 2017; Loos et al., 2020). Among these biobased
aromatic building blocks, cinnamic derivatives such as ferulic acid (FA) are gaining attention (Fonseca
etal., 2019).

FA is an alpha-beta unsaturated aromatic acid which presents a phenol in para and a methoxy
group in meta position of the aromatic ring. It can be extracted from various natural sources such as
wheat bran or corn stalk (Flourat et al., 2021). Since FA presents good antioxidants, antifungal as well
as drugs like properties (Mancuso et al., 2014), the extraction of ferulic acid is largely investigated
(Gopalan et al., 2018; Ferri et al., 2020). Thus, because of its availability and difunctionality, FA is a
promising building-block for the synthesis of biobased aromatic polyesters. Ferulic-based polyesters
have already been investigated (Nguyen et al., 2015; Llevot et al., 2016; Parthiban et al., 2020).
Polyesters only based on ferulic acid show extreme thermal transition temperature that could make them
difficult to process (Elias et al., 1985). When copolymerized, polyesters with tunable and high thermal
properties could be obtained (Kreye et al., 2013; Nguyen et al., 2015; Kurt et al., 2020). However, most
of the syntheses were performed with organometallic catalysts. Such catalysts employed today present
some disadvantages since they are often toxic, can lead to side reactions (Schoon et al., 2017) and can

remain trapped in the final material (Rovira et al., 2015).

Lipases are enzymes that, in nature, catalyze hydrolysis of triglycerides during digestion.
However, lipases have been employed for the catalysis of esterification and transesterification reactions
(Shamim et al., 2018). Because of its efficiency, versatility and resistance, the lipase B from Candida
antarctica (CALB) is the most employed lipase (Ortiz et al., 2019). CALB has thus been widely used
for the synthesis of polyesters by esterification or transesterification, the later offering generally higher
molar masses (Debuissy et al., 2016, 2017b; Pellis et al., 2019c). CALB has also been studied for the
synthesis of aromatic biobased polyesters (Pellis et al., 2019c). However, this is still a limited field of
research when compared to aliphatic polyesters (Douka et al., 2018). Our group assessed the reactivity
of FA for the synthesis of aromatic polyesters (Bazin et al., 2021a). However, the known low reactivity
of FA towards CALB hindered the obtention of high molar mass polyesters (Stamatis et al., 1999;
Vosmann et al., 2006). This lack of reactivity is attributed to the possible stabilization of the carbonyl
due to the presence of electronic conjugation with the double bond and the aromatic ring. This electronic
delocalization of the electrons is occurring along the FA double bond. Hydrogenation or breaking the

conjugation improve the reactivity of the substrate towards CALB (Cassani et al., 2007).
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Cinnamic derivatives, of which ferulic acid is one, are known for their ability to undergo [2+2]
cycloaddition under UV light (Curme et al., 1967; Nguyen et al., 2016). Such reaction leads to the
dimerization of ferulic acid and thus transforms the double bond into a cyclobutane ring. Dimers of
cinnamic derivatives are naturally found in plants (Morrison et al., 1991, 1992). In such dimers, the
carboxylic acid is no longer conjugated with the aromatic ring. The produced diacid could therefore
potentially be more reactive towards CALB than the original monomer. Polymers based on cinnamic
dimers have already been reported in the literature (Wang et al., 2017; Zhang et al., 2017). These
polymers showed high thermal and mechanical properties. When blended with PET, the adduct allowed
to obtain higher glass transition temperatures and better UV shielding (Ding et al., 2019). Moreover,
[2+2] cycloaddition is reversible under a specific wavelength (Marschner et al., 2018). Thus, the use of
cinnamic dimers as building-blocks allows the production of photocleavable polymers. Recycling of the
polyesters is a major concern at present. In particular, innovative mechanical, chemical and biochemical
processes for the recycling of the PET are currently being developed (Devi Salam et al., 2021). Polymers
displaying on purpose easy chemical degradation have also been developed to facilitate the material end
of life management (Wang et al., 2020a). The synthesis of photo-cleavable polyesters could benefit to

the production of easily recyclable materials.

But, because of its crystalline structure, FA is known to react poorly by [2+2] cycloaddition
(Ford etal., 1989; Khan et al., 2008). Thus, UV irradiation of FA leads to low yields of dimers. However,
p-acetyl ferulic acid (AcFA), a derivative of FA, presents a high reactivity in [2+2] cycloaddition under
UV light. This monomer was employed for the synthesis of polyesters and polyamides (Castillo et al.,
2004). Furthermore, we recently showed that a derivative of ferulic acid, the methyl 4-(methyl
butanoate-oxy)-ferulate (DeFA!), depicted in Scheme 4.2.1 (Bazin et al., 2021a), presented an ester
function with a high reactivity towards CALB-catalyzed transesterification with a diol. Dimerization of
this substrate could result in a compound able to undergo CALB-catalyzed polymerization with
potentially high conversion and therefore high molar mass. Thus, its ability to undergo [2+2]

cycloaddition was also investigated.
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Scheme 4.2.1: Synthesis of the DeFA! from ferulic acid (Bazin et al., 2021a).

The two derivatives of FA, AcFA and DeFA'" were first dimerized through [2+2] cycloaddition
under UV light. The solvent of reaction was optimized in order to obtain greener reaction conditions.
The dimers of AcFA were assayed for polymerization with and without prior esterification. The lack of

reactivity of these dimers oriented us towards the study of the polymerization of dimers of DeFA".
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CALB-catalyzed polymerization of DeFA' with diols of different lengths (1,3-propanediol (PDO), 1,4-
butanediol (BDO), 1,6-hexanediol (HDO), 1,8-octanediol (ODQ)) was performed. The polyesters

structures, thermal properties as well as their photo-cleaving ability were investigated.

3. Experimental section

3.1. Materials

Ferulic acid, 1,3-propanediol (PDO), and pyridine were supplied by Alfa Aesar. Methyl 4-
chlorobutyrate, potassium iodine, 1,4-butanediol (BDO) and diphenyl ether were supplied from Acros
Organics. 1,6-hexanediol (HDO), acetic anhydride, Lipase from Candida Antarctica immobilized on
acrylic resin (activity >5,000 U/g) (CALB) and deuterated chloroform (CDCIs) were supplied by Sigma-
Aldrich. 1,8-octanediol (ODO) was supplied from Fluka. Methanol, acetonitrile, cyclohexane and
potassium carbonate were supplied by Fisher scientific. Ethanol, ethyl acetate and petroleum ether were
purchased from VWR.

3.2. Characterization
The 'H NMR spectra were collected on a Bruker 400 MHz spectrometer while **C NMR and
2D spectra were collected on a Bruker 500 MHz spectrometer. Typically, 10 mg of sample was dissolved
in 600 ul of CDCI; before analysis. The spectra were calibrated using the CDCI; peak (6H = 7.26 ppm,
d8C =77.16 ppm).

X-ray diffraction data collection was carried out on a Bruker PHOTON Il DUO CPAD
diffractometer equipped with an Oxford Cryosystem liquid N2 device, using Mo-Ka radiation (A =
0.71073 A). The crystal-detector distance was 37 mm. The cell parameters were determined (APEX3
software) from reflections taken from 1 set of 180 frames at 1s exposure. The structure was solved using
the program SHELXT-2014. The refinement and all further calculations were carried out using
SHELXL-2018. The other H-atoms were included in calculated positions and treated as riding atoms
using SHEL XL default parameters. The non-H atoms were refined anisotropically, using weighted full-
matrix least-squares on F2. A semi-empirical absorption correction was applied using SADABS in
APEX3; transmission factors: Tmin/Tmax = 0.6987/0.7456. The crystals were placed in oil, and a single
crystal was selected, mounted on a glass fibre and placed in a low-temperature N2 stream.

HR-ESI-MS experiments were performed on a Bruker Daltonics microTOF spectrometer
(Bruker Daltonik GmgH, Bremen, Germany) equipped with an orthogonal electrospray (ESI) interface.
Calibration was performed using Tuning mix (Agilent Technologies). Sample solutions were introduced
into the spectrometer source with a syringe pump (Harvard type 55 1111: Harvard Apparatus Inc., South
Natick, MA, USA) with a flow rate of 4 puL.minL.

Number average molar mass (M), weight average molar mass (My), and dispersity (D) were

measured by Size Exclusion Chromatography (SEC). The apparatus was a Shimadzu liquid
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chromatograph equipped with a PLGel Mixed-C and PLGeL 100 A columns and a refractive index (RI)
detector. The analyses were performed in chloroform at a flow rate of 0.8 mL/min. Molar mass

determination was performed via polystyrene calibration curves.

Differential scanning calorimetry (DSC) was employed to determine the samples glass transition
temperature (Tgy), melting temperature (Tm) and crystallization temperature (Tc), if applicable. The
apparatus was a Q2000 DSC from TA instrument (TA instrument, New Castle, Delaware, USA).
Samples of 1 to 3 mg were placed in sealed aluminum pan and fast heated to 160 °C to erase thermal
history. The sample was then cooled to -80 °C at a cooling rate of 10 °C.min-1. After an isotherm of 5

minutes, a second heating up to 160 °C was performed at a heating rate of 10 °C.min-L.

Thermogravimetric analyses (TGA) were performed on a High-Res TGA Q5000 from TA
instrument. Platinum pans containing between 1 and 2 mg of sample were heated at a heating rate of 10

°C.min! from room temperature to 600 °C.

Infrared spectroscopy (IR) at a resolution of 4 cm* and with 32 scans per run were performed
on a Nicolet 380 Fourier transformed infrared spectrometer (Thermo Electron Corporation). The

apparatus was used in reflection mode and equipped with an ATR diamond module (FTIR).

A Spectrometer UV-2600 (Shimadzu) was employed for UV-visible absorbance measurements.
Liquid samples were analyzed in quartz cuvettes. Solid samples were analyzed after being cast on quartz

plates as described later.

A photoreactor LZC-4X, (Luzchem Research, Inc) was employed for irradiation of the samples.
The apparatus was equipped with 14 lamps emitting either UV-A (350 nm) or UV-C (254 nm). Solid

samples were placed on a rotating plate for uniform irradiation.

3.3. Synthesis of the monomers

3.3.1. Acetyl ferulic acid (AcFA)

The synthesis of the acetyl ferulic acid was performed according to a protocol adapted from the
literature (Allais et al., 2009). Ferulic acid (1g, 5.15 mmol, 1 eq.) was dissolved in a mixture of acetic
anhydride (1.5 ml, 15.5 mmol, 3 eq.) and pyridine (1.7 ml, 20.6 mmol, 4 eq.). The solution was stirred
at room temperature. After 3 hours, the solution was poured into a large volume of ice and water and
the product precipitated. The solution was centrifuged (8000 g, 10 minutes). The supernatant was
eliminated and replaced with deionized water. This washing of the pellet was repeated 3 times and the
product was dried 24 h in a vacuum oven at 40°C. The product was obtained as a white power with yield
of 94 %. MP: 199 °C (lit. 195-201 °C(Castillo et al., 2004; Allais et al., 2009)), IR 1758, 1678, 1630
cmt (lit. 1762, 1689, 1632(Castillo et al., 2004)). *H NMR (400 MHz, DMSO) & (ppm) 7.57 (d, J = 16.0
Hz, 1H), 7.47 (d, J = 1.9 Hz, 1H), 7.25 (d, J = 1.8 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 6.58 (d, J = 16.0
Hz, 1H), 3.82 (s, 3H), 2.26 (s, 3H). *C NMR (126 MHz, DMSO) & (ppm) 168.90, 168.07, 151.61,
143.82, 141.27, 133.72, 123.67, 121.79, 119.98, 112.30, 56.44, 20.85.
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3.3.2. Diester of ferulic acid (DeFA'")

The synthesis of the diester of ferulic acid was performed as depicted in a previous study (Bazin
et al., 2021a). Briefly, ferulic acid was first dissolved in an excess of methanol. A catalytic amount of
H.SO, was added and the solution was heated to reflux overnight. After neutralization with NaHCOs3,
the solvent was evaporated under vacuum. The crude product was dissolved in ethyl acetate and the
solution was dried over MgSO. and salts were eliminated by filtration. Evaporation of the solvent under
vacuum yielded methyl ferulate as a yellow oil. Methyl ferulate was employed without further
purification. The methyl ferulate (1g, 4.80 mmols, 1eq.) was dissolved in acetonitrile (24 ml). Potassium
carbonate (1.99 g, 14.41 mmols, 3 eq.) and potassium iodine (0.19 g, 1.15 mmols, 0.24 eq.) were added
as catalyst. Methyl chlorobutyrate (1.17 ml, 9.61 mmols, 2 eq.) was added to the solution. The solution
was then vigorously stirred and heated to reflux overnight. The solution was then cooled down and the
solid catalyst was eliminated by filtration. The solvent was eliminated by evaporation under vacuum
and the crude product was dissolved in ethyl acetate. The organic solution was washed once with a
saturated solution of sodium carbonate and twice with brine. The solution was recovered and dried over
MgSOs. The solvent was evaporated under vacuum and the product was recrystallized in a mixture of
ethanol and water. The methyl 4-(methyl butanoate-oxy)-ferulate (2b) was obtained as off-white needles
with a yield of 80%. MP: 83 °C, IR (in cm™): 2952 (C-H), 1699 (C=0 ester), 1510 (C=C Ar), 1250 (C-
O ester), *H NMR (400 MHz, CDCls) & (in ppm) 7.62 (d, J = 15.9 Hz, 1H), 7.13 — 7.01 (m, 2H), 6.86
(d, J =8.3 Hz, 1H), 6.30 (d, J = 16.0 Hz, 1H), 4.09 (t, J = 6.3 Hz, 2H), 3.88 (s, 3H), 3.79 (s, 3H), 3.68
(s, 3H), 2.54 (t, J = 7.2 Hz, 2H), 2.23 — 2.08 (m, 2H)). *C NMR (126 MHz, CDCl3) & (in ppm): 173.54,
167.69, 150.46, 149.60, 144.80, 127.54, 122.52, 115.53, 112.66, 110.22, 77.09, 67.79, 55.96, 51.68,
51.63, 30.41, 24.40.

3.3.3. UV dimerization
AcFA or the ferulic diester DeFA'", (1g) was suspended in 500 ml of deionized water in an
Erlenmeyer. The Erlenmeyer was plugged with a septum and placed in the photoreactor. The solution
was magnetically stirred and irradiated under UV light (350 nm) for 48h. Progress of the reaction was
controlled by NMR analyses. For that, aliquots were withdrawn at regular time intervals. The solvent
was evaporated, and the product was dissolved in DMSO-d6 before analysis. The final product was

recovered by filtration (0.45 mm PVDF membranes, Merck Millipore) and dried under vacuum at 40°C.

Acetyl ferulic acid dimer (DACFA): Yield: 90 %. MP: 274 °C (lit. 278 °C(Castillo et al., 2004)),
IR: 1754, 1692 cm* (lit. 1756, 1698(Castillo et al., 2004)), *H NMR (400 MHz, DMSO-d6) & (ppm)
12.24 (s, 2H), 7.09 (d, J = 2.0 Hz, 2H), 7.02 (d, J = 8.1 Hz, 2H), 6.93 (dd, J = 8.2, 1.9 Hz, 2H), 4.30 (dd,
J=10.5,7.2 Hz, 2H), 3.82 (dd, J = 10.5, 7.3 Hz, 2H), 3.78 (s, 6H), 2.25 (s, 6H). *C NMR (126 MHz,
DMSO-d6) & (ppm) 172.99, 168.52, 150.36, 138.43, 138.04, 122.36, 119.42, 112.45, 55.71, 46.34,
40.86, 39.50, 20.41.
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Ferulic diester dimer (DDeFA'"): Yield: 95 %. MP: 109 °C, IR: 2952, 1731, 1588 cm™, 'H NMR
(400 MHz, CDCls) & (ppm) 6.85 — 6.78 (m, 6H), 4.36 (dd, J = 10.6, 7.2 Hz, 2H), 4.04 (t, J = 6.3 Hz,
4H), 3.94 — 3.86 (m, 2H), 3.87 (s, 6H), 3.68 (s, 6H), 3.36 (s, 6H), 2.54 (t, J = 7.3 Hz, 4H), 2.14 (d, J =
6.5 Hz, 4H). 1*C NMR (126 MHz, CDCls) & (ppm) 103.77, 102.59, 79.41, 77.51, 61.84, 49.54, 43.26,
41.71, 7.16, -1.96, -13.85, -18.23, -18.25, -22.73, -28.69, -39.36, -45.32. HR-ESI-MS: m/z [M + Na]*
calc = 639.242224, found = 639.241197.

3.3.4. Diester of acetyl ferulic acid dimer (DeDFA):

DACFA (1g) was placed in a large volume of ethanol (100 ml). Few drops of H,SO, were added
as a catalyst. The solution was placed at reflux and the reaction progress was controlled by TLC (ethyl
acetate). After 24 hours the reaction was stopped. The solution was neutralized with NaHCO3, and the
solvent was evaporated in rotary evaporator. The product was solubilized in ethyl acetate and the
solution was dried over MgSQ.. The salts were filtered off and the solvent was evaporated. The product

was recrystallized in a mixture of ethanol and water.

The product was recovered as orange needles: Yield: 99 %, MP: 149 °C, IR: 3418, 1709, 1610
cm?, 'H NMR (400 MHz, CDCls) & (ppm) 6.86 (d, J = 7.9 Hz, 2H), 6.85 — 6.77 (m, 4H), 5.53 (s, 2H),
4.36 (dd, J = 10.7, 7.2 Hz, 2H), 3.90 (s, 6H), 3.90 — 3.71 (m, 6H), 0.90 (t, J = 7.1 Hz, 6H). 3C NMR
(126 MHz, CDCls) 6 (ppm) 172.06, 146.28, 144.73, 130.89, 120.36, 114.19, 110.52, 60.49, 56.00, 47.32,
41.21, 13.94. HR-ESI-MS: m/z [M + Na]* calc = 639.240787, found = 639.241197.

3.3.5. Enzymatic polymerization

Enzymatic polymerization conditions were identical for all substrates. As an example, DDeFA!"
(100 mg, 0.16 mmol, 1 eq.) was placed in a Schlenk reactor. A diol was added in equimolar proportion
(0.16 mmol, 1 eq.) or in excess when specified. Pre-dried CALB was added with a mass equivalent to
40 weight percent (wt.%) of the monomers or lower when specified. Finally, diphenyl ether was added
(600 wt.% of the monomers). The solution was placed at 90 °C under a pressure of 350 mbar. After 4
hours of reaction, the pressure was reduced to 100 mbar. Finally, after 8 hours of reaction, the pressure
was further reduced to 20 mbar and kept the same until the end of the reaction. At the end of the reaction,
the solution was cooled down and diluted with chloroform. The catalyst was eliminated by filtration
through cotton wool and the polymer was precipitated in petroleum ether cooled at -78 °C. The solution
was then centrifuged, and the supernatant was eliminated. The polymer was dried for 24 h under vacuum

at 40 °C prior to analysis.

3.3.6. Photo-depolymerization
For photo-depolymerization, the samples were irradiated in the photoreactor under UV-C lamps

(A =254 nm) at a controlled distance of 4.5 cm.

For NMR analysis monitoring: polymer samples (10 mg) were dissolved in 500 pl of

chloroform. The solution was poured on a watch glass and the solvent was first evaporated at ambient
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temperature and pressure followed by drying 15 minutes at 40 °C under vacuum. The samples were then
placed in the photoreactor on a rotating plate and irradiated for the corresponding amount of time. For
UV absorption measurement, polymers were solvent cast on quartz plate before analysis. For that, 5 mg
of sample was dissolved in 500 ul of chloroform. 20 ul of the solution was deposited on a quartz plate
on a controlled area. The solvent was first evaporated at ambient followed by drying under vacuum at

40°C for 15 minutes prior to analysis.

4. Results and discussion

4.1. Synthesis of ferulic-based monomers for polymerization

As already mentioned in the introduction and reported in the literature, the carboxylic acid of
FA presents a limited reactivity towards CALB. This phenomenon is most probably caused by electronic
delocalization along the double bond stabilizing the ferulic acid. A previous study showed that
preserving the double bond of the ferulic acid hindered the production of high molar mass polyesters
(Bazin et al., 2021a). On the contrary, hydrogenation of the double bond unlocked the reactivity of
ferulic acid towards the enzyme and allowed to obtain high molar mass polyester. Similar unlocking of
the reactivity by hydrogenation was also described in the literature (Cassani et al., 2007). However,
hydrogenation uses an excess of hydrogen which is a dangerous explosive gas. Therefore, we aimed at

developing an alternative method to unlock the reactivity of ferulic based adducts towards CALB.

HO._ O
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Scheme 4.2.2: Synthesis and dimerization of p-acetyl ferulic acid.

The [2+2] cycloaddition is a green method for reacting the double bond of cinnamic derivatives.
By this method, a difunctional adduct is obtained. Moreover, the carboxylic acids in the dimer form are
no longer conjugated with the aromatic ring, potentially unlocking their reactivity towards CALB.
However, it has been shown in the literature that the UV dimerization of FA is difficult (Ford et al.,
1989). This is caused by the particular crystalline form of ferulic acid which leads to an excessive
distance between the double bonds and an unfavorable alignment of the molecules one to another (Khan
et al., 2008).

Castillo et al. (Castillo et al., 2004) discovered that once acetylated, the ferulic acid dimerized
guantitatively through [2+2] cycloaddition (Scheme 4.2.2). Thus, ferulic acid was acetylated to give
AcFA. Structure of the product was confirmed by IR and NMR. NMR spectra are available in Annexes
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Figure S4.1 and Figure S4.2. Nonpolar solvents as hexane or cyclohexane are commonly employed for
UV dimerization (Castillo et al., 2004; Nguyen et al., 2016; Horbury et al., 2017). The AcFA was thus
suspended in cyclohexane prior to exposition to UV light at a wavelength of 350 nm. After 24 hours of
reaction, NMR analysis of the crude product obtained was performed (in Annexes Figure S4.3.a). The
peaks attributed to the double bond of AcFA at 6 = 6.58 and 7.57 ppm only remained as traces. Two
new signals at 5 = 3.80 and 4.30 ppm were attributed to the hydrogen of the cyclobutane resulting from
the [2+2] cycloaddition. Quantitative conversion (99%) of AcFA into its dimer (DAcCFA) was
calculated. However, cyclohexane is a hazardous toxic and polluting solvent (Cyclohexane, 2021).
Moreover, alternative less hazardous solvents have been shown to enable cycloaddition (Wang et al.,
2020b). Acetonitrile, ethyl acetate and water have therefore been tested for the cycloaddition of AcFA.
These solvents are preferred to cyclohexane according to different rankings based on toxicity and
environmental impact (Prat et al., 2016; Tobiszewski et al., 2017). After 24 h of irradiation, aliquots

were analyzed by NMR (Figure 4.2.1 and in Annexes Figure S4.3.b-d).
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Figure 4.2.1: Yield of the dimer, cis isomer and starting product after exposition of AcFA to UV light (350
nm) for 24 hours in different solvents. All measurements were performed on triplicates.

The products of irradiation of AcFA were studied for all solvents. In addition to the product of
dimerization, peaks at 6 = 5.97 and 6.89 ppm with a coupling constant value of 12.8 Hz could be
observed in all samples. These peaks were attributed to the hydrogens of the double bond of AcFA in
cis conformation. Indeed, cis isomerization of ferulic acid and its derivatives can be induced by UV
irradiation (Shindo et al., 1984; Ramamurthy et al., 1987; Salum et al., 2015). The yield of dimerization
and cis isomerization depended greatly on the solvent of reaction. In the case of ethyl acetate and
acetonitrile, the product was mainly converted into its cis isomer. However, water allowed to obtain
high yields of dimer similar to cyclohexane and is therefore a good substituent of this solvent as it is a
safer alternative. Moreover, water could be easily reused in the process, making it even more

environmentally friendly according to the principles of green chemistry.

The structure of the synthesized DAcFA was fully characterized by NMR (in Annexes Figure
S4.4 and Figure S4.5) and the results were in agreement with those of the literature (Castillo et al.,
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2004). DACFA was then tested for CALB-catalyzed polymerization. However, the substrate was
insoluble in diphenyl ether which is the common solvent for the enzymatic polymerization reaction, and
it could not be melted at temperatures compatible with the enzyme catalytic activity. For these reasons,
no conversion of DACFA by the CALB was obtained (data not shown). However, esterification of a
carboxylic acid is known to decrease its melting point and to greatly improve its solubility in organic

solvents. For this purpose, DACFA was esterified to produce DeDFA (see Scheme 4.2.3).

EtOH, H,SO4
Reflux, 16 h

DAcFA DeDFA

Scheme 4.2.3: Esterification of the DAcFA to produce DeDFA.

The structure of the DeDFA was confirmed by IR and NMR (in Annexes Figure S4.6 and Figure
S4.7). The disappearance of the signal corresponding to the acetyl moieties at 8 = 2.26 ppm indicates
that the acetyl groups were removed by alcoholysis. This DeDFA dimer was soluble is diphenyl ether.
Thus, its reactivity towards CALB was estimated in a model reaction with a monofunctional substrate.
The DeDFA was reacted with an excess of butanol in diphenyl ether at 90 °C for 40 minutes in the
presence of CALB. However, no conversion of the carbonyl was observed by NMR analysis.

Polymerization tests with a diol (HDO) also did not result in polymer formation (data not shown).

The esters in DeDFA are close to each other and are surrounded by bulky phenolic groups.
Steric hindrance can prevent the substrate from entering the reactive pocket of CALB (Otto et al., 2000).
In our case, the bulky groups surrounding the carbonyls could prevent them from reacting properly with
CALB.
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Scheme 4.2.4: Synthesis and dimerization of DeFA!' into DDeFA".

The ability of a diester of ferulic acid synthesized in a previous study (DeFA!") to undergo [2+2]
cycloaddition under UV light was assessed (Scheme 4.2.4). This reaction would lead to the formation
of a tetra-ester (DDeFA'") from which two esters are sterically hindered, like in DeDFA. However, the

two other esters are distant from the bulky core of the molecule and could therefore be reactive towards
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CALB. As for the dimerization of AcFA, different solvents were tested for the dimerization of DeFA"
under UV at 350 nm. The same solvent as before, namely cyclohexane, ethyl acetate, acetonitrile, and
water were assayed. The resulting yields of dimerization and isomerization have been calculated from

NMR analyses (Figure 4.2.2 and in Annexes Figure S4.8).
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Figure 4.2.2: Yield of the dimer, cis isomer and starting product after exposition of DeFA!' to UV light (350
nm) for 24 hours in different solvents. All measurements were performed on triplicates.

As previously, a high conversion of DeFA!" into its dimer was obtained in cyclohexane (93%).
Moreover, it was again found that water could also provide a high yield of the dimer (95%). Again, ethyl
acetate and acetonitrile resulted in the production of a majority of cis isomer (identified at 5 = 5.86 and
6.92 ppm with a coupling constant of 12.9 Hz). The ratio of cis isomerization was correlated to the
solubility of DeFA!" in a given solvent. Indeed, DeFA!" was fully soluble in ethyl acetate and acetonitrile
and insoluble in water and cyclohexane (determined qualitatively, in Annexes Figure S4.9). Similar
observations have been reported in the literature (Ramamurthy et al., 1987). When the substrate is
solubilized, its mobility allows cis isomerization and the distance between the molecules does not favor
cycloaddition. Inversely, when the substrate is suspended in its crystalline form it does not have the
mobility to undergo the cis isomerization and the proximity of the double bonds promotes the
cycloaddition. Therefore, as for the synthesis of DACFA, cyclohexane was substituted with water in

order to perform the reaction in safer and greener conditions.

The structure of DDeFa was fully characterized by NMR and IR spectroscopy (see Annexes
Figure S4.10 and Figure S4.11). However, two forms of dimerization of DDeFA!" are possible (Figure
4.2.3). The compound can dimerize forming a cyclobutane with vicinal esters (head-to-head) or with
esters opposite one to another (head-to-tail). As both compounds are fully symmetrical, it is difficult to
distinguish them by NMR spectroscopy. Even by measuring nuclear Overhauser effect it was not
possible to differentiate them. Moreover, no comparison could be found in the literature as DDeFa is a

new compound. Thus, DDeFA!" was analyzed by X-ray diffraction measurement on a single crystal to
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obtain the precise structure of the compound as well as its conformation in space (Figure 4.2.4 and in
Annexes Figure S4.12).

(0]

~
~Oyho
(]

" Head-to-tail " " Head-to-head "

Figure 4.2.3: Schematic representation of the two possible isomers resulting from the [2+2] cycloaddition
reaction of DeFA
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b)

Figure 4.2.4: Head-to-tail structure of DDeFA"" determined by XRD analysis: a) Three-dimensional
crystalline conformation; b) schematic representation.

X-ray diffraction confirmed that the obtained dimer corresponds to the head-to-tail one. This is
in accordance with previous studies showing that the head-to-tail is the privileged form of dimerization
(Khan et al., 2008; Nguyen et al., 2016). Moreover, the esters are in trans position with respect to the
cyclobutane plane. The same is observed for the aromatic rings. As mentioned earlier, the packing
arrangement of the molecules in the crystal governs their reactivity towards cycloaddition (Ramamurthy
etal., 1987). Three crystalline phases have been identified (a, 3, and y) but only the o and B crystalline
forms are photoreactive because of convenient distance between the double bonds in the lattice (3.5 -
4.2 A). The distance between the double bonds of DeFA" was measured here as 3.59 A by XRD analysis
(in Annexes Figure S4.13). The structure of DeFA' crystals corresponds to the o form which is in

adequation with its ability to form head-to-tail dimers under UV light irradiation.

The reactivity of DDeFA!" towards CALB was assessed in transesterification with an excess of
butanol. High conversion of the esters from the butyrate moieties was observed by NMR analysis (in
Annexes Figure S4.14). However, the central ferulic esters were not converted, showing the high
selectivity of CALB. This allowed to consider the DDeFA!" as a difunctional monomer which is thus

suitable for the synthesis of linear polyesters by CALB-catalyzed polymerization.

4.2. Polymerization of ferulic-based dimers.
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Scheme 4.2.5: CALB catalyzed polymerization of DDeFA! with diols of different lengths.

DDeFA" was used as diester for the synthesis of polyesters through CALB catalyzed
polymerization. CALB has been described in the literature as highly selective (Mahapatro et al., 2003;
Douka et al., 2018). This substrate specificity influences the molar mass of the obtained polyester as
well as the kinetics of the reaction. Thus, in order to study the selectivity of CALB in such conditions,
DDeFA!" was reacted with diols of different lengths (Scheme 4.2.5). This way, the influence of the diol
length on the synthesis of the polyester by CALB was assessed. The structures of the polyesters were
determined by NMR spectroscopy (in Annexes Figure S4.15). As an example, analysis of the polymer
resulting from the CALB-catalyzed polymerization of DDeFA!" with HDO is presented and interpreted
in Figure 4.2.5. The polymer NMR spectrum is compared with the one from the starting product.

a)

b)
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Figure 4.2.5: NMR spectra of: a) DDeFA! and b) the polyester synthesized from DDeFA and HDO.

After the polymerization, a triplet in the range & = 4.07-4.17 ppm (peak 12 on Figure 4.2.5) is
observed. This peak has been attributed to the CH»-O-C(O) of the reacted diol. This therefore confirms
that HDO reacted with DDeFA!" by CALB-catalyzed transesterification reaction. The signal at § = 3.68
ppm (peak 1 in Figure 4.2.5) corresponding to the esters situated the furthest from the aromatic rings is
hardly discernable after polymerization. Therefore, one can conclude that this ester reacted with CALB
and was consumed during the reaction, releasing methanol which was removed by reduced pressure.
Moreover, the intensity (1) of the signal corresponding to the ester groups borne by the cyclobutane at §
= 3.35 ppm (peak 11 in Figure 4.2.5) remained identical before and after polymerization. This attests
that the ester attached to the cyclobutane did not react and remain unchanged in the final polymer chain.
Thus, DDeFA!" has successfully been converted to linear polyester chains with pendant ester groups

whose peculiar structure results from the high selectivity of CALB.

NMR analysis can also be used to estimate the number average molar mass (M) of polymers
(lzunobi etal., 2011). Such estimation requires to identify isolated signals corresponding to the repeating

unit as well as the polymer end-groups. This method has been described as an interesting tool for the
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estimation of molar masses below 25 000 g.mol (Izunobi et al., 2011). Indeed, at higher molar masses
the intensity of the signals corresponding to end-groups becomes hardly discernable from the
background noise. In this study, the signal situated at & = 4.36 ppm (peak 3 in Figure 4.2.5) is isolated
from other signals and corresponds to a hydrogen from the repetitive unit. As mentioned before, the
signal assigned to the esters situated the further from the aromatic rings at 6 = 3.68 ppm (peak 1 in Figure
4.2.5) corresponds to the polymer ester end-group. The positions of the signal corresponding to the

hydroxyl end-group varied depending on the employed diol and was attributed accordingly.

Iester [hydroxyl
Iunit * Mynit + 3 * Mester + 2 * mhydroxyl

Mn(NMR) = i T (4)
0.5 * ( ester hydroxyl)

3 2

Equation 4 was employed to calculate the average molar mass of the polyesters synthesized with
CALB from DDeFA!" and the diols of different lengths. In this equation lunit corresponds to the intensity
of the signal situated at 6 = 4.36 ppm (peak 3 in Figure 4.2.5), leser COrresponds to the intensity of the
signal at 6 = 3.68 ppm (peak 1 in Figure 4.2.5) and Inyaroxy COrresponds to the intensity of the CH,-OH
of the hydroxyl end-groups. The coefficients Munit, Mester aNd Mpydroxyt COrrespond to the molar mass of
the repetitive unit, the ester end-group, and the hydroxyl end-group, respectively. When PDO was
employed as a diol, part of the signal corresponding to the hydroxyl end-group was shouldered by the
signal of the methoxy at & = 3.86 ppm. Furthermore, when BDO was employed as a diol, the signal
corresponding to the hydroxyl end-group was shouldered by the ester end-group signal as 6 = 4.36 ppm.
In these two cases, the M, was evaluated as well as possible, and the results should be considered
cautiously. The molar masses calculated from NMR analyses of the polyesters synthesized with different

diols along time are given in Figure 4.2.6 and Table 4.2.1.
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Figure 4.2.6: Time evolution of Mn values during the polymerization of DDeFA!" with diols of different
length. Each measurement was performed in triplicates.

The higher molar masses were obtained with HDO as diol with a Myrmny up to 34 800 g.mol.
However, the estimated molar mass of the polymer is higher than 25 000 g.mol*. As mentioned earlier,

in this case, the intensity of the signal corresponding to the polymer end-groups becomes difficult to
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discern from the background noise. This could explain the higher variability of the values obtained with
this diol. The polyester synthesized with ODO also resulted in high molar mass polyester with Mnrmn)
up to 18 700 g.mol. The polyester synthesized with BDO and PDO similarly resulted in much lower
molar masses (up to 6 800 and 6 200 g.mol?, respectively). Previous studies from the group of Gross
(Mahapatro et al., 2003; Feder et al., 2010) showed that the molar mass of aliphatic polyesters
synthesized with CALB increased with the diol length. This is also supported by Pellis et al. (Pellis et
al., 2018) and Jiang et al. (Jiang et al., 2015) who showed that the CALB-catalyzed synthesis of aromatic
furan-based polyester followed the same trend. This is generally attributed to the higher affinity of
CALB towards nonpolar substrates due to the hydrophobicity of the CALB docking pocket (Pleiss et
al., 1998). This would also explain that higher molar masses are obtained here with HDO and ODO as
diols when compared to PDO and BDO. However, the fact that higher molar masses are obtained with
HDO when compared with ODO is not in agreement with the previously cited literature. Uncertainty in
the NMR molar mass estimation due to the signal to noise ratio or other phenomena (hydrolysis,
macrocycles...) could explain this trend. Identification of the polymer end-groups on NMR spectra
allows to calculate the ratio between the ester and hydroxyl end-groups. Thus, the percentage of ester
end-groups is equal to (lester/3)/(Inydroxyi/2 + lester/3) and was calculated for each polymer after 24 and 48

hours of reaction (Figure 4.2.7).
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Figure 4.2.7: Calculated ratio of ester end-groups in the polyesters synthesized with diols of different
lengths. Each measurement was performed in triplicates.

Polyesters synthesized with PDO and BDO presented a high ratio of esters end-groups (85-88
%). Similar results were obtained by our group for the CALB-catalyzed synthesis of aliphatic polyesters
from BDO and PDO with diethyl adipate or succinate as diester (Debuissy et al., 2017b). Loss of PDO
and BDO during the reaction could explain the high ratio of ester end-groups. Indeed, PDO and BDO
are the monomers with lower boiling temperature (211 and 235 °C at atmospheric pressure,
respectively). Even if their boiling point at reduced pressure (estimated from a nomograph) was higher
than the temperature of reaction, the non-null vapor pressure of these monomers combined with a partial
vacuum can nevertheless lead to evaporation of the monomer. Evaporation of the diol during the reaction

leads to an unbalanced stoichiometry that, according to Carothers’ law, could explain the low molar
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masses of the PDO and BDO-based polyesters. HDO, being less prone to evaporation, leads to lower
ester to hydroxyl end-groups ratio (60 % after 48h). Finally, the polyester synthesized with ODO
presents a ratio of ester to hydroxyl end-groups of 37 % after 48h. Such a ratio below 50 % indicates an
excess of hydroxyl functions when compared to the ester end-groups. In this case, ester end-groups
could be consumed by hydrolysis of the polymer during the reaction. This would result in a decrease of

the ester signal intensity without impacting the hydroxyl signal intensity.

SEC was used as well to characterize the polymers molar mass distribution. The time evolution
of the M, values and the elution profiles of the different polyesters are given in Figure 4.2.8. The My,
My as well as the dispersity (D) values of the polyesters synthesized from DDeFA!" and diols of different
lengths are given in Table 4.2.1.
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Figure 4.2.8: SEC analyses of the polyesters synthesized from DDeFA™" and diols of different lengths
(diphenyl ether, 90°C, partial vacuum): a) Time evolution of M, values; b) Chromatogram at 48 hours of
reaction, values calculated from PS calibration curve and normalized on the area, logarithmic scale.

According to the SEC results, the polyester showing the highest molar mass was the one
synthesized from ODO. M, up to 28 200 g.mol-* and Mw up to 57 700 g.mol* were reached in 48 hours.
The polyester synthesized from HDO was obtained with M, up to 24 100 g.mol*. Again, BDO and PDO
led to polymers with the lowest M, (5200 and 4 900 g.mol?, respectively). Thus, from the SEC
measurements, the longer diols allowed to produce polyester with higher molar mass which fully agrees
with the literature (Mahapatro et al., 2003; Feder et al., 2010; Jiang et al., 2015; Pellis et al., 2018). For
the sake of comparison, ferulic-based polyesters were synthesized with CALB by our group and M, up
to 17 900 g.mol! were obtained (Bazin et al., 2021a). It is well known that CALB-catalyzed
polymerization of aromatic monomers generally produces low molar mass polyesters (Fodor et al.,
2017; Comerford et al., 2020). However, recent studies on furan-based polyesters (Flores et al., 2019;
Maniar et al., 2019) allowed to obtain semi-aromatic polyesters with M, up to 16 100 g.mol* and with
higher DP, values when compared to the current study. Thus, this demonstrates that with the appropriate

optimization, CALB-catalysis can allow the synthesis of high molar mass aromatic polyesters.
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We can also observe that M, values are significatively different when estimated from NMR and
SEC analyses. As depicted earlier, M, estimation calculated from NMR analysis depends on the intensity
of the signal corresponding to the polymer end-groups which leads to a low precision on the values for
high molar mass polymers. Moreover, side reactions of the end-groups like hydrolysis can lead to
overestimation of the molar mass. Indeed, if end-groups are consumed by another means that
polymerization, M, values estimated by NMR become biased. The same happens if macrocycles are
formed in the medium. Finally, it is worth noting that SEC M, values are given as PS standards
equivalents and thus do not correspond to the true molar mass of the polyesters. The dispersity of the
polymers was ranging from 1.4 to 2 which is in adequation with previous results reported in the literature
for CALB-catalyzed (trans)esterification polymerization (Mahapatro et al., 2003).

M, values determined by NMR and SEC indicated that PDO and BDO-based polyesters were
both obtained with low molar masses. As depicted earlier, evaporation of the diol along the reaction
could cause an unbalanced stoichiometry and thus reduced molar masses. Thus, polymerization of
DDeFA'" with PDO and BDO in excess (1.3 equivalent compared to the diester) were assayed. Other
parameters were kept the same. The molar masses measured by SEC and by NMR as well as the SEC
chromatogram of the polyesters synthesized with and without excess of diol are given in Figure 4.2.9,
Table 4.2.1 and in Annexes Figure S4.16.

a = b 3
) 2 60000 - ) 14000
S 12000 - BDO
& 0000 7 3 10000 m BDO (excess)
2 40000 - < 8000 A
g >
= 30000 - B Mnsec) g 6000 -
= n S 4000 -
S 20000 - M =
p= Mo 2000 -
10000 - 0 4= . )
0 . 200 20000 200000!
Ly B B 8 Molar mass (g.mol*
4, %, Oor 2, (9 )
N fc_a%
. o
W

Figure 4.2.9: Molar masses of the PDO and BDO-based polyester synthesized with and without an excess of
diol: a) My, Mw measured by SEC and M, measured by NMR after 48h of reaction; b) SEC elution profile,
values calculated from PS calibration curve and normalized by area, logarithmic scale.

Using an excess of diol allowed to significantly increase the molar mass of the PDO and BDO-
based polyesters. The M, estimated by SEC was multiplied by 2.4 and 2.6, respectively. However, the
dispersity of the polyesters also increased drastically to value up to 4.5 and 3.7 when using PDO and
BDO as diol in excess, respectively. SEC elution profiles clearly attest to the presence of a significant
population of high molar mass chains. This greatly increases the My, value that is multiplied by 7 and 8
when employing an excess of PDO and BDO, respectively. The obtained M, are in the same range as

the polyesters synthesized with HDO and ODO. The values of molar masses are high when compared
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to PDO and BDO-based enzymatically synthesized aromatic polyesters (obtained from furan and
pyridine dicarboxylates as diesters) (Jiang et al., 2015; Comerford et al., 2020). Aliphatic polyesters
synthesized from PDO with diethyl adipate or succinate as diester through CALB-catalyzed
polymerization present similar chain length (Debuissy et al., 2017b). The ratio of ester to hydroxyl end-
groups was measured to 26 and 25 % for the polyesters synthesized from PDO and BDO, respectively.
This indicates that hydroxyl end-groups are predominant because of the excess of diol in the feed. It
could suggest a too high excess of diol and further optimization of this ratio could be considered in the
future. Overall, using an excess of diol allowed therefore to push further the reaction and to improve the
polymer molar mass. Such improvement can directly impact the properties of the polymer as its thermal

transition temperatures.
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Table 4.2.1: Molecular parameters of the polyesters synthesized from DDeFA" with diol of different lengths
and different ratios.

NMR SEC
Diol Diester:diol Mn Ester end- Mn Mw b
feed ratio  (g.mol')  groups ratio (g.mol?) (g.mol?)
PDO 11 6 200 85 % 4900 6 700 14
PDO 1:1.3 25 600 26 % 11 800 53 300 4.5
BDO 11 6 800 86 % 5200 7 300 1.4
BDO 1:1.3 34700 25% 13700 50900 3.7
HDO 11 34 800 60 % 24 100 42 700 2.0
OoDO 11 18 700 37 % 28 200 57 700 2.0

4.3. Thermal properties of the polyesters

The thermal transition temperatures of the synthesized polyesters have been measured by DSC.
First, the thermal transitions of the polyesters synthesized without any excess of diol were determined
(Figure 4.2.10, Table 4.2.2). For all samples, no melting or crystallization phenomena were observed
but glass transition temperatures were clearly noticeable. Thus, regardless of the diol nature, these
materials are fully amorphous. This was confirmed by polarized light optical microscopy observations
(data not shown). In the literature, polymers based on ferulic acid derivatives were often found to be
amorphous (Barbara et al., 2015; Nguyen et al., 2015). Despite the possibility of n-r stacking of the
aromatic rings, the bulkiness of the aromatic monomer and its structure highly different from the diol
one makes difficult the crystallization. Amorphous materials are known to have lower mechanical
modulus compared to their crystalline counterpart. However, such materials present a high transparency
which is a desired property for multiple industrial applications such as packaging. All thermal transition
temperatures were above 12 °C. However, the chosen diol strongly influenced the thermal properties of
the polyesters. The polyester synthesized with HDO allowed to reach the highest T4 (up to 29°C). In this
ranking by decreasing order of Tg values, it is then followed by the polyesters synthesized with PDO,
ODO and finally BDO. It would be expected that shorter diols would produce the polyesters with higher
Tg. Indeed, shorter monomers induce a higher rigidity of the chain backbone and thus higher Tg.
Moreover, this trend has already been observed and reported several times in the literature (Jiang et al.,
2015). However, the polymer molar mass also strongly influences its thermal properties including the
Tg. Thus, polyesters of equivalent molar mass only should be compared with each other. Therefore, the
HDO-based polyester should only be compared with the ODO-based one. Likewise, the polyester
synthesized from PDO should be compared to the one synthesized from 1,4-PDO, as they show similar
molar mass. By doing so, one can clearly confirm that shorter diols induce a higher Ty in both cases.
This trend is thus in perfect agreement with the results previously reported in the literature. Moreover,
for the same polyester, an increase in the molar mass induced a higher T4, which is also an expected

trend according to the Flory-Fox equation.
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Figure 4.2.10: DSC second heating scans of polyesters synthesized from DDeFA! with different diols.
Heating rate = 10°C.min"!. Curves are offset by 0.3 W.g™! from each other (Exo Up).

Influence of the polyesters molar mass on T4 was further investigated. The thermal transition of
the polyesters synthesized with excess of diol were also measured by DSC and compared to the previous
values (Figure 4.2.11, Table 4.2.2). As depicted above, using an excess of diol leads to an increase in
the polyesters molar masses. As it can be predicted from the Flory-Fox equation, such increase in molar
mass induces higher Tg. The T4 values of the polyesters synthesized with PDO and BDO were increased
by 9 and 19 °C, respectively. Again, the shorter the diol, the higher the Ty. The obtained Ty were
comparable to those of enzymatically synthesized furan-based semi-aromatic polyesters reported in the

literature (Jiang et al., 2015).
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Figure 4.2.11: DSC second heating scans of polyesters synthesized from DDeFA" with PDO and BDO in
different ratio. Heating rate = 10°C.min"'. Curves are offset by 0.3 W.g"! from each other (Exo Up).

The thermal stability of the polyesters was evaluated by monitoring the temperature weight loss
curves in TGA analysis (Figure 4.2.12, Table 4.2.2). A two steps weight loss was observed for all
polyesters. This pattern of degradation has already been observed for aromatic polyesters based on
ferulic acid (Bazin et al., 2021a) and PET (Oh et al., 2006). The first weight loss step (from which the
temperature of maximal weight loss rate is defined as Tqmax1) corresponds to the thermal degradation
involving the cleavage of ester and aliphatic bonds. The aromatics get rearranged and are later degraded
by oxidation resulting in the second weight loss step (from which the temperature of maximal weight

loss rate is defined as Tamaxz). The Tase Values of the polyesters (corresponding to the temperature at 5%
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of weight loss, associated to the degradation onset) are comparable to those obtained for polyethylene
furanoate (PEF, 339 °C). However, the Tamax1 Values, which correspond to the most important weight
loss, are lower than those of PEF and PET (411 and 445 °C, respectively) (Thiyagarajan et al., 2014).
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Figure 4.2.12: TGA thermal weight loss analysis of polyesters synthesized from DDeFA! with different diols.
Heating rate = 10°C.min’!, under air.

The temperature corresponding to a 5% weight loss (Tgse) varied greatly depending on the molar mass
range of the samples. The polyester presenting low molar masses, such as those synthesized from PDO
or BDO, presented low Tgsy values in comparison to other samples. This difference could result from a

facilitated alcoholysis of the polymer induced by the short polymer chains, leading to early degradation.

Table 4.2.2: Thermal properties of the polyesters synthesized from DDeFA" with different diols (90°C, 24h,
40 % CALB).

Diol Diester:diol . Tg Td5%  Tdmaxl Tdmax2
feed ratio (°C) (°C) (°C) (°C)
PDO 1:1 25 341 393 532
PDO 1:1.3 34 3428 397 545
BDO 1:1 12 3382 385 515
BDO 1:1.3 31 3182 401 545
HDO 1:1 29 349 389 524
ODO 1:1 15 340 398 535

@ Samples have been pre-heated to 150°C before measurement to eliminate water.

Overall, the polyesters synthesized from DDeFA!" with various diols presented high thermal
properties. It is largely accepted that thermal [2+2] cycloaddition and retro-cycloaddition are not
possible. However, in specific cases, the cyclobutane ring from such photo-dimerization has been shown
to undergo thermal splitting at high temperature (Amjaour et al., 2019). In the present study, no thermal

splitting of DDeFA" monomer or of the polymer was observed in DSC up to 300°C.

4.4. Photo-depolymerization of the polyester
As mentioned earlier, the [2+2] cycloaddition is a reversible reaction. The reverse reaction to
the cycloaddition can be performed at & = 254 nm. This photo-splitting of the cyclobutane ring leads to

the recovery of the double bonds initially present in the ferulic acid derivatives (Scheme 4.2.6). The

188



Chapitre 4

reversibility of this reaction has already been employed and described in the literature for the synthesis
of photo-reversible networks (Pilate et al., 2018). Such materials are interesting for the synthesis of
memory shape materials. In this study, the cyclobutane ring is included in the polymer chain backbone
and therefore cannot participate in a reversible crosslinking process. However, splitting of the
cyclobutane induces a direct cleavage of the polymer chain. The molar mass as well as the dispersity of
the polymer should consequently be impacted. This could therefore represent a first step towards the

recycling of the polyester into lower molar mass oligomers and subsequently into monomers.

hv (254 nm) o ‘

— |

.0 o
hv (350 nm) - Wo
o

Scheme 4.2.6: Reversible reaction of [2+2] cycloaddition of the cyclobutane ring within the polymeric chain.

Electron delocalization between the double bond and the aromatic ring of cinnamic derivatives
induces an absorbance around 300 nm. Thus, the UV-induced degradation of the polyesters synthesized
from DDeFA!" was evaluated by measuring the absorbance of the samples to detect the emergence of
the double bonds and thus the splitting of the cyclobutane ring (Curme et al., 1967). Their absorbance
was measured between 250 and 500 nm before and after several phases of UV-C irradiation. The curves
obtained for the HDO-based polyester are given in Figure 4.2.13a. The maximal absorbance measured
between 300 and 400 nm for the polyesters synthesized with different diols is presented in Figure
4.2.13b. The absorbance of the polymers increases rapidly in the early stage of photodegradation. As
depicted earlier, this increase is attributed to the appearance of double bonds induced by cyclobutane
splitting. All samples presented similar kinetics of photodegradation. The length of the diol has therefore
no influence on the kinetics of photodegradation. All the maximum absorbance time evolution curves
display an exponential asymptotic trend which reaches a plateau after 200 seconds of irradiation. The

absorbance of the sample did not change after a longer time of irradiation.
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Figure 4.2.13: Absorbance of the polyesters after various times of UV-C irradiation: a) Absorbance spectra
between 250 and 500 nm of the HDO-based polyester; b) maximum of absorbance between 300 and 400 nm
for the polyesters synthesized from diols of different lengths with exponential model fitting.

NMR spectroscopy analyses have been performed to better understand the photodegradation
mechanism of the polyesters. The photodegradation of the HDO-based polyester has been monitored by
analyzing samples after different times of irradiation under UV-C (in Annexes Figure S4.17). For these
irradiated samples, signals corresponding to protons of the double bond in trans configuration were
observed at 6 = 6.30 and 7.62 ppm. A signal at 3 = 5.83 ppm was also attributed to a proton of the double
bond in cis configuration. Indeed, at A = 254 nm, ferulic acid derivatives can undergo a cis-trans
isomerization. Other minor peaks observed on the NMR spectra could correspond to side-reaction
products that could not be identified. This confirms that the increase in absorbance of the polymer under
UV-C irradiation is induced by the appearance of double bonds. The conversion of sp® carbons from
cyclobutane ring to sp? carbons of double bonds was calculated from the NMR data. This was done by
comparing the ratio of the intensity of the peaks attributed to the double bonds to the intensity of the
peaks attributed to the cyclobutane. This conversion was plotted as a function of the UV-C irradiation
time (Figure 4.2.14). As for the absorbance, the double bond formation yield follows an exponential
asymptotic trend. The plateau of photodegradation progress was reached between 300 and 600 seconds
of irradiation in these conditions. The difference of thickness between the samples prepared for
absorbance measurements and samples dedicated to NMR spectroscopy analysis could explain the
discrepancy between the times of maximal degradation evaluated by UV and by NMR spectroscopy.
Indeed, NMR measurements need higher amounts of material than absorbance measurements, leading
to the preparation of larger and potentially thicker samples. It is also worth noticing that cis and trans
isomers appear simultaneously in the samples. However, the proportion of trans isomers was
systematically greater than the proportion of cis isomers. It has already been mentioned in the literature
that only trans-isomers could undergo [2+2] cycloaddition (Schmidt, 1971; Ford et al., 1989). It is thus
reasonable to postulate that photo-splitting of the cyclobutane would mainly produce trans-isomers.

These trans-double bonds can later be cis isomerized by UV-C irradiation. The maximum conversion
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of cyclobutane rings into double bonds for the polyester synthesized with HDO as diol was evaluated to
29 %.
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Figure 4.2.14: Yield in double bond formation measured from NMR analyses as a function of UV-C
irradiation time for the polyester synthesized from DDeFA" and HDO.

The polyesters synthesized from PDO, BDO and ODO were also subjected to UV-C irradiation
for 600 seconds. The conversion of double bonds was calculated for each sample by NMR analysis
(Figure 4.2.15 and in Annexes Figure S4.18). Interestingly, shorter diols resulted in lower yields of
photodegradation. This is surprising since all samples showed similar photopolymerization Kinetics as
determined from UV absorption analysis. However, the greater mass concentration of DDeFA!" in
samples with short diols could negatively impact the penetration of UV light in the material and could
result in a lower overall conversion of the cyclobutane rings. Stiffness of the materials could also play
a role in their ability to undergo retro-cycloaddition. The splitting of the cyclobutane rings requires a

certain mobility of the involved moieties that might not be sufficient for stiff materials.
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Figure 4.2.15: Yield in double bond formation measured from NMR analyses after UV-C irradiation (600s,
RT) for the polyester synthesized from DDeFA™ and diols of different lengths.

The photo-depolymerization of the polyesters was also monitored by SEC. The polyester
synthesized from DDeFA!" and HDO was analyzed by SEC after different times of irradiation under
UV-C. The DP,, and DP,, are given in the Figure 4.2.16. The corresponding chromatograms are shown

in Figure 4.2.17 and Figure S4.19 in Annexes. Because these samples result from the upscaling of the
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polymer synthesis, starting molar masses are lower than those reported above. As expected, the
photodegradation leads to an overall reduction in the molar mass of the polymer. As already observed
by UV absorption and NMR spectroscopy, the decrease in molar mass follows an exponential trend and
reaches a plateau. The plateau value was evaluated at a DP,, of 3 and a DP,, of 13. Moreover, the resulting
material presents an important dispersity of 3.5 thus indicating that the polymer tends to be randomly
cleaved leading to oligomers with a large variety of sizes. Chains with a DPn down to 2 were clearly
noticeable on SEC chromatograms (Figure 4.2.17). It is not clear why the photo-depolymerization
reaches a plateau. Among the hypotheses, the existing literature mentions possible deactivation of the
cyclobutane rings under UV light (Tanaka et al., 1977). As mentioned above, the thickness of the
material could also play an important role. In order to sort this issue, re-solubilization and recasting of
the polymer into a thinner film could induce higher photo-depolymerization yields. As mentioned
earlier, NMR analysis is also a tool that enables molar mass estimation. However, the
photodepolymerization induces new end-groups and Equation 4 cannot be applied in this case. Indeed,
the splitting of the cyclobutane rings produce two double bonds as end groups. Thus, the DP, of the
polyester at a given time was calculated according to Equation 5 (details on the calculation are given in
Annexes Figure S4.20). The values calculated by NMR follow the same trend as those determined by
SEC. This confirms than splitting of the cyclobutane is the main mechanism responsible for the
reduction in molar masses. Moreover, a negative control performed on an aliphatic polyester
(polyhexylene adipate) showed significantly lower photo-degradation under UV-C irradiation with a
decrease in DP, lower than 20 % of the initial value. The DP, values estimated by NMR are
systematically lower than those estimated by SEC. This could be caused by three phenomena; (i) as
explained above, SEC results are given as PS equivalents. This could induce a shift in the true molar
mass estimation of the polymer, (ii) molar mass determination from NMR spectra requires a good signal
over noise ratio. This condition can be difficult to meet, especially at the beginning of the
photodegradation since at this point the signals corresponding to the double bonds end-groups are weak
compared to those of the polymer chain core. (iii) as UV-C are highly energetic rays, oxidative
degradation side reactions could lead to the cleavage of the polymer chain in other positions. This would
result in further diminution of the DP, value and the corresponding adducts could correspond to the
unidentified side products observed as traces in the NMR analyses, as mentioned before.
DPy(t=0)
0.5 * (2 + ag) * DPy(t=0)) ()

DPn(t) =
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Figure 4.2.16: Degree of polymerization as a function of UV-C irradiation time for the polyester synthesized
from DDeFA!" and HDO ¢ DPy, ¢ DPysec), ¢ DPuNMR).
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Figure 4.2.17: SEC molar mass distribution as a function of UV-C irradiation time for the polyester
synthesized from DDeFA" and HDO. Values given as PS equivalent and normalized by area, logarithmic
scale.

The polyesters synthesized from other diols (PDO, BDO and ODO) were also analyzed by SEC after
UV-C irradiation (Annexes Figure S4.19). The depolymerization followed the same trend and after 10
minutes of irradiation, all the polyesters presented DP, between 6 and 4 as determined from NMR
analysis and equal to 3 when calculated from SEC analysis. The final DP, after photo-depolymerization

seemed not to be affected by the initial molar mass of the polyester or by the length of the diols.

The reversibility of the depolymerization was finally studied on samples that were depolymerized
through UV-C irradiation (at 254 nm for at least 600 seconds). The absorbance of these samples was
then measured after different times of irradiation under UV-A (at 350 nm) to check the occurrence of a
possible re-polymerization. The results obtained for the HDO-based polyester are presented in Figure
4.2.18.a. The absorbance at maximum value between 300 and 400 nm of the different polyesters are
plotted in Figure 4.2.18.b. The absorbance of the samples decreased similarly for all the polyesters
subjected to UV-A irradiation. After 120 minutes of UV-A irradiation the samples present an absorbance
equivalent to that of the polymer before UV-C photodepolymerization. This indicates that the double
bonds produced through photodegradation under UV-C are now being consumed, possibly through
[2+2] cycloaddition, under the effect of UV-A. NMR analysis of the sample containing HDO as diol
after 120 minutes of re-polymerization under UV-A showed complete conversion of the double bonds

into cyclobutane moieties (Annexes Figure S4.21). However, some of the samples were hardly soluble
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in chloroform and unidentified side products are visible on the NMR spectra. This could indicate that
UV-A irradiation also induced side reactions during the process that could lead to undesired crosslinking

of the polymer.
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Figure 4.2.18: Absorbance of the polyester photodegraded under UV-C and subsequently irradiated under
UV-A: a) Absorbance spectra between 250 and 500 nm of the HDO-based at different UV-A irradiation
times; b) maximum of absorbance between 300 and 400 nm as a function of UV-A irradiation time for the
polyester synthesized from diols of different lengths and exponential model fitting.

5. Conclusion:

FA is a promising building-block for the elaboration of new aromatic polyesters with advanced
properties. Derivatives of FA can undergo [2+2] cycloaddition through a green, UV driven, process.
AcFA and DeFA!' were quantitatively converted into dimers via a rapid UV irradiation. Greener
solvents for the reaction were investigated. The toxic cyclohexane could be advantageously substituted
by water, improving the environmental impact and safety of the photodimerization reaction. The

synthesized dimers were then assessed for their reactivity through CALB-catalyzed polymerization.

The AcFA was rapidly identified as non-reactive towards CALB. The DeFA" dimer was
assessed for polymerization with diols of different lengths (3 < n < 8). DeFA" was proven to have a
high reactivity towards CALB allowing the production of polyester with high molar masses with My up
to 57 700 g.mol*. The polyesters were shown to be fully linear as the ester groups attached to the
cyclobutane ring remained untouched during the reaction. CALB was shown to have higher affinity for
longer diols, leading to polyesters with higher DP,. Besides, a probable evaporation of the short diols
from the reactive medium unbalanced the stoichiometry of the reaction and thus limited the
polymerization progress. Employing an excess of diol solved this issue and allowed to obtain high molar
mass with My, up to 53 300 and 50 900 g.mol* for polyesters synthesized from PDO and BDO,
respectively. The molar masses of the obtained polyesters were superior to those of most of the
enzymatically synthesized polyesters reported so far in the literature. Besides, these materials present
higher thermal properties compared to enzymatically synthesized aliphatic polyesters. High T4 above 12
°C and up to 34°C were obtained. As expected, employing shorter diols led to polyesters with higher Tg.
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The obtained polyesters were shown to undergo retro-cycloaddition under UV-C. This
photodepolymerization of the polyester could be followed through UV absorption measurements. NMR
and SEC analyses confirmed that the splitting of the cyclobutane ring under UV-C led to effective
depolymerization of the polyesters chains leading to short oligomers. The chain scission was rapid and
reached a maximum after only 200 seconds of irradiation. The UV-C-induced photodepolymerization
was then shown to be reversible through UV-A irradiation. The cyclobutane could be restored, leading
to the polyester chain reformation. The impact of multiple cycles of photo-depolymerization and re-
polymerization on the polymer structure could be investigated in the future, as well as the influence on

the mechanical and self-healing properties of the material.

The DeFA" dimer allowed the synthesis of biobased aromatic polyesters with pendent esters.
This atypical structure was obtained thanks to the specificity of the CALB. The development of such
materials with advanced properties pushes further the competitiveness of biobased materials and
enzymatically synthesized aromatic polyesters. Further modification of the pendent ester groups could

even provide new properties and pave the way for the development of “smart materials.”
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Conclusion chapitre 4

Dans ce chapitre nous avons vu comment tirer profit de la capacité de dimérisation sous UV des
dérivés cinnamiques. Une premiere étude a permis de déterminer les propriétés de dimérisation de
dérivés cinnamiques nouvellement produits et étudiés au chapitre précédent ou ceux déja décrits au
préalable dans la littérature. Apres avoir identifié les substrats les plus actifs en dimérisation, plusieurs
solvants de réaction ont été étudiés afin de remplacer le cyclohexane. L’eau a ainsi été identifiée comme
étant un excellent substitut au cyclohexane permettant de réaliser la dimérisation dans des conditions

plus compatibles avec les principes de la chimie verte.

Les dimeéres obtenus par cette méthode ont ensuite été testés pour la synthése enzymatique de
polyesters. Comme cela avait été observeé et présenté dans le chapitre 2, la solubilité du substrat est un
paramétre important dont on peut supposer qu’il soit responsable de la non-réactivité du DACFA avec
la CALB. Cependant, méme une fois estérifié et rendu entierement soluble, celui-ci n’a montré aucune
réactivité vis-a-vis de la CALB. Le fort encombrement stérique des acides carboxyliques des dimeéres
d’acide férulique pourrait expliquer leur impossibilité a réagir dans les réactions de polycondensation

catalysées par la CALB.

En tirant parti de la sélectivité de la CALB envers les esters peu encombrés du DDeFA'", il a
été possible de synthétiser des polyesters aromatiques présentant des groupements esters pendants. Ces
polyesters présentent des T, supérieures a I’ambiante et qui s’avérent également étre supérieures a celles
de tous les autres polyesters synthétisés dans le cadre de cette thése. De plus, la réversibilité de la
cycloaddition employée pour la dimérisation du monomeére permet la photo-dépolymérisation du
polyester. Cette propriété particulierement intéressante et innovante pour ce type de polymeéres pourrait
étre utilisée pour mieux gérer la fin de vie du matériau (par recyclage chimique, par exemple) ou pour

des applications de relargage contr6lé de principes actifs.

Dans ce chapitre nous avons donc montré comment il est possible de tirer profit de la double
liaison des dérivés cinnamiques ainsi que de la sélectivité de la CALB pour synthétiser des polyesters
présentant des propriétés avancées et donc potentiellement & haute valeur ajoutée en utilisant des
méthodes de synthéses (photo-dimérisation dans 1’cau, catalyse enzymatique) qui peuvent étre qualifiées

de « vertes ».
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Chapitre 5. Synthese par catalyse enzymatique de polyesters biosourcés
photo-réticulables a partir d’acide caféique.
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Introduction chapitre 5

Les chapitres précédents se sont intéressés a la capacité de la CALB a convertir des synthons
issus de I’acide férulique en polyesters aromatiques de hautes masses molaires. Plusieurs stratégies ont
¢été mises en place afin d’améliorer ou optimiser 1’activité de la CALB vis-a-vis de ces substrats. Ces
stratégies ont notamment mené a la synthése de polyesters aromatiques aux propriétés améliorées ou
innovantes comme par exemple la possibilité de réaliser sur ces matériaux des cycles de

dépolymérisation/repolymérisation induits par irradiations UV.

Dans ce chapitre, nous allons étudier I’acide caf€ique, une molécule structurellement trés proche
de I’acide férulique et également issue de la biomasse. Dans un premier temps une nouvelle voie de
synthése entre un ester d’acide caféique et 1I’éthyléne carbonate, un synthon également biosourcé, a été
développée avec succes. Cette modification permet de convertir les deux phénols de I’acide caféique en
alcools primaires. Le substrat résultant est un diol entierement issu de carbone renouvelable et possédant
un groupement ester a,B-insaturé. Cependant, on peut s’attendre a ce que cet ester soit trés peu réactif
au contact de la CALB comme I’indiquent les informations issues de la littérature présentées au chapitre
1 ainsi que nos observations décrites au chapitre 3. Ce substrat a donc été considéré comme un diol
difonctionnel permettant la synthése de polyesters aromatiques présentant des groupements ester a.,f3-

insaturés pendants.

Ce type de structure est particuliérement recherché pour 1’élaboration de matériaux photo-
réticulable. En effet, comme I’ont montré les expériences menées dans le chapitre 4, les doubles liaisons
de certains dérivés cinnamiques peuvent dimériser par cycloaddition [2+2] sous irradiation par les UV-
A (e.g. A = 350 nm). Si les chaines polymeres possédent plusieurs de ces groupements, alors la
dimérisation des doubles liaisons entraine la réticulation du matériau. La réaction de cycloaddition étant
réversible sous les UV-C de longueur d’onde plus faible (e.g. A = 254 nm), cette réticulation est alors
théoriquement réversible. Ainsi, les polyesters formés a partir du diol caféique décrit ci-dessus
pourraient permettre de telles réticulations réversibles grace a leurs groupements esters o,B-insaturés

pendants.

Ce chapitre se présente donc sous la forme d’une publication intitulée ‘Synthesis of biobased
photo-crosslinkable polyesters based on caffeic acid through selective lipase-catalyzed polymerization’.
La premiére partie traite de la synthese et de la caractérisation du diol obtenu via la modification de
I’acide caféique par I’éthyléne carbonate. La suite de I’article, et donc de ce chapitre, porte sur
I"utilisation de ce diol caféique pour la synthese, catalysée par la CALB, de polyesters aromatiques ainsi

que de I’étude propriétés thermiques et photochimiques des matériaux ainsi obtenus.
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Synthesis of biobased photo-crosslinkable polyesters based on caffeic

acid through selective lipase-catalyzed polymerization

Alfred Bazin, Matthieu Steuer, Luc Avérous, Eric Pollet*

Soon submitted for publication

1. Abstract

Caffeic acid was esterified and then successfully converted with ethylene carbonate into a new
potentially fully biobased aromatic diol containing a pendant o.,3-unsaturated ester. This diol was shown
to undergo [2+2] cycloaddition under UV irradiation. The lipase B from Candida antarctica allowed
the synthesis of polyesters from this caffeic based diol and diethyl adipate. 1,6-Hexanediol was also
used as a second diol monomer to study the impact of the aromatic diol proportion on the enzymatic
activity and final material properties. For a caffeic diol ratios of 10% and above, linear polyesters were
obtained with M, up to 28 000 g.mol™. Increasing the ratio of caffeic diol tend to reduce the polyester
final molar masses, probably due to inhibition of the enzyme. However, increasing the proportion of
caffeic diol in the polyester improved its thermal properties, reaching T4 up to 12°C. Finally, the pendant
double bonds of the polyester were shown to undergo [2+2] cycloaddition under light irradiation,
enabling its UV-A-activated crosslinking. This crosslinking was also shown to be partially reversible
thanks to the UV-C-induced splitting of the cyclobutane rings in the network.

2. Introduction

Hindering climate change and environmental degradation is one of the main challenges in
research for years to come. Reducing the impact of human activities on the environment is a key lever
in this path. Plastics production and use represent a non-negligible part of the global environmental
pollution (Chae et al., 2018; Hohn et al., 2020). Indeed, plastics are in vast majority based on non-
degradable polymers produced from non-sustainable, petrol-based, sources. The production of biobased
and therefore more environmentally friendly polymers seems clearly a very promising alternative
(Siracusa et al., 2020). For this mean, various natural sources of building blocks have been identified
(Becker et al., 2015; Delidovich et al., 2016; Llevot et al., 2016).

Caffeic acid (CA) is a cinnamic derivative present in various natural sources such as blueberries,
apples or coffee beans and that is therefore part of our daily alimentation (Clifford, 2000). It can be
directly extracted from plants as sunflower seed shell, coffee beans (Valanciene et al., 2020; Flourat et

al., 2021) or produced from ferulic acid after extraction from natural sources such as wheat bran or
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sugarcane bagasse (Sun et al., 2018b; Flourat et al., 2021). CA presents good antioxidants (Aytekin et
al., 2011; Genaro-Mattos et al., 2015; Liu et al., 2018) as well as antimicrobial (Khan et al., 2021) and
medicinal (Katayama et al., 2013) properties. CA and cinnamic acid derivatives in general have already
been studied for the production of polyesters (Nguyen et al., 2018; Fonseca et al., 2019). Indeed, their
functionality as well as aromaticity allow the production of polyesters with high mechanical and thermal
properties. As an example, Ishii et al. (Ishii et al., 2013) synthesized poly(caffeic acid)s with glass

transition temperatures higher than 100 °C.

Cinnamic derivatives such as CA have long been known to undergo a reversible [2+2]
cycloaddition under UV light at a specific wavelength (Curme et al., 1967; Tanaka et al., 1977;
Haddleton et al., 1989). The reversibility of this cycloaddition makes cinnamic derivatives good
candidates for the production of biobased photo-crosslinkable polymers and memory shape materials
(MSM) (Li et al., 2012). MSM are materials which shape can be programmed and modified by different
stimuli (heat, light...). Cinnamic derivatives have already been employed in MSM as pendant groups
(Lendlein et al., 2005; Wu et al., 2011; Rochette et al., 2013; Pilate et al., 2018) or directly included in
the polymer chain (Nagata et al., 2005, 2006). CA can advantageously replace toxic and non-sustainable
adducts such as anthracene, thiols or azo compounds employed in photo-triggered MSM (Li et al., 2012;
Xie et al., 2019). Since CA is potentially biobased, its use is therefore a greener path for the synthesis

of photo-crosslinkable polymers.

CA-based or -grafted polymers have already been studied for the production of photo-
crosslinkable polymers and MSM (Kaneko et al., 2010). Thi et al. studied the properties of PLA (Hang
Thi et al., 2008; Thi et al., 2009a), PCL and polyethylene glycol (PEG) (Thi et al., 2011) grafted with
CA. All polymers could undergo crosslinking under UV light. PLA modified with CA also allowed the
synthesis of crosslinkable nanoparticles (Thi et al., 2009b). Dong et al.(Dong et al., 2012) studied caffeic
acid copolymerized with 10-hydroxycaproic acid. The obtained polymer could be crosslinked under UV
light, bringing higher tensile strength. Moreover, an increase in hydrolysis speed was observed, probably
due to a reduced crystallinity of the material (Kaneko et al., 2006). Li et al. (Li et al., 2015) synthesized
a crosslinkable polymer based on caffeic and 4-hydroxycinnamic acids. Once added to ethyl cellulose
as microspheres, the UV crosslinking of the polymer allowed to reduce the permeability of the material.
However, because of its carboxylic acid and the presence of two phenols on its aromatic ring, CA
presents a functionality of three when involved in typical polymerization reactions. Such functionality
leads to the production of polymers with hyperbranched or crosslinked structures with low or null
solubility and extreme melting points (Thi et al., 2008; Dong et al., 2011), which complicates the

material processability.

The lipase B from Candida antarctica (CALB) is an enzyme commonly used to catalyze
transesterification reactions (Ortiz et al., 2019). CALB has also been employed for the synthesis of

various biobased polyesters, replacing the potentially toxic and pollutant metal-based catalysts (Shoda
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et al., 2016; Debuissy et al., 2017b; Duchiron et al., 2017; Douka et al., 2018). Recently, CALB was
employed by our team for the synthesis of polyesters based on ferulic acid, another cinnamic derivative
(Bazinetal., 2021a). It was observed that the carbonyl of ferulic acid presented a poor reactivity towards
CALB. Similarly, it has been shown that the carbonyl of CA also presents a poor to null reactivity
towards CALB in esterification or transesterification (Stamatis et al., 1999; Otto et al., 2000; Yang et
al., 2012).

In this study, a caffeic diol (CD) was for the first time successfully obtained by modification of
CA with ethylene carbonate. This CD presents 2 primaries OH and 1 ester group but can be considered
as a difunctional monomer thanks to the selectivity of CALB, which is not active towards the carbonyl
group. The CD was copolymerized with diethyl adipate and 1,6-hexanediol to obtain linear polymer
chains with various ratios in caffeic moieties. The obtained biobased semi-aromatic polyesters present
a peculiar structure with a pendant a,p-unsaturated ester, which was subsequently used to perform

reversible photo-crosslinking.

3. Experimental section

3.1. Materials
Caffeic acid was supplied by Fluorochem. Lipase from Candida antarctica immobilized on
acrylic resin (activity >5,000 U/g) (CALB), 1,6-hexanediol (HDO) and deuterated chloroform (CDCls)
were purchased from Sigma-Aldrich. Ethanol was purchased from VWR. Potassium carbonate and
methanol were supplied by Fisher Scientific. Chloroform was supplied by Carlo Erba. Diethyl adipate

(DEA), ethylene carbonate and diphenyl ether were purchased from Acros Organics.

3.2. Characterization
'H NMR, 2D and BC NMR analyses of the monomer were performed on a Bruker 500 MHz
spectrometer. *H NMR analysis on the polymer were performed on a Bruker 400 MHz spectrometer.
Analyses were performed in CDCl; or in DMSO-ds as a solvent. Calibration of the spectra was
performed using the solvent peak (CDCl3 6H = 7.26 ppm, 6C = 77.16 ppm, DMSO-ds 6H = 2.50 ppm,
dC =39.52 ppm).

Size Exclusion Chromatography (SEC) was used to determine the number average molar mass
(M), weight average molar mass (Mw) and dispersity (D) of the polymers. The analyses were performed
in THF at 40 °C in an Acquity-APC system (Waters) equipped with three columns (Acquity APC XT
450 A 2.5 um 4.6x150 mm, 200 and 45). The analyses were performed at a flow rate of 0.6 mL/min for
11 minutes run. Refractive index (RI) detector and photodiode array (PDA) detector at 254 nm were
used. A calibration curve with polystyrene (PS) standards was carried out for molar mass determination.

Molar mass calculation was performed with data collected from the RI detector.
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Differential scanning calorimetry (DSC) analyses have been performed on the samples to
determine their glass transition temperature (T,) as well as their melting temperature (Tm) and
crystallization temperature (T.) if applicable. The analyses were done using a Q2000 DSC apparatus
from TA instrument (TA instrument, New Castle, Delaware, USA). Typically, a 1 to 3 mg sample in
sealed aluminium pan was rapidly heated to 140 °C. The sample was kept 3 minutes at such temperature
to erase all thermal history. The sample was then cooled at 10 °C.min-* to -80 °C followed by an isotherm

of 5 minutes. Finally, a second heating was performed at 10 °C.min-! to 140 °C.

Thermogravimetric analysis (TGA) was performed to determine the thermal stability of the
polymers. The measurements were conducted on a High-Res TGA Q5000 from TA instrument. Samples

between 1 and 2 mg were heated at 20 °C.min* from room temperature to 600 °C under air.

Infrared spectroscopy was performed with a Nicolet 380 Fourier transformed infrared
spectrometer (Thermo Electron Corporation) used in reflection mode and equipped with an ATR
diamond module (FTIR). The FTIR spectra were collected at a resolution of 4 cm™ and with 32 scans

per run.

UV-visible absorbance measurements were performed using a spectrometer UV-2600
(Shimadzu) in the 200-500 nm range. All measurements were performed on solid polymer cast on quartz

microscope slides.

ESI-MS experiments were performed on a Bruker Daltonics microTOF spectrometer (Bruker
Daltonics GmbH, Bremen, Germany) equipped with an orthogonal electrospray (ESI) interface.
Calibration was performed using Tuning mix (Agilent Technologies). Sample solutions were introduced
into the spectrometer source with a syringe pump (Harvard type 55 1111: Harvard Apparatus Inc., South
Natick, MA, USA) with a flow rate of 4 pL.min.

3.3. Ethyl caffeate

Caffeic acid (5g, 27.8 mmol) was dissolved in an excess of ethanol (250 ml). Few drops of
sulfuric acid were added. The solution was refluxed 24h and progress was controlled by TLC (using
ethyl acetate as eluent). The solution was neutralized with a saturated solution of Na,CQOj3 and the solvent
was evaporated. The product was dissolved in ethyl acetate and washed once with a saturated solution
of Na,COs and once with brine. The solution was dried over MgSQO, and the solution was filtered. The
solvent was evaporated, and the product was dried in a vacuum oven (40°C) over 16h. A beige to brown
crystalline product was obtained (Yield : 85%, MP : 149 °C (148-149 °C lit. (Lamidey et al., 2002)),
FTIR (cm): 3428.04, 3167.16 (O-H Phenols), 2982.96 (C-H), 1651.98 (C=0), 1530.84 (C-C Ar), *H
NMR (500 MHz, DMSO-ds) & (ppm): 9.56 (s, 1H), 9.14 (s, 1H), 7.47 (d, J = 15.9 Hz, 1H), 7.04 (d, J =
2.1 Hz, 1H), 6.99 (s, 1H), 6.76 (d, J = 8.1 Hz, 3H), 6.25 (d, J = 15.9 Hz, 1H), 4.15 (q, J = 7.0 Hz, 6H),
1.24 (t, J = 7.1 Hz, 10H)., 3C NMR (126 MHz, DMSO-ds) & (ppm): 166.55, 148.37, 145.56, 145.00,
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125.51, 121.33, 115.72, 114.81, 114.05, 59.68, 14.27. NMR results were in accordance with the
literature (Lamidey et al., 2002).

3.4. Ethyl 3,4-bis(hydroxyethyl)caffeate (CD)

Ethyl caffeate (19, 4.8 mmol, 1 eq.), ethylene carbonate (888 mg, 10.1 mmol, 2.1 eq.) and K>CO3
(133 mg, 1.0 mmol, 0.2 eq.) were placed in a round bottom flask. The flask was flushed with argon and
30 ml of anhydrous DMF was added to the medium. The reaction medium was heated at 130°C under a
continuous flow of argon. The reaction progress was controlled by NMR spectroscopy. After 3 hours,
the reaction was stopped. The reaction medium was diluted with ethyl acetate. The solution was then
washed once with a saturated solution of Na,COs and twice with brine in order to eliminate the DMF as
well as a major part of the by-products. The solvent was evaporated, and the product was purified by
flash chromatography (gradient of ethyl acetate and methanol). The product was recovered as an off-
white to beige solid (Yield: 58%, MP : 121 °C, FTIR (cm): 3506.69 (O-H), 2944.68 (C-H), 1701.88
(C=0), 1596.98 (C-C Ar), *H NMR (500 MHz, DMSO-ds) & (ppm): 7.56 (d, J = 16.0 Hz, 1H), 7.37 (d,
J=2.1Hz, 1H), 7.22 (dd, J = 8.4, 2.0 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.53 (d, J = 16.0 Hz, 1H), 4.84
(s, 2H), 4.17 (q, = 7.1 Hz, 2H), 4.05 (dt, J = 10.1, 5.1 Hz, 4H), 3.72 (t, ) =5.1 Hz, 4H), 1.25 (t, J = 7.1
Hz, 3H), 3C NMR (126 MHz, DMSO-ds) & (ppm): 166.99, 151.13, 149.01, 145.01, 127.44, 123.40,
116.13, 113.73, 112.89, 70.88, 70.79, 60.24, 60.00, 59.92, 14.71. ESI-MS: [M + Na]* (m/z) calc =
319.1152009, found = 319.115193. Elemental analysis: Calc. for C1sH200s: C, 60.81%; H, 6.76%. Found:
C, 60.72%; H, 6.89%.

3.5. Enzymatic Polymerization

Diethyl adipate (600 mg, 2.97 mmol) was placed in a Schlenck reactor. HDO and CD were
added (see Table 5.1 for the different ratios) while keeping an equimolar proportion of diol to diesters
in the medium. Pre-dried CALB (20 wt% compared to the total mass of monomers) and dipheny! ether
(300 wt% compared to the total mass of monomers) were added to the reaction medium. The reaction
conditions were set at 90°C and 350 mbar. The pressure was then reduced to 100 mbar after 4h and
further reduced to 20 mbar after another 4h. After 24h, the reaction was stopped by adding few mL of
chloroform. The CALB was removed by filtration and the polymer was precipitated in a large volume
of ice-cold methanol. When possible, the polymer was recovered by filtration. Otherwise, the polymer
was recovered by centrifugation (8000 rcf, 10 minutes, 4°C). The recovered polymers were dried 24h

in vacuum oven prior to analysis.

3.6. UV irradiation of the polymers
For spectrometric analysis: 10 mg of polymer was dissolved in 500 uL of acetone. 20 uL of the
solution was spread on the quartz slide, and the solvent was evaporated in a vacuum oven at 40°C for
20 minutes. Irradiation of the polymer was performed in a photoreactor LZC-4Xy (Luzchem Research,
Inc) equipped with 14 lamps. The solid samples were placed in the photoreactor on a rotating plate for

uniform irradiation. Either UV-A (350 nm, 5.24 mW.cm2) or UV-C (254 nm) lamps were employed.
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3.7. Measurement of Gel Content
The polymers were solvent cast from acetone solution in a glass vial. The solvent was
evaporated in a vacuum oven at 40°C for 20 minutes. The polymers were placed on a rotating plate in
the photoreactor then cured overnight using UV-A lamps (350 nm). After the photo-crosslinking, 3 mL
of THF were then added to the vials and the solutions were continuously stirred for 48 h. The supernatant
was then carefully recovered and placed in a round bottom flask before evaporation. Both the vials and
the flask were then dried 24 h in a vacuum oven at 40°C. The soluble and insoluble fractions were then

weighed before analysis.

4. Results and discussion

4.1. Synthesis of the caffeic diol monomer

CA is a natural polyphenol that has multiple interesting characteristics such as antioxidant
properties or the capacity to undergo [2+2] cycloaddition. Caffeic acid by itself can be considered as a
monofunctional monomer as phenols present a quasi-null reactivity towards CALB and the only reactive
function is the carboxylic acid. However, as depicted in introduction, the carbonyl vicinal to the double
bond of CA is known to present a limited reactivity towards CALB because of steric and most probably
electronic effects (Stamatis et al., 1999; Otto et al., 2000; Yang et al., 2012). In this way, it has been
proven that hydrogenation of the double bond of caffeic acid unlocks its reactivity towards CALB,

allowing the synthesis of various esters (Guyot et al., 1997).

In this study, though, the double bond of caffeic acid was preserved in order to take advantage
of the specificity of the enzyme as well as its properties to undergo [2+2] cycloaddition under UV light.
Caffeic acid was first protected by a Fischer esterification with ethanol as reactive solvent (Scheme 5.1).
The phenols were then converted into reactive primary alcohols. Such conversion of phenols is generally
performed by using propylene oxide (Mialon et al., 2011) or chloro-alcohols (Nguyen et al., 2015).
However, propylene oxide and chloro-alcohols are toxic. For this reason, we chose to use a cyclic
carbonate which has already been described by our team for the modification of lignin (Duval et al.,
2016, 2017, 2021). Ethylene carbonate can react with a phenol in basic condition to yield a primary
alcohol. However, the limited reactivity of coumaric derivatives towards ethylene carbonate has already
been reported and systematically prevented the obtention of the desired product (Kreye et al., 2013). It
has only recently been used by Pospiech et al. (Pospiech et al., 2021) for the modification of ferulic
acid. In our study, CA was first esterified to give ethyl caffeate (structure confirmed by NMR, in
Annexes Figure S5.1 and Figure S5.2). Then ethyl caffeate was reacted with ethylene carbonate. It is
worth pointing out that when performed in bulk and at high temperature (above 130 °C) the reaction
resulted in the polymerization of ethylene carbonate and transesterification with the caffeic ester,
generating an insoluble product. Lower temperatures or lower reaction times gave no product at all in

bulk conditions. However, the use of dimethyl formamide (DMF) as a solvent was found to allow the
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production of the desired product (Scheme 5.1). The structure of the product was confirmed by FTIR,
mass and NMR spectroscopies (Annexes Figure S5.3 and Figure S5.4). We suppose that the high
solvating properties of DMF stabilize and dilute the ethylene carbonate, avoiding early polymerization

of the substrate on itself.
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Scheme 5.1: Synthesis of the caffeic diol from caffeic acid

The resulting caffeic diol (CD) was then assayed for [2+2] cycloaddition under UV irradiation.
The compound was suspended in cyclohexane and irradiated with UV at 350 nm. The obtained product
was analyzed by NMR (Figure 5.1). The formation of the cycloaddition adduct was confirmed by the
disappearance of the peaks attributed to the double bond at 6.53 and 7.56 ppm and the appearance of
peaks corresponding to the cyclobutane at 4.27 and 3.83 ppm. The caffeic diol was found to rapidly

dimerize by [2+2] cycloaddition with almost complete conversion in 24 h (93% yield).

2 | okl e

M, " AT HO o

Figure 5.1: '"H NMR analysis of the ethyl 3,4-bis(hydroxyethyl)caffeate (CD) a) before UV irradiation; b)
after irradiation at 350 nm for 24h in cyclohexane.

4.2. Synthesis of the polymer

The CD was then tested in lipase-catalyzed polymerization. Diethyl adipate (DEA) was selected
as diester since it has already been reported to be highly compatible with CALB in enzymatic
polymerization processes, resulting in high molar masses polyesters (Mahapatro et al., 2003; Debuissy
et al., 2017b). Moreover, DEA is produced from adipic acid which is an important platform chemical
produced from biomass (Skoog et al., 2018). An aliphatic diol, the 1,6-hexanediol (HDO), was also used
as a co-monomer. All monomers were introduced in quantities that ensured equimolar proportions
between the hydroxyl and ester functions (Scheme 5.2). The use of a co-diol allowed studying the
influence of the CD on the reactivity by varying its proportion in the medium. Ratio of 0, 5, 10, 20, 50,
70 and 100% of CD were assessed in CALB-catalyzed polymerization.
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Scheme 5.2: Copolymerization of the CD with HDO and DEA as co-monomers.

The polyesters were synthesized over a period of 24 h. Longer reaction times did not increase
further the final molar mass of the polyesters. The obtained polymers were soluble in CDCl3z and in THF.
The polyesters containing the CD were recovered in yields between 52 and 67%. The structures of the
resulting polyesters were confirmed by NMR spectroscopy (Annexes Figure S5.5). The interpretation
of a typical NMR spectrum is presented in Figure 5.2 for the polymer containing 50% of CD. The peak
9 (Figure 5.2) at 6 = 4.41 ppm can be attributed to the CH, at the end of the CD included in the polymer.
This signal can be observed in all polymers synthesized with CD, confirming that CD units were inserted
in the polymer chain. The peak 13 (Figure 5.2) at & = 4.05 was attributed to the HDO included in the
polymer chain. Thus, the comparison of the intensities of these two characteristic peaks allows
determining the proportions of the corresponding monomers. The proportion of CD included in the
polymer chain was determined from the ratio = lo/(ls + l13) where lg and l13 are the intensity of the peaks
9 and 13, respectively. This calculated incorporated ratio of CD was then compared to the initial feed
ratio in the reactive medium (Table 5.1).
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Figure 5.2: '"H NMR analysis and interpretation of the polyester containing 50 % of CD (24 h, diphenyl
ether, partial vacuum).

Table 5.1: Feed and incorporated ratio of CD in relation to HDO.

Feed Incorporated

ratio ratio
0,05 0,05
0,10 0,11
0,20 0,23
0,50 0,46
0,70 0,69

A ratio of incorporated diol similar to the feed ratio was found for all polyesters. Therefore, this
demonstrates that CALB can insert these two diols into the polymer chain without distinction or
preference. This also indicates that the final structure of the polyester can be fine-tuned by controlling

the feed ratio of CD.

It is also interesting to note that as the ratio of CD increases, the signals corresponding to the
end group of diethyl adipate at & = 4.10 and 1.23 ppm (protons 16 and 17) get more and more
pronounced. Therefore, an increase in CD ratio leads to an increase in end groups proportion and thus
to shorter polymer chains. The signal corresponding to the protons next to the hydroxyl end groups
should be found at & = 3.95 ppm for the CD and & = 3.63 for the HDO. These signals are difficult to
discern on the NMR spectra, even for the polymers with high CD contents, and hence shorter chains.

This observation suggests that the polyester chains are mostly ended by ester groups.
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The peaks 1 and 2 (Figure 5.2) at 6 = 1.32 and 4.23 ppm, respectively, were attributed to the
ethyl ester of the CD. These peaks are well pronounced in polyesters containing ratio of CD above 10
%. This indicates that, even in presence of CALB, reactions on this ester of CD were marginal, avoiding
crosslinking of the material. For ratio of CD of 10 % and below, the peaks are difficult to discern for
multiple reasons. First, the ratio of CD in these compounds is particularly low, diminishing the intensity
of all peaks attributed to the CD. Then, peaks 1 and 2 can be overlapped by peaks 13 and 15 at 6 = 4.05
and 1.33 ppm, respectively. Finally, the absence of peaks 1 and 2 on the NMR spectra of the polyesters
containing 10 % or less of CD could also indicate that, at these ratios, part of the ester is converted by
CALB during the reaction.

FTIR analyses were performed on the polyesters (Figure 5.3 and in Annexes Figure S5.6). The
band at 2937 cm™* was attributed to the stretching of C-H from aromatics and aliphatics. The signals at
1598 and 1510 cm were attributed to the C-C bond of the aromatic ring of the CD, confirming its
incorporation in the polymer chain. The stretching of the CD double bond is responsible for the band at
1632 cm™. As FTIR is a quantitative method, the amount of CD included in the polymer chain can be
measured by this means. The integration of the peaks at 1 632 and 1 598 cm™ was found to be
proportional to the feed ratio of CD (in Annexes Figure S5.7). Finally, the peak at 1727 cm™ was
attributed to the stretching of the C=0 bond in the carbonyl of the esters. This peak appears shouldered
in the polyesters having between 10 and 50 % of CD while a clear second peak appears at 1705 cm™ for
higher ratio. The first carbonyl corresponds to the ester resulting from the reaction between diethyl
adipate and the diols. The second less intense peak can be attributed to the carbonyl of the ester from
CD. This confirms again that the ester of the CD does not participate to the polymerization and is found

as a pendant group in the final product.
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Figure 5.3: FTIR transmittance spectra of the polyesters containing 0, 10 and 50 of CD. Curves are offset
by 30 % from each other.
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The molar masses of the different polyesters were determined by SEC (Figure 5.4 and in
Annexes Figure S5.8). The highest value of molar mass was obtained for a ratio of 5 % of CD, with a
M,, up to 65 100 g.mol. Slightly higher CD ratio of 10 and 20 % resulted in polymers with a M., of
28 000 and 22 400 g.mol*, respectively. These values are very close to those of the purely aliphatic
polyester (M, = 23 900 g.mol). Higher ratios of CD tend to further decrease the molar mass of the
polyester. These results are in agreement with earlier observations on the NMR spectra. The M, of the
polyesters followed the same trend. This reversed proportionality between the CD and the polyester
molar mass suggests that the CD could act as an inhibitor. One reason could be that CD inhibits the
enzymatic activity. Inhibition of lipase activity caused by caffeic acid has already been reported in the
literature (Karamac et al., 1996). The authors observed the inhibition of pancreatic lipase towards
cinnamic acid derivatives in the hydrolysis of p-nitrophenol acetate. Even though it was not measured
in transesterification, a similar inhibition would explain why high contents in CD result in low enzymatic
activity and therefore low molar masses. Another hypothesis would be that the CD can undergo side
reactions that possibly consume the monomer. In this case, the higher the ratio of CD, the higher the
possibility to alter the stoichiometry of the reaction. As described by Carothers equation, an unbalanced
stoichiometry rapidly leads to lower molar mass polymers. This hypothesis would be in adequation with
the earlier observation on the NMR spectra indicating that most of the polymer chains are ended with
ester groups. Further experiments would be required in order to understand the phenomenon involved

in the reduction of the molar mass with the ratio of CD.

Interestingly, a low ratio of 5% CD leads to extreme M,, as compared to other samples. This
difference is much less marked for the M, value, resulting in a high dispersity of 3.3. The My, being
highly impacted by the presence of few polymer chains with a very high molar mass, it thus suggests
that some crosslinking could have occurred in this sample. This partial crosslinking could result from
the reaction of some of the ester groups of CD, leading to the formation of polymer chains of high molar
mass. The inhibitory effect of the CD described earlier might limit this phenomenon for higher CD
contents, which correlates with the lower molar masses and dispersities observed for these samples. The
crosslinking of the polymer chains seems to occur randomly and in a non-reproducible way, leading to

high standard deviation in the average My, values of the polyesters containing 5 % of CD.

217



Chapitre 5

25000 ~
100000 - A5 -
1 7]
200 80000 A 3t
5 15000 = 2 3.
g I g 60000 - g 25
— 10000 1 = 40000 - 2 21 z & o
p 3 Q15 1
& b 1
5000 + 20000 A I
_ 05 -
0 - 0 A 0 -
Proportion of CD (%) Proportion of CD (% Proportion of CD (%)

Figure 5.4: SEC analysis results of the polyesters synthesized with various ratios of CD (20 %wt CALB, 24
h, diphenyl ether, partial vacuum).

When considering the values given by the UV detector of the SEC, the intensity of detected polymer
chains logically increased with the content in CD. Indeed, the aromatic ring of the CD absorbs UV light
whereas the rest of the aliphatic chain does not generate a UV signal. The values of molar masses
measured with the UV and in RI detectors were similar, indicating a statistical inclusion of the CD in

the polymer chains.

A polymerization reaction was performed with a ratio of CD of 10 % in bulk with Zinc acetate
(Zn(OAc)2, 1.5 %wt) as catalyst, following a common protocol for organometallic synthesis of
polyesters (190°C, under argon for 4 hours followed by vacuum of 20 mbar for 4 hours). The recovered
product was a solid orange resin, insoluble in common organic solvents. In this case, the CD can be
considered as a trifunctional monomer since Zn(OAc), can easily convert the ester group. This leads to
the production of an hyperbranched network, reducing the solubility of the obtained polymer (Flory,
1952; Dong et al., 2011). Its analysis by FTIR showed that when synthesized by organometallic
catalysis, the polyester presented a higher ratio of included CD compared to the polyester synthesized
by CALB-catalyzed polymerization. This is in agreement with the fact that, in these conditions, the CD
is considered as trifunctional and is therefore statistically more reactive than the other monomers. Thus,
the selectivity of CALB is advantageous and essential for the production of thermoplastic polyesters

from CD displaying a controlled structure, as depicted above.

4.3. Thermal properties:
The thermal transition temperatures of the polymers synthesized with different ratios of CD were
analyzed by DSC (Table 5.2 and Figure 5.5).
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Table 5.2: Thermal properties of the polyester synthesized with various ratios of CD as determined from
TGA and DSC analyses.

CD ratio (%) Tq Tm1 Tm2 Te Tas% Tdmaxt Tdmaxz

S (9 S (9 ) 4 4]

0 -56 57 n.a. 42 308 400 495

5 -50 51 n.a. 34 330 402 495

10 -43 43 48 27 341 403 496

20 -31 31 39 11 357 402 513

50 -23 n.a. n.a. n.a. 356 401 477

70 -13 n.a. n.a. n.a. 346 395 550

100 12 n.a. n.a. n.a. 354 401 542

n.a.: not available, no transition observed.

The polyesters with CD ratios between 0 and 20 % presented melting and crystallization temperatures
that decreased with the increase in CD content. Samples with higher CD ratios were fully amorphous
and thus presented no melting temperature. This behavior has already been encountered in a previous
study on furan-based polyesters (Bazin et al., 2021b). Increasing the amount of CD moieties enhances
the degree of randomness of the copolyester and also increases the intrinsic rigidity of the chain
backbone, hindering its potential organization in crystalline phase. Samples with 10 and 20 % of CD
presented a double melting endotherm, suggesting the presence of two crystalline forms in the material.
The T, of the sample logically increased with the CD ratio since its aromatic ring brings rigidity to the
polymer chain. Similar increase in polyesters T4 values due to the insertion of caffeic-based monomers

or other aromatic monomers can be found in the literature (Thi et al., 2009a; Dong et al., 2012).
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Figure 5.5: DSC analysis of the polyesters synthesized with various ratios of CD. Second heating scan,
heating rate: 10 °C.min"'.

The Fox law allows predicting the Ty of a copolymer based on the ratio of the monomers. The
experimental data were plotted and compared to the theoretical data calculated from the Fox law (Figure
5.6). Experimental values for ratios of CD between 20 and 100 % do not tend to fit to the Fox law.
However, this equation estimates the maximum Tg of the polymers. The SEC analysis showed that the
polyesters containing more than 20 % of CD presented a reduced molar mass. According to the Flory-

Fox equation, low molar mass negatively impacts the T4. The experimental value of T4 measured for the
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polymer containing more than 20 % of CD could therefore be lower than expected. Polyesters with a
ratio of CD below 50 % presented high molar masses and are therefore expected to follow the Fox law.
These points were fitted to a Fox law-like equation in order to give an estimation of the maximal T4 of
the polymers that could present underestimated data due to low molar masses. After solving the
equation, a model was constructed with a coefficient of determination R? of 0.998 calculated from the
data of polyesters with a CD ratio below 50 % (Figure 5.6). The maximum T4 of the polyester containing
50, 70 and 100 % of CD were then estimated at -6, 7 and 21 °C, respectively. This model indicated that
an optimization of the synthesis for polyesters with a ratio of CD above 20 % could increase their glass
transition temperature up to 20 °C. This represents therefore an interesting way to improve the thermal

properties and stiffness of the materials.
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Figure 5.6: Glass transition temperature of the polyesters synthesized with various ratios of CD fitted with
Fox laws calculated on all experimental data or extrapolated from first measurements.

The thermal weight loss of the polyesters with different ratios of CD was measured by TGA (Table 5.2
and Figure 5.7). All polyesters presented a two steps thermal degradation with a first step corresponding
to the cleavage of the ester bonds and the degradation of the polymer into CO; with the formation of
char. The second step corresponds to the oxidative degradation of this char. The amount of char and the
steepness of the curve in the second step increased with the ratio of CD. Indeed, aromatic compounds
produce more notably carbonaceous char which induces a more important second degradation step. This
phenomenon has already been observed for common polyesters such as PET (Oh et al., 2006) as well
as in polyesters based on natural cinnamic derivatives (Bazin et al., 2021a). The onset of the degradation
(measured as Tdsy) increased with the content in CD for ratios between 0 and 20 %. This increase in the
thermal resistance is in agreement with the results from other studies (Thi et al., 2009a, 2011; Dong et
al., 2011, 2012). At higher ratio of CD, the Tdsy does not follow a particular trend. Indeed, as depicted
before, these polymers present low molar mass which can cause early degradation of the polymer. The
temperature of the first degradation step is stable for all samples indicating a similar degradation

pathway.
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Figure 5.7: TGA analysis under air of the polyesters synthesized with various ratio of CD. Heating rate: 20
°C.min".

4.4. Photo-crosslinking properties:

(6] I

Scheme 5.3: Reversible photo-crosslinking of the CD-based polyesters under UV light.

As described earlier, CD was shown to undergo [2+2] cycloaddition under UV light at 350 nm. We then
investigated if the reaction also occurred once the monomer was included in the polyester chain, leading
to polymer crosslinking (Scheme 5.3). It was calculated from molar masses values that, for CD ratios
above 5 %, the number of CD per chain was superior to 2. A cycloaddition of the caffeic moieties of
these polymer chains would therefore lead to the formation of a three-dimensional network. A rapid
experiment showed that after short exposition to UV light at 350 nm the obtained polymers were
insoluble in common organic solvents such as THF and CDCls. The crosslinking of the polymer could
therefore not be followed by NMR or SEC analyses. Measuring the absorbance of the sample in the UV
range is a commonly used method to monitor cycloaddition reactions (Thi et al., 2011; Dong et al.,
2012). The conjugated double bond of the cinnamic derivatives causes the sample to absorb light
between 250 and 350 nm. The [2+2] cycloaddition consumes the double bond, thus diminishing the
related absorbance. The polyester containing 10 % of CD was solvent cast on a quartz plate. The
absorbance of the polyester was measured between 500 and 200 nm after different times of exposure to
UV light at 350 nm (Figure 5.8a). The evolution of the maximum of absorbance between 250 and 400

nm was then plotted against the irradiation time (Figure 5.8b).
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Figure 5.8: Measurement of the absorbance of the polyester containing 10 % of CD. a) Absorption spectra
between 500 and 200 nm for various times of UV-A irradiation and b) Evolution of the maximum of
absorption against UV-A irradiation time.

The maximum of absorbance of the sample was measured at 320 nm. This value corresponds to the
maximum of absorbance of the caffeic moieties (Cornard et al., 2004) and can therefore be attributed to
the presence of CD in the polymer. Exposure of the polymer to UV light rapidly decreased the
absorbance of the sample until a plateau was reached at 250 min of irradiation. This decrease could be
assimilated to an exponential decay. A similar trend was observed for the polymer containing 50 % of
CD (Annexes Figure S5.9). These results are in agreement with previous experiments reported in the
literature. Dong et al. (Dong et al., 2011) obtained a full crosslinking after 230 min of irradiation for a
copolymer of caffeic and lithocholic acid. In their study the decrease in absorbance, correlated to the
yield of double bond conversion, was of 80 %. Similar conversion was obtained by Thi et al. (Hang Thi
et al., 2008; Thi et al., 2009a) and a slightly lower conversion was obtained by Li et al. (Li et al., 2015)
(69.7%). In our case, the conversion yields were even higher with 87 and 96 % for the polyesters

containing 10 and 50 % of CD, respectively.

Experiments were performed by exposing the polymer to natural sunlight. The sunlight is composed of
visible as well as UV light that could trigger the crosslinking of the polymer. The absorbance of the
polymer composed of 10 % of CD decreased by 69 % after 7h of exposition to natural sunlight (Annexes
Figure S5.10). This clearly demonstrates that crosslinking of the polymer can therefore be triggered by
both artificial and natural UV light.

The impact of the photo-crosslinking on the properties of the polymer was measured on the polymer
containing 10, 20 and 50 % of CD. Each polymer was photo-crosslinked at 350 nm for 5 hours to ensure
full crosslinking and then immersed in THF. THF is a solvent that, before curing, allows a complete
solubilization of the polymers. After photo-curing the polymers appeared to be insoluble and swelled in

THF (Annexes Figure S5.11). A measurement of gel content was performed on the crosslinked
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polyesters (Figure 5.9). After curing, all the polyesters presented an insoluble fraction above 70 %. Thus,
a majority of the material was fully crosslinked by UV irradiation. The polyesters with 20 and 50 % of
CD presented similar results and the larger insoluble fraction (around 86 %). The polyester containing
10 % of CD presented a lower insoluble fraction. This result tends to indicate that the polymer containing
10 % of CD was less efficiently crosslinked that those having higher CD ratios. Indeed, among the
considered polyesters, it is the one which contains the lowest theoretical amount of CD per chain which

will thus induce a lower probability to obtain full crosslinking.
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Figure 5.9: Soluble (in THF) and insoluble fractions of polyesters synthesized with various ratios of CD
after crosslinking under UV light at 350 nm and swelling in THF for 48h.

The soluble fractions of the polymers containing 10 and 20 % of CD were large enough to be analyzed
by NMR spectroscopy and SEC (Annexes Figure S5.12 and Figure S5.13). Interestingly, NMR analysis
showed that the recovered soluble polymer exhibited only faint traces of CD with no signal
corresponding to the double bonds of CD. Moreover, the molar mass of the recovered polymer was
lower than the pre-cured polyesters (Mn = 10 200 and 7 600 g.mol* compared to 14 600 and 12 600
g.mol? for the polyesters containing 10 and 20 % of CD, respectively). The soluble fraction could
therefore consist of low molar mass chains containing little or no CD and thus unable to participate in
the photo-crosslinking. The probability to obtain such chains increases when the ratio of CD decreases
in the feed. Moreover, this confirms that, as shown by UV absorption, the conversion of the caffeic

moieties double bonds into cyclobutane rings seems complete in the material.

The insoluble fractions in THF of the polyesters were analyzed by FTIR spectroscopy (Annexes Figure
S5.14). The bands at 2937, 1727, 1598 and 1510 cm-?, corresponding to the stretching of C-H, the C-O
in the carbonyl and the C-C of the aromatic, remained unchanged. The general structure of the polyester
backbone thus seemed unaffected. However, the band at 1632 cm-! corresponding to the stretching of
the C=C of the CD double bond was no longer present. This confirms that the obtained crosslinking of
the polyester is caused by the transformation of the CD double bond by [2+2] cycloaddition. These

results are in perfect agreement with previous observation from the literature (Haddleton et al., 1989).

The [2+2] cycloaddition has been described as a reversible reaction (Curme et al., 1967). The bonds that

are formed under irradiation at 350 nm can then be broken after irradiation at 254 nm. It is this
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phenomenon that allows the production of MSM from polymer containing cinnamic derivatives. The
reversibility of the crosslinking of the CD-based polyesters was therefore evaluated. A film of the
polyester containing 10 % of CD was crosslinked under UV at 350 nm for 250 minutes. The film was
then exposed to UV light at a wavelength of 254 nm (UV-C) for 5 minutes. The absorbance of the film
was measured before and after each step of irradiation (Figure 5.10). The absorbance of the polymer
film increased after being exposed to UV-C, suggesting that double bonds are generated from the
splitting of cyclobutane ring. A maximum absorbance value of 47 % of the original one before photo-
crosslinking was measured after only 5 minutes of UV-C irradiation. Longer times of irradiation did not
increase further the absorbance of the polymer. Thus, the reverse reaction takes place faster than the
direct cycloaddition reaction. This faster kinetics could be attributed to the higher energy of UV-C light
when compared to UV-A. However, the reverse reaction seems incomplete as only part of the original
absorbance is regained after UV-C irradiation. A similar trend was observed for the polymer containing
50 % of CD (Annexes Figure S5.15).

= Beforc

Absorbance (0.D.)

T 1 1
200 300 400 500

Wavelength (nm)

Figure 5.10: Absorption spectra of the polyester containing 10 % of CD before irradiation, after irradiation
under UV-A (250 min at 350 nm) and after subsequent irradiation under UV-C (5 min at 254 nm).

The insoluble part (in THF) of the polymer containing 10, 20 and 50% of CD after irradiation by UV-A
was exposed to UV-C light. FTIR analysis showed the reappearance of bands at 1632 cm confirming
the reversibility of the cycloaddition (Annexes Figure S5.16). However, only partial solubility of the
sample was obtained. Incomplete reverse reactions has already been observed in the literature (Tanaka
et al., 1977) and could be caused by irreversible side reactions triggered by UV light. However, the
ability of the light to penetrate the sample might also be an important parameter. Further investigation
will be performed on the ability of the material to undergo several cycles of reversible photo-

crosslinking and to behave as a memory-shape material.
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5. Conclusion

Caffeic acid, a natural phenolic compound, was successfully converted with ethylene carbonate
into a new caffeic diol (CD). This CD was then essayed for lipase-catalyzed polymerization with 1,6-
hexanediol and diethyl adipate in different ratio using CALB as catalysts. FTIR and NMR analyses
showed that for CD ratios above 10 %, the ester of the CD did not react, and no crosslinking was
observed. Structural characterization of the obtained materials confirmed that linear polyesters of high
molar masses (Mw up to 28 000 g.mol*) were obtained with statistical inclusion of CD within the
polymer chains. The obtained biobased aromatic polyesters therefore present a peculiar structure, with
a pendant a,p-unsaturated ester. Such structure could not be obtained through conventional
organometallic catalysis and can only be achieved thanks to the selectivity of CALB towards the
hydroxyl groups of the caffeic diol monomer. In accordance with the literature, determination of the
polyesters thermal properties showed that inclusion of the CD in the polymeric structure improved its
thermal resistance (with Tase above 350 °C) and glass transition temperature (with a T4 up to 12 °C). At
low content of CD of 5%, a supposed minor crosslinking of the polyester resulted in higher molar
masses, with M,, of 65 100 g.mol. On the other hand, high CD ratios led to reduced molar masses

(down to M, = 7 100 g.mol?) due to a possible inhibitory effect of the caffeic diol.

After their irradiation under UV light at 350 nm, polyesters with CD ratios between 10 and 50
% became insoluble in THF, attesting for the crosslinking of the polymer. This crosslinking resulted
from the [2+2] cycloaddition of the double bonds of the CD moieties. The UV-mediated crosslinking
by cycloaddition was complete after 250 minutes of irradiation and reached up to 96 % of conversion.
Swelling tests on the polyesters after irradiation showed that the polymers with a high CD ratio presented
a higher content of insoluble fraction. On the contrary, polyesters with a low CD ratio presented soluble
fraction in THF composed of low molar mass chains, with only traces amount of CD, which therefore

were not crosslinked during irradiation.

Upon irradiation to a lower wavelength (254 nm), the reverse reaction to the cycloaddition
occurs, leading to partial decrosslinking, as confirmed by UV absorbance measurement and FTIR
analysis. However, under these conditions, the reverse reaction was shown to be incomplete probably
due to the difficulty for light to penetrate the material. Further investigation will be conducted to assess
the ability of the material to undergo multiple reversible photo-crosslinking cycles and to be used as
memory-shape materials. Further modification of the CD (with different ester moieties) could also be
investigated in order to bring new properties to the materials. Thus, this peculiar structure obtained
thanks to the selectivity of CALB paves the way for the synthesis of biobased aromatic polyesters with

advanced and innovative properties.
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Conclusion chapitre 5

Ce dernier chapitre a porté sur I’étude de la réactivité des dérivés d’acide caféique en
polymeérisation enzymatique. L’acide caféique, qui posséde une structure trés proche de celle de ’acide
férulique, doit lui aussi étre modifié afin d’en faire un monomére difonctionnel réactif vis-a-vis de la

CALB et ainsi permettre sa polymérisation.

Apreés estérification, 1’acide caféique a été modifié avec succés par 1’éthyléne carbonate et
converti en un diol entiérement biosourcé. Cette molécule n’avait, & notre connaissance, encore jamais
été étudiée. Toutefois, la synthése de ce diol caféique (CD) nécessite I’emploi de DMF, un solvant
toxique. Aussi une optimisation de cette voie de synthése vers des conditions plus vertes est une voie

d’amélioration qu’il conviendrait d’envisager.

La capacité du CD ainsi formé a polymeériser par catalyse enzymatique a ensuite été étudiée.
Plusieurs copolyesters ont été obtenus en associant le CD au diéthyl adipate (DEA). L ajout d’un second
diol, tel que le 1,6-HDO, a permis de faire varier la proportion de CD afin d’étudier son influence sur
Iactivité en polymérisation de la CALB. Pour des teneurs en CD supérieures ou égales a 10%, des
chaines polyesters linéaires avec des groupements esters pendants insaturés ont été obtenues, confirmant
le réle de la sélectivité de la CALB dans le controle de la structure du polymere. Des polyesters
possédant des masses molaires élevées et comparables a celles de leurs homologues aliphatiques ont été
obtenus. Comme cela a été décrit dans les chapitres précédents, ’insertion d’unités aromatiques au sein

des chaines permet d’augmenter les propriétés thermiques du matériau.

De par leur double liaison pendante, les matériaux synthétisés ont montré des propriétés
intéressantes de photo-réticulation sous irradiation par les UV-A. Cette propriété semble cependant
dépendante du taux de CD dans le matériau et de 1’épaisseur de ce dernier. Cette réticulation du matériau
s’est trouvée étre partiellement réversible sous ’effet d’un rayonnement UV -C. Les propriétés de ces
systemes devront étre étudiées plus en détail, en lien avec de potentielles applications telles que
I’¢élaboration de matériaux a mémoire de forme. La réversibilité de la réticulation sous rayonnement UV
pourrait également permettre d’envisager 1’élaboration de polymeéres pour la libération de substances
actives de maniére ciblée dans le corps. Une étude de la biocompatibilité de ces matériaux serait alors a

considérer.
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Conclusion générale et perspectives

Cette these, dirigée par le Dr Eric Pollet, a été financée par une bourse obtenue aupres de 1’école
doctorale de physique et chimie physique de Strasbourg (ED182). Le travail de recherche a été réalisé
dans I’équipe BioTeam, dirigée par le Pr. Luc Avérous, au sein de I’Institut de Chimie et Procédés pour
1’Energie, I’Environnement et la Santé (ICPEES-UMR7515). Les perturbations engendrées par la crise
sanitaire du COVID-19 ont entrainé une prolongation de deux mois de cette these. Le sujet de recherche
alliant chimie de synthése, biocatalyse et physico-chimie des polyméres a pour but de fournir une
meilleure compréhension des possibilités de la synthese de polyesters aromatiques par catalyse

enzymatique a partir de monomeéres issus de la biomasse.

Ce projet s’inscrit dans la continuité des recherches effectuées au sein de la BioTeam portant
sur la synthése de polymeres par catalyse enzymatique. Plusieurs études avaient ainsi permis d’étudier
en détail la réactivité en catalyse enzymatique de monomeéres aliphatiques tels que le 1,4-butanediol ou
I’acide adipique par polycondensation ou encore celle de 1’e-caprolactone par polymérisation par
ouverture de cycle. Ce travail de thése a cependant été centré sur I’utilisation de nouveaux monomeres
aromatiques afin de produire des polyesters aux propriétés thermiques plus élevées. En pleine
adéquation avec la thématique de recherche de I’équipe, 1’utilisation de monoméres contenant une large
proportion de carbone renouvelable a naturellement été considérée. Cette démarche s’inscrit également

dans une volonté de produire des matériaux s’inscrivant dans une logique d’économie circulaire.

Le premier chapitre de ce manuscrit, présentant 1’état de 1’art sur le sujet de recherche, est
constitué d’un sous chapitre permettant d’introduire les nombreuses thématiques abordées dans ce
projet. Cette premiére partie de chapitre met ainsi en lumiére I’importance des matériaux polymeéres et
plus précisément des polyesters dans notre quotidien. Elle souligne également I’importance actuelle des
polyesters dans I’¢laboration de matériaux biosourcés et biodégradables. En effet, les polyesters
profitent tout d’abord d’une grande diversité de monomeéres pouvant étre issus de la biomasse. Ensuite,
leurs liaisons hydrolysables facilitent leur recyclage chimique ou leur biodégradation. Un grand nombre
d’études portent sur le remplacement du PET, le polyester d’origine fossile le plus utilis¢ aujourd’hui,
par des alternatives biosourcées. Cependant, comme souligné dans ce sous-chapitre 1.1, la synthese des
polyesters fait généralement appel a [’utilisation de hautes températures et de catalyseurs
organomeétalliques qui peuvent avoir un fort impact environnemental ou sanitaire. La catalyse
enzymatique représente donc comme une alternative plus douce et plus écologique. La remarquable
activité catalytique des lipases et notamment de la CALB est ainsi soulignée. La popularité de cette
enzyme repose notamment sur son importante résistance aux solvants organiques et a des températures
supérieures a 100 °C ainsi qu’a un site actif permettant d’accueillir et de convertir un large éventail de
substrats. De plus, sous sa forme immobilisée, la CALB est facile a manipuler et peut-étre réutilisée

dans un grand nombre de cycles réactionnels. Plusieurs études portant sur la synthése de polyesters
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biosourcés catalysée par la CALB sont ensuite présentées dans une partie du sous-chapitre 1.1. Cette
polyesters. L’influence de la structure du substrat et des conditions réactionnelles sur I’activité de
I’enzyme est discutée puisque cette derniére a une influence directe sur la masse molaire et donc sur les
propriétés du polymeére obtenu. Des monomeéres en grande majorité aliphatiques ont ainsi été étudiés
dans la littérature, produisant des polyesters avec une T4 et un module trés inférieur a ceux du PET. La
littérature fait également état de polyesters aromatiques a base de furane synthétisés par catalyse
enzymatique et qui présentent des T4 supérieures a la température ambiante. Toutefois, les travaux sur
la polymérisation enzymatique de monomeéres aromatiques restent rares et seuls quelques dérivés

aromatiques de la lignine ont été étudiés.

11 est pourtant possible d’extraire un grand nombre de molécules plateforme aromatiques de la
biomasse lignocellulosique et notamment des composés phénoliques. Ces molécules pourraient ainsi
étre utilisées pour la production de polyesters aromatiques biosourcés par catalyse enzymatique. De ce
fait, le sous-chapitre 1.2 présente une étude bibliographique qui porte sur la réactivité de divers
composés aromatiques phénoliques issus de la biomasse lignocellulosique engagés de maniére plus large
dans des réactions d’estérification et de transestérification. Ces dérivés phénoliques ont été répartis en
trois catégories distinctes : les dérivés cinnamiques, les composés benzoiques et les dérivés d’acide
gallique. Ces composés sont largement étudiés en estérification et transestérification afin d’¢élaborer des
molécules pouvant étre utilisées comme antioxydant, anti-UV mais également a des fins thérapeutiques.
La structure de ces composés et notamment la nature et la position des groupements situés sur leur cycle
aromatique influencent grandement leur réactivité vis-a-vis de I’enzyme. A titre d’exemple, les
groupements hydroxyles ont un effet plus délétére que les méthoxyles sur I’activité enzymatique. Cette
sélectivité serait essentiellement imputable a des effets électroniques plutdt qu’a de la géne stérique. La
sélectivité d’une enzyme dépend cependant de sa nature, conditionnée par son origine. De ce fait, de
nombreuses d’enzymes ont été étudiées pour leur activité d’estérification et de transestérification de
composés phénoliques naturels. Si la CALB a été utilisée dans un trés grand nombre d’études, d’autres
enzymes comme les lipases de Rhizomucor miehei ou de Thermomyces lanuginosus ont montré une
activité intéressante avec parfois des conversions supérieures a 90 %. Des hydrolases spécifiques aux
dérivés cinnamiques (les acide férulique esterases, FAE) et spécifiques a I’acide gallique (les tannases)
ont egalement été décrites. Les conditions réactionnelles jouent également un réle trés important sur
I’activité de I’enzyme. C’est notamment le cas des propriétés du solvant (polarité, nature, activité en
eau...) dont I’influence a été étudiée en détail. Cette étude bibliographique a également permis de
déterminer que la réactivité des dérivés benzoiques était généralement plus faible que celle des dérivés
cinnamiques dans ces estérifications et transestérifications enzymatiques. Si I’acide gallique est un
dérivé d’acide benzoique, il a été discuté dans une partie séparée du fait de 1’originalité de sa source (les

tannins) et de son utilisation spécifique avec les tannases.
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Le chapitre 1.1 a mis en lumiére la forte utilisation des furanes pour la synthése de polyesters
aromatiques biosourcés, mais également la problématique des faibles masses molaires obtenues par
catalyse enzymatique. L’étude présentée au chapitre 2 s’attarde donc sur la compréhension de ce
phénoméne et la présentation d’une solution possible. Un diester de furane, le diméthyle
furanedicarboxylate, a été co-polymeérisé avec le 1,6-hexanediol et le diéthyle adipate en tant que second
diester aliphatique. En faisant varier le ratio entre les deux diesters, il a été montré que des taux de
monomere furanique aromatique jusqu’a 70 % n’entrainent pas de diminution significative des masses
molaires. Des polyesters aromatiques possédant une M, de 19 400 g.mol* ont ainsi été obtenus (en
comparaison d’une M, de 19 000 g.mol* pour le polymére aliphatique). Pour des taux de monomere
aromatique supérieurs a 70 %, la précipitation du polymeére dans le milieu réactionnel semble
responsable de I’arrét de la croissance des chaines polyméres. Ce phénomeéne, exacerbé par la
substitution du 1,6-hexanediol par le 1,4-butanediol, parait étre en majorité responsable des faibles
masses molaires obtenues par polymérisation enzymatique de dérivés de furane. De nouveaux solvants
permettant de solubiliser les substrats aromatiques durant la polymeérisation enzymatique ont donc été
étudiés. Parmi plusieurs solvants de polarités variées, 1’anisole et 1’acétophénone se sont montrés
particulierement efficaces pour solubiliser ou tout du moins retarder la précipitation du polymére en
croissance. Ces solvants alternatifs ont ainsi permis 1’obtention de polyesters de masses molaires plus
importantes et présentant des propriétés thermiques supérieures avec des T allant jusqu’a 17°C et donc

proches de la température ambiante.

Le chapitre 2 montre donc que, malgré les limitations qui viennent d’étre rappelées, la CALB
présente une activité importante vis-a-vis des dérivés furanes et ceci malgré leur aromaticité et donc leur
structure fortement éloignée de celle du substrat naturel des lipases (les triglycérides). Dans le chapitre
3, la réactivité d’un autre substrat aromatique biosourcé, 1’acide férulique, est alors étudiée. Une fois
convertis en diesters de longueurs variables, les dérivés d’acide férulique ont montré une faible réactivité
au contact de la CALB et du 1,4-butanediol. Cette faible réactivité est cependant en accord avec les
observations de la littérature décrites dans le chapitre 1.2 et serait intrinséque a la structure de ’acide
férulique. Dans ce cas, la conjugaison du cycle aromatique avec la double liaison et le carbonyle,
stabilise ce dernier et rend la fonction acide ou ester correspondante tres peu réactive. Ce phénomene
s’est réveélé étre un frein a la production de polyesters de masses molaires importantes puisque des DP,,
ne dépassant pas 5 ont été obtenus. Afin de résoudre ce défaut de réactivité, deux méthodes de
modification de la structure des diesters féruliques ont été étudiées. La premiere, [’hydrogénation,
permet I’obtention de polyesters aromatiques de masse molaire élevées avec des DP, allant jusqu’a 58.
Il est intéressant de noter que le monomeére hydrogéné le plus court entraine les masses molaires les plus
élevées. La réduction des diesters férulique conduit également a des polyesters aromatiques de masses
molaires élevées (DP, jusqu’a 19) et la rigidité apportée par la double liaison, qui est conservée dans ce

cas, engendre des T proches de la température ambiante (jusqu’a 21 °C contre 7°C pour les monomeéres
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hydrogénés). On peut également noter que I’acétophénone, dont les bonnes propriétés de solubilisation

ont été décrites au chapitre 2, a été employée avec succeés afin de solubiliser ces monomeres.

Il a donc ét¢ montré que I’acide férulique est une molécule plateforme intéressante pour la
synthése enzymatique de polyesters aromatiques. Sa structure et notamment la délocalisation
électronique au sein du monomere est cependant un frein a sa réactivité. Dans le quatrieme chapitre de
ce manuscrit, la cycloaddition [2+2] a été étudiée comme méthode alternative afin de transformer les
dérivés d’acide féruliques en diméres polymérisables par la CALB. Cette voie de synthese des dimeéres
présente ’avantage d’étre réalisée sous irradiation UV, donc dans des conditions relativement douces et
respectant le principe d’économie d’atomes. Dans le sous-chapitre 4.1, il est ainsi montré que la structure
cristalline des substrats utilisés a un impact important sur leur capacité a photo-dimériser. Deux dérivés
d’acide férulique, I’acide p-acétylférulique et un diester d’acide férulique (DeFA'"), présentent des
rendements de dimérisation quasi quantitatifs. Dans un second temps, la substitution du cyclohexane
employé comme solvant par de I’eau a ét€ menée avec succes et rend ainsi la réaction d’autant plus
compatible avec les principes de la chimie verte. Pour des raisons d’encombrement stérique, seul le
dimére de diester d’acide férulique (DDeFA'") peut étre converti en polyesters par la CALB au contact
de diols. La présence de quatre fonctions ester sur le DDeFA'" devrait mener a la synthése de polymeéres
réticulés. Cependant, grace a la sélectivité de la CALB vis-a-vis des deux types de fonctions ester, ce
dimére de diester d’acide férulique a été converti en polyesters linéaires porteurs de fonctions esters
pendantes. Des polymeéres de M, élevées (jusqu’a 28 200 g.mol) ont été obtenus en 24 heures (contre
72 heures classiqguement). Ces masses molaires sont comparables a celles obtenues dans le cas de la
synthése enzymatique des polyesters aliphatiques. Les polyesters ainsi formés présentent les T les plus
élevées observées dans cette étude, dépassant méme la température ambiante (jusqu’a 34°C). Enfin,
grace a la réversibilité de la cycloaddition [2+2], les polyesters ont pu étre photo-dépolymérisés sous
UV en oligomeres. Les propriétés thermiques élevées ainsi que la photo-dépolymérisation aisée de ces

polyesters en font des matériaux particuliérement innovants et prometteurs.

Comme dans le chapitre précédent, la sélectivité de la CALB est mise a profit dans le chapitre
5 pour la synthése d’autres polyesters aromatiques biosourcés innovants. Grace a une nouvelle voie de
synthése mise au point dans ce projet, ’acide caféique a été converti par le carbonate d’éthyléne en un
diol entiérement biosource. Ce diol présente une fonction ester o, -insaturée pendante tres peu réactive
vis-a-vis de la CALB ce qui est en parfait accord avec les observations décrites au chapitre 1.1 et au
chapitre 3. Grace a la sélectivité de la CALB, ce diol peut donc étre considéré comme un monomere
difonctionnel et sa réactivité en polymérisation a été étudiée. Des polyesters de masse molaire
équivalente a celle des polyesters aliphatiques correspondants ont la aussi été obtenus avec des M, allant
jusqu’a 19 000 g.mol* en 24 h de réaction. Deux phénomenes concurrents peuvent cependant étre
remarqués. Premieérement, I’augmentation du ratio de diol caféique entraine une diminution de la masse

molaire des polymeres. Ce phénoméne pourrait étre engendré par une possible inhibition de I’enzyme
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par ce monomére. Ensuite, pour des taux de diol caféique inférieurs a 10 %, une possible réactivité de
I’ester pendant du diol pourrait entrainer une réticulation partielle du polymere et ainsi donner des
polymeéres hyper-ramifiés. Ces polymeéres présentent alors des masses molaires et des polydispersités
tres élevées. Tous les polyesters obtenus sont cependant solubles dans les solvants organiques courants
tels que le chloroforme ou le THF. L’ajout d’unités aromatiques dans la chaine a permis une
augmentation des propriétés thermiques du polymere. La Ty des matériaux (jusqu’a 12°C) ne dépasse
cependant pas la température ambiante. Deux raisons peuvent expliquer ce phénomene : premiérement,
la présence d’un groupe pendant diminue la T du polymére. Ensuite, les polymeéres avec le plus haut
taux de monomere aromatique sont également ceux présentant la masse molaire la plus faible, abaissant
leur Tg. Les matériaux obtenus ont cependant montré des propriétés intéressantes de photo-réticulation.
En effet, I’irradiation des polyesters sous un rayonnement UV a une longueur d’onde de 350 nm entraine
la cycloaddition des doubles liaisons pendantes issues du diol caféique. Les polyesters se retrouvent
alors réticulés et ne sont en majeure partie plus solubles. Cette réticulation peut cependant étre
partiellement réversible par irradiation a une longueur d’onde plus faible. Ces polyesters synthétisés par
catalyse enzymatique présentent donc des propriétés avancées de photo-réticulation réversible et
pourraient étre employés dans des procédés d’impression « 4D » ou pour du relargage ciblé de

substances actives.

En résumé, les études présentées dans ce manuscrit mettent en avant la bonne réactivité de divers
synthons aromatiques biosourcés vis-a-vis de la CALB. Cette importante réactivité peut étre mise au
profit de la synthése de polyesters aromatiques afin de produire, de maniére plus douce et plus slire que
par les méthodes classiques, des matériaux biosourcés présentant de hautes propriétés thermiques. La
modification de molécules plateformes telles que 1’acide férulique ou I’acide caf€ique s’est révélée étre
une stratégie pertinente pour 1’obtention de polyesters aromatiques présentant des masses molaires
équivalentes a celles de leurs homologues aliphatiques, mais avec des propriétés thermiques supeérieures.
De plus, 'importante sélectivité de la CALB permet la synthése de polyesters a la structure atypique et
présentant des propriétés particulieres comme celle de photo-réticulation ou de photo-clivage des
chaines. Ces propriétés en font des matériaux innovants et prometteurs qui pourraient justifier le codt

actuellement encore supérieur de la catalyse enzymatique comparée a la catalyse organométallique.

L’ensemble des travaux de cette thése a déja donné lieu a la publication de deux articles dans
les journaux European Polymer Journal et Polymers. Par ailleurs, trois articles seront prochainement
soumis pour publication. Un article supplémentaire, publié dans ChemSusChem, a également été réalisé
en collaboration avec la Dr Audrey Magnin et porte sur le recyclage, par polymérisation enzymatique,

de monomeres issus de la dégradation de polyuréthanes.
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Perspectives a ce projet :

Ce travail de thése constitue un premier pas vers 1’élaboration de nouveaux matériaux polyesters
biosourcés par une méthode de catalyse douce. Les résultats obtenus et décrits dans ce manuscrit ouvrent

plusieurs perspectives quant a I’avenir de ces matériaux.

Dans un premier temps, il serait intéressant de caractériser les propriétés mécaniques des
matériaux et notamment 1’influence de la proportion et de la nature des unités aromatiques sur ces
derniéres. En effet, a titre d’exemple, le module d’Young d’un polyester est grandement affecté par son
aromaticité. L’ajout de monomeres aromatiques comme le FDCA, I’acide férulique ou I’acide caféique
dans des structures polyesters aliphatiques devraient permettre une augmentation du module et plus
globalement de la résistance mécanique de ces matériaux. Ceci permettrait ainsi d’élargir le domaine
d’application des polyesters synthétisés par catalyse enzymatique. Les propriétés mécaniques des
matériaux obtenus dans cette étude pourraient ainsi étre comparées a celles des matériaux polymeéres
employés aujourd’hui afin de cibler leurs domaines d’applications potentielles. Ainsi, viser un domaine
d’application spécifique tel que I’emballage ou le textile permettrait de dresser un cahier des charges

précis des propriétés attendues et vers lequel orienter les efforts de recherche.

Il serait également pertinent d’investiguer les propriétés de biodégradabilité des matériaux
synthétisés et présentés dans ce manuscrit. En effet, il est important de considérer le bilan
environnemental des matériaux dans 1’ensemble de leur cycle de vie, « du berceau a la tombe ». De plus,
les comonomeéres employés comme 1’acide adipique ou le 1,6-hexanediol sont connus pour faciliter la
biodégradabilité des matériaux polyesters. De bonnes propriétés de biodégradabilité inscriraient d’autant
plus ces matériaux dans une logique d’économie circulaire et environnementale. D’autre part, les
propriétés de biodégradabilité et de compostabilité des polyesters sont recherchées pour certains types
d’applications et pourraient constituer des arguments supplémentaires pour la compétitivité des

matériaux synthétisés.

Un parametre crucial qui reste cependant a prendre en compte est la capacité de montée en
échelle des procédés de synthese de ces polyesters. En effet, I’ensemble des études de cette thése s’est
limité a des synthéses a 1’échelle du gramme. Une étude de la littérature montre cependant la viabilité
de la catalyse enzymatique pour la synthése de polyesters a 1’échelle de la tonne. Les nombreux procédes
de synthese de polyesters aromatique décrits dans ce manuscrit ainsi que dans la littérature forment déja
une base solide pour étudier leur montée en échelle. Parallelement a ces travaux, une étude de la montée
en échelle des méthodes d’extraction ou de production des monomeres aromatigques biosourcés pourrait
étre menée. A titre d’exemple, de nombreuses études s’intéressent & la viabilité de la production de

FDCA ou de I’extraction de I’acide férulique.

L’étude des enzymes employées pour la synthése de polyesters aromatiques semble également

une perspective intéressante et nécessaire a ce projet. En effet, les mécanismes régissant 1’activité de
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I’enzyme au contact de monoméres aromatique ne sont pas entiérement compris et pourraient étre
éclairés, par exemple, au moyen de travaux de modélisation. Il serait ainsi possible d’étudier en détail
la configuration des monomeres dans le site actif de 1’enzyme et éventuellement d’optimiser in silico
leur structure pour optimiser ’activité enzymatique. L’investigation de nouvelles sources de d’enzymes
pourrait également permettre de pousser plus loin la masse molaire des polyesters obtenus. Comme
indiqué dans le chapitre 1, une grande variété d’enzymes capable de catalyser la synthése de polyesters
a été identifiée. A titre d’exemple, les cutinases attirent aujourd’hui beaucoup d’attention de par leur
intéressante activité catalytique. Les lipases de Rhizomucor miehei ou de Thermomyces lanuginosus
pourraient également étre des enzymes de choix. L’ingénierie de protéines « sur mesure » par des
méthodes telles que 1’évolution dirigée pourrait également étre appliquée a la synthése enzymatique de
polyesters afin d’améliorer les rendements et la résistance des enzymes. Enfin, le développement de
méthodes d’immobilisation de I’enzyme est également une voie d’amélioration des rendements de
réaction et pourrait également faciliter I’emploi des biocatalyseurs, favorisant la production a large

échelle de ces polyesters.

Enfin, le champ d’application des stratégies de syntheses mises en place dans cette thése pourrait
étre développé plus en détails. C’est le cas notamment de la synthése de matériaux biosourcés UV-
sensibles synthétisés grace a la bonne réactivité en cycloaddition [2+2] des dérivés d’acide cinnamiques
et a la sélectivité de la CALB. Au-dela de I’intérét évident pour leur recyclage efficace, les matériaux
pouvant étre dépolymérisés a la demande, comme exposé au chapitre 4, ou pouvant étre réticulés de
maniére réversible, comme démontré au chapitre 5, pourraient servir au relargage contr6lé de substances
actives dans le domaine biomédical. Une étude de la biocompatibilité de ces matériaux serait alors
nécessaire. De tels matériaux pourraient également étre employés dans le domaine de 1’impression 3D
et 4D. En effet, les propriétés de photo-dépolymeérisation ou de photo-réticulation alliées a la synthese
en conditions douces et a la nature majoritairement biosourcée de ces polyesters sont des atouts majeurs

pour I’élaboration de structures complexes en impression 3D/4D par fusion de filament.
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NMR spectra of PHAd-co-PHF containing from 0 to 100 % of DMFDC
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Figure S2.1: NMR spectrum of PHAd in CDCl3
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Figure S2.2: NMR spectrum of PHF10 in CDCls

267



Annexes Chapitre 2 (supporting information)

3
8
TT  1H(€DQ3, 400 MHz) AL T
|
|
|
1
|
|
i ! )
! i "
T I T T
H H 583 g B g 8
= o “cS o S < = s
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1
(ppm)

Figure S2.3: NMR spectrum of PHF30 in CDCl;
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Figure S2.4: NMR spectrum of PHF50 in CDCl3
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Figure S2.5: NMR spectrum of PHF70 in CDCl3
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Figure S2.6: NMR spectrum of PHF90 in CDCls3
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Figure S2.7: NMR spectrum of PHF in CDCl;

2D NMR analyses of PHF50
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Figure S2.8: COSY NMR analysis of PHF50 in CDCl;3
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Figure S2.9: HSQC NMR analysis of PHF50 in CDCl;
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Figure S2.10: HMBC NMR analysis of PHFS50 in CDCl3
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NMR spectra of PBAd-co-PBF containing from 0 to 100 % of DMFDC
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Figure S2.11: NMR spectrum of PBAd in CDCl3
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Figure S2.12: NMR spectrum of PBF10 in CDCl3
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Figure S2.13: NMR spectrum of PBF30 in CDCl3
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Figure S2.14: NMR spectrum of PBF50 in CDCl3
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Figure S2.15: NMR spectrum of PBF70 in CDCI3
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Figure S2.16: NMR spectrum of PBF90 in CDCI3
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Figure S2.17: NMR spectrum of PBF in CDCl;

SEC analyses of PHAd-co-PHF containing from 0 to 100 % of DMFDC
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Figure S2.18: SEC elution curves of the PHAd-co-PHF. The intensities have been normalised by area.
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Table S2.1: Results of SEC analysis for the PHAd-co-PHF containing from 0 to 100 % of DMFDC.

Sample Ratio of DMFDC  Ratio of DEA  Mn (g.mol™) Mw (g.mol?) b

name (%) (%)

PHAd 0 100 19 000 33 500 1.76
PHF10 10 90 18 600 28 500 1.53
PHF30 30 70 18 300 38 800 211
PHF50 50 50 18 000 29 804 1.65
PHF70 70 30 19 400 34 400 1.77
PHF90 90 10 6100 8700 1.42

PHF 100 0 4100 5200 1.29

SEC analyses of PBAd-co-PBF containing from 0 to 100 % of DMFDC
4000 -
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-?, 3000 - —PBAd
2 2500 | ——PBF10
£
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Figure S2.19: SEC elution curves of the PBAd-co-PBF. The intensities have been normalised by area.

Table S2.2: Results of SEC analysis for the PBAd-co-PBF containing from 0 to 100 % of DMFDC.

Sample Ratio of DMFDC  Ratio of DEA My (g.mol?) Mw (g.mol?) D
name (%) (%)

PBAd 0 100 16 600 34700 2.08
PBF10 10 90 16 800 33100 1.96
PBF30 30 70 11 100 19 500 1.73
PBF50 50 50 10 200 17 500 171
PBF70 70 30 6 200 10 400 1.68
PBF90 90 10 2 800 4300 1.50

PBF 100 0 2 000 2400 1.20
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DSC analyses of PHAd-co-PHF containing from 0 to 100 % of DMFDC

— pHAd
—— PHFID
——— PHF3D
—— FAtr
J\ JR—T
—— FHF
N |
11 A
2
E 1| Y
= | Y.V
3 -5
[
- T
(1]
1]
I
|
-15 T T T T
-80 -30 20 70 120 1
Exo Up Temperature (°C)

0

Universal V4.54 TA Instruments

Figure S2.20: Stacked representation of the DSC analyses of the PHAd-co-PHF with various proportions of
DMFDC. The heating was 10°C/min and the cooling rate 5°C/min.
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Figure S2.21: Stacked representation of the MDSC analyses of the PHAd-co-PHF with various proportions
of DMFDC. The heating rate was 2°C/min modulated with an amplitude of 1.20°C every 60 seconds.
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DSC analyses of PBAd-co-PBF containing from 0 to 100 % of DMFDC
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Figure S2.22: Stacked representation of the DSC analyses of the PBAd-co-PBF with various proportions of
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Figure S2.23: Stacked representation of the MDSC analyses of the PBAd-co-PBF with various proportions
of DMFDC. The heating rate was 2°C/min modulated with an amplitude of 1.20°C every 60 seconds.
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TGA of PHAd-co-PHF containing from 0 to 100 % of DMFDC
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Figure S2.24: Weight loss curves of the PHAd-co-PHF with various proportions of DMFDC from TGA with
a heating rate of 10°C/min. Each curve is offset by 4 wt.% from the previous one.
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Figure S2.25: Derivative weight loss curves of the PHAd-co-PHF with various proportions of DMFDC from
TGA with a heating rate of 10°C/min. Each curve is offset by 1 unit from the previous one.
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TGA of PBAd-co-PHF containing from 0 to 100 % of DMFDC
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Figure S2.26: Weight loss curves of the PBAd-co-PBF with various proportions of DMFDC from TGA with
a heating rate of 10°C/min. Each curve is offset by 4 wt.% from the previous one.
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Figure S2.27: Derivative weight loss curves of the PHAd-co-PHF with various proportions of DMFDC from
TGA with a heating rate of 10°C/min. Each curve is offset by 1 unit from the previous one.
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MDSC analyses of PHF and PBF synthesized in different solvents
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Figure S2.28: Stacked representation of the MDSC analyses of the PHF synthesized in different solvents.
The heating rate was 2°C/min modulated with an amplitude of 1.20°C every 60 seconds.
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Figure S2.29: Stacked representation of the MDSC analyses of the PBF synthesized in different solvents.
The heating rate was 2°C/min modulated with an amplitude of 1.20°C every 60 seconds.
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DSC analyses of PHF and PBF synthesized in different solvents
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Figure S2.30: Stacked representation of the DSC analyses of the PHF synthesized in different. The heating
was 10°C/min and the cooling rate 5°C/min.
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Figure S2.31: Stacked representation of the DSC analyses of the PBF synthesized in different. The heating
was 10°C/min and the cooling rate 5°C/min.
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NMR spectra of PHF synthesized in different solvents
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Figure S2.32: NMR spectrum of PHF synthesized in diphenyl ether in CDCls.
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Figure S2.33: NMR spectrum of PHF synthesized in toluene in CDCls.
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Figure S2.34: NMR spectrum of PHF synthesized in phenetole in CDCls.
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Figure S2.35: NMR spectrum of PHF synthesized in anisole in CDClL.
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Figure S2.36: NMR spectrum of PHF synthesized in acetophenone in CDCls.
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Figure S2.37: NMR spectrum of PHF synthesized in cyclohexanone in CDCls.
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NMR spectra of PBF synthesized in different solvents
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Figure S2.38: NMR spectrum of PBF synthesized in diphenyl ether in CDCls.
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Figure S2.39: NMR spectrum of PBF synthesized in toluene in CDCls.
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Figure S2.40: NMR spectrum of PBF synthesized in phenetole in CDCls.
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Figure S2.41: NMR spectrum of PBF synthesized in anisole in CDCls.
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Figure S2.42: NMR spectrum of PBF synthesized in acetophenone in CDCls.
g
: . B T
“\ " 1H (CDCI3, 400 Hz) ¥ ”" "" jpanSnbranhninin '*\;; MnBrRnRnRnRnRey
|
| |
|
ﬁ W
Y o Y B
7.0 6.5 6.0 5.5 5.0 3.5 3.0 25 2.0 15

Figure S2.43: NMR spectrum of PBF synthesized in cyclohexanone in CDCls.
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Picture of polymer precipitation

Figure S2.44: Reaction medium of the PHF synthesis in acetophenone after 24h of reaction.

MALDI-TOF MS analysis of PHF and PBF in different solvents
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Figure S2.45: MALDI-TOF-MS analysis of PHF synthesized in anisole.
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Figure S2.46: MALDI-TOF-MS analysis of PBF synthesized in diphenyl ether.

289



Annexes Chapitre 2 (supporting information)

a)
5000

4000

3000

Intensity (a.u.)

2000

1000 =

b)

Intensity (a.u.)

8000+
70004
6000
5000
40004
30004
2000+

10004

Figure S2.47: MALDI-TOF-MS analysis of PBF synthesized in anisole. a: full view, b: zoom.
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Figure S2.48: MALDI-TOF-MS analysis of PBF synthesized in acetophenone. a: full view, b: zoom.
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'H NMR analyses of the monomers
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Figure S.3.1: "H NMR analysis of methyl ferulate (MeFA).
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Figure S.3.2: "TH NMR analysis of methyl 4-(methyl ethanoate-oxy)-ferulate (DeFA?).
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Figure S.3.3: 'H NMR analysis of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA'").
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Figure S.3.4: "TH NMR analysis of methyl 3-(3-methoxy-4-(2-methoxy-2-oxoethoxy)phenyl)propanoate (H-
DeFA").

292



Annexes Chapitre 3 (supporting information)

1H (CDCI3, 400 MHZ)

726 CDCI3

681
679
670
405

403
“401
—384
_-368
367

291
=3

o s 3 @ ;
o 10 78/ :@/\Z)\o/
n’ \"/\9/\0 6 )
(0]
71, 11
8
il L '

(ppm)

Figure S.3.5: '"H NMR analysis of methyl 4-(2-methoxy-4-(3-methoxy-3-oxopropyl)phenoxy)butanoate (H-
DeFAl),

1H (DMSO, 400 MHZ)

3.36 H20
251 DMS0

640

5 3 1
10 78/0 \2 OH11
HO\Q/\O > 4 7
4,6
5 10 11 18 |9
) 3 2 ! I | ﬁ
) i | .h

(ppm)

Figure S.3.6: "TH NMR analysis of 4-(hydroxyethoxy)-coniferyl alcohol (FADY).
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Figure S.3.7: "TH NMR analysis of 4-(hydroxybutoxy)-coniferyl alcohol (FAD").
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13C NMR analysis of the monomers
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Figure S.3.8: 13C NMR analysis of Methyl ferulate (MeFA)
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Figure S.3.9: 3C NMR analysis of methyl 4-(methyl ethanoate-oxy)-ferulate (DeFA").
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Figure S.3.10: 3C NMR analysis of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA™).
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Figure S.3.11: 3C NMR analysis of methyl 3-(3-methoxy-4-(2-methoxy-2-oxoethoxy)phenyl)propanoate (H-
DeFAY).
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Figure S.3.12: 3C NMR analysis of methyl 4-(2-methoxy-4-(3-methoxy-3-oxopropyl)phenoxy)butanoate (H-

DeFAD),
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Figure S.3.13: *C NMR analysis of 4-(hydroxyethoxy)-coniferyl alcohol (FAD").
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Figure S.3.14: 3*C NMR analysis of 4-(hydroxybutoxy)-coniferyl alcohol (FAD™).
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2D NMR analyses of 4-(methyl butanoate-oxy)-ferulate (DeFA!)
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Figure S.3.15: HMBC NMR analysis of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA™) in CDCl;
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Figure S.3.16: HSQC NMR analysis of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA") in CDCl;
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Polymers *H NMR analysis
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Figure S.3.17: '"H NMR analysis of poly(butylene-co-4-(methyl ethanoate-oxy)-ferulate) (PDeFAY)
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Figure S.3.18: "TH NMR analysis of poly(butylene-co-4-(methyl butanoate-oxy)-ferulate) (PDeFA'™)

300



Annexes Chapitre 3 (supporting information)

1H (CDCI3, 400 MHzZ)
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Figure  S.3.19: 'H NMR  analysis  of
oxoethoxy)phenyl)propanoate) (PH-DeFA')
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Figure  S.3.20: 'H NMR  analysis  of

poly(butylene-co-4-(2-methoxy-4-(3-methoxy-3-
oxopropyl)phenoxy)butanoate) (PH-DeFA™")

301



Annexes Chapitre 3 (supporting information)
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Figure S.3.21: "H NMR analysis of poly(4-(hydroxyethoxy)-coniferylene -co-adipate) (PFAD")

1H (CDCI3, 400 MHzZ)

726 COCH

694

16 ud \2 nOH
1?/{(3 AR 0\11/19\’3\‘0 4
15 13 3 9 6
7
1 1lg 12,15 13,14

427+
413 —
5.16—

T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 20 15 10 0.5

Figure S.3.22: 'H NMR analysis of poly(4-(hydroxybutoxy)-coniferylene-co-adipate) (PFAD™)
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SEC analyses of the polyesters
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Figure S.3.23: SEC analyses in THF of the ferulic diester-based polyesters PDeFA' and PDeFA! (curves
were normalised by their area).
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Figure S.3.24: SEC analyses in THF of the hydrogenated ferulic diester-based polyesters PH-DeFA! and
PH-DeFA" (curves were normalised by their area).
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Figure S.3.25: SEC analyses in THF of ferulic diol-based polyesters PFAD' and PFAD" (curves were
normalised by their area).
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Polyesters synthesized from ferulic diol in excess
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Figure S.3.26: MALDI-TOF MS analysis of PFAD! obtained with 1.1 equivalent of diol in comparison to
the diester after 24hours of synthesis in acetophenone at 90°C and under reduced pressure (a) MALD'-TOF
MS analysis, (b) mass of the corresponding end-groups.
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Figure S.3.27: SEC analyses in THF of ferulic diol-based polyesters PFAD! with and without excess of diol
(curves were normalized by their area).
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Annexes Chapitre 4 (supporting information)
NMR analyses of the p-acetyl ferulic acid (AcFA)

1H (DMSO, 400 MHZ)
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Figure S4.1: 'H NMR analysis of the p-acetyl ferulic acid (AcFA).
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Figure S4.2: 13C NMR analysis the p-acetyl ferulic acid (AcFA).
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'H NMR analysis of the p-acetyl ferulic acid (AcFA) dimerized in different solvents
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Figure S4.3: '"H NMR analyses of AcFA exposed to UV light at a wavelength of 350 nm for 24 hours in
different solvents. a) cyclohexane, b) ethyl acetate, c) acetonitrile, d) water.
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NMR analyses of the dimer of p-acetyl ferulic acid (DACFA)
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Figure S4.4: '"H NMR analysis of the dimer of p-acetyl ferulic (DAcFA) synthesized in water.
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Figure S4.5: 3C NMR analysis of the dimer of p-acetyl ferulic (DAcFA) synthesized in water.
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NMR analyses of the dimer of ethyl ferulate (DeDFA)
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Figure S4.6: 'H NMR analysis of the dimer of ethyl ferulate (DeDFA).
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Figure S4.7: 3C NMR analysis of the dimer of ethyl ferulate (DeDFA).

308



Annexes Chapitre 4 (supporting information)

'H NMR analyses of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA!") dimerized in

different solvents.
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Figure S4.8: NMR analyses of methyl 4-(methyl butanoate-oxy)-ferulate (DeFA') exposed to UV light (350
nm) for 24 hours in different solvents. a) cyclohexane, b) ethyl acetate, c) acetonitrile, d) water.

Qualitative solubility determination of the methyl 4-(methyl butanoate-oxy)-ferulate
(DeFA'"
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Figure S4.9: Vials containing DeFA solubilized or suspended is different solvent
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NMR analyses of the dimer of methyl 4-(methyl butanoate-oxy)-ferulate (DDeFA")
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Figure S4.10: 'H NMR analysis of the dimer of methyl 4-(methyl butanoate-oxy)-ferulate (DDeFA)
synthesized in water.
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Figure S4.11: C NMR analysis of the dimer of methyl 4-(methyl butanoate-oxy)-ferulate (DDeFA")
synthesized in water
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XRD analysis of the DeFA! dimer (DDeFA'")
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Figure S4.12: XRD analysis of DDeFA"
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XRD analysis of the DeFA"
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Figure S4.13: XRD analysis of DeFA™
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Essay of reactivity of DDeFA!" with CALB
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Figure S4.14: 'H NMR analysis of the medium of reaction of DeDFA with an excess of butanol (CALB, in
diphenyl ether, 90°C, 16 h).

'H NMR analyses of the polyesters.
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Figure S4.15: 'H NMR analyses of polyesters synthesized from DDeFA! and diols of different lengths
through CALB-catalyzed polymerization (diphenyl ether, 90°C, 48h, partial vacuum). Diols employed for
the reaction: a) PDO; b) BDO; ¢) HDO; d) ODO.

313



Annexes Chapitre 4 (supporting information)

SEC analyses of the polyesters synthesized with PDO
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Figure S4.16: SEC chromatogram of polyesters synthesized from DDeFA!" with different ratio of PDO
through CALB catalyzed polymerization (diphenyl ether, 90°C, 48h, partial vacuum)

'H NMR analyses of polyesters synthesized from DDeFA! and HDO after UV-C-induced

photodepolymerization.
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Figure S4.17: "TH NMR analyses of the polyester synthesized from DDeFA!" and HDO after different times
of UV-C light irradiation.
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SEC and 'H NMR analyses of the polyesters synthesized from ODO, BDO and PDO after
UV-C-induced photodepolymerization.
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Figure S4.18: "H NMR analyses of polyesters synthesized from DDeFA" and diols of different length after
UV-C irradiation (600 seconds, RT) : a) PDO; b) BDO; ¢) HDO; d) ODO.
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Figure S4.19: SEC chromatograms of polyesters synthesized from DDeFA" and diols of different length
after UV-C irradiation under (600 seconds, RT): a) PDO; b) BDO; ¢) HDO; d) ODO.
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Details of the calculation of the DP, of the DDeFA!-based polyesters after photo-

depolymerization

The DPn of a polymer distribution can be calculated as in Equation 2.a where ny is the total
number of repeating unit and ncnain is the number of chains. As each chain contains two end-groups, Nehain
is equal to half the number of end-groups Nend-groups @nd Equation 2.a can be re-written as in Equation
2.b.

n
DP, = Lot Eg.2.a

Nchain

DP. = Neot Eq. 2.
" 0.5 * nend—groups a- 2

The Nend-groups at @ given time is equal to the number of end-groups before photodepolymerization plus
the number of double bonds, written ng. If a single polymer chain is considered, the number of end-

groups before photodepolymerization is 2 as shown in Equation 3.
Nend—groups = 2 + ngp (for asingle polymer chain) Eqg. 3

The number of double bonds can be calculated from the yield measured in NMR (written o)

as in the equation 4.
Nap = A(t) * Mot Eq. 4

Finally, considering again a single polymer chain, the total number of repeating units ny is equal
to DPng=0), the degree of polymerization before photodepolymerization. Combining Equations 2.b, 3
and 4 gives Equation 5 that allows an estimation of the DPn of the polymer at a given time during the
photodepolylerization (DPyg)).

DPn(t=0)
0.5 =* (2 + (l(t) * DPn(t:O))

Figure S4.20: Detail of the calculation of the DP, of the oligo-esters after photo-depolymerization.
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'H NMR analysis of the oligo-esters repolymerized under UV-A.
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Figure S4.21: NMR analysis of the polyester synthesized from DDeFA" and HDO, initially
photodepolymerized under UV-C irradiation for 600s and subsequently repolymerized under UV-A light
for 120 minutes.
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Annexes Chapitre 5 (supporting information)
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Figure S5.1: 'H NMR analysis of ethyl caffeate.
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Figure S5.2: 13C NMR analysis of ethyl caffeate.
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Figure S5.3: '"H NMR analysis of ethyl 3,4-bis(hydroxyethyl) caffeate (CD).
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Figure S5.4: 1*C NMR analysis of ethyl 3,4-bis(hydroxyethyl) caffeate (CD).
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Figure S5.5: NMR analyses of polyesters synthesised with different CD ratios (CALB in diphenyl ether, 90
°C, 24 h under partial vacuum).
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Figure S5.6: FTIR analyses of polyesters synthesised with different CD ratios (CALB in diphenyl ether, 90
°C, 24 h under partial vacuum).
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Figure S5.7: Integration of the FTIR bands attributed to the CD in the polyesters against the ratio of CD.
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Figure S5.8:.SEC analyses of polyesters synthesised with different CD ratios (CALB in diphenyl ether, 90
°C, 24 h under partial vacuum). a: refractive index detector, intensity normalised by area, b: UV detector,
intensity normalised according to area in RI detection.
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Figure S5.9: Measurement of the absorbance of the polyester containing 50 % of CD. a) Absorption spectra
between 500 and 200 nm for various times of UV-A irradiation. b) Evolution of the maximum of absorption
against UV-A irradiation time.
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Figure S5.10: Absorption spectra of the polyester containing 10 % of CD before and after sunlight
irradiation (7 h exposure).

Figure S5.11: Visual aspect of the polyester containing 20 %CD irradiated under UV-A light after swelling
in THF for 48 h.
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Figure S5.12: '"H NMR analyses of the soluble fraction (in THF) recovered from gel content tests of the
polyesters containing 10 % and 20 % of CD before and after irradiation under UV-A light.
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Figure S5.13: SEC analyses of the soluble fraction (in THF) recovered from the polyesters containing
different ratio of CD before and after irradiation under UV-A light. a) 10 % of CD, b) 20 % of CD. Intensity
normalised by the curve area.

Before irradiation

r 100
- 90
+ 80
- 70
vV F 60
‘\"I‘-". |\‘ - 50
i L 40
- 30
+ 20
I 10
—,—— v Lo
3000 2500 2000 1500

Wavenumber (cm-!)

uble fraction
N\ n TN

f/'hl‘-,‘ﬁ‘

Transmittance (%)

—
3500

Figure SS5.14: FTIR transmittance spectra of the polyester containing 10 % of CD before and after
irradiation under UV-A (insoluble fraction), data offset by 30 % from each other.
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Figure S5.15: Absorption spectra of the polyester containing 50 % of CD before irradiation, after
irradiation under UV-A (250 min at 350 nm) and after subsequent irradiation under UV-C (5 min at 254
nm).
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Figure S5.16: FTIR analyses of the insoluble fraction of the polyester containing 10, 20 and 50 % of CD
induced by UV-A irradiation after exposure to UV-C light (10 minutes)
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Résumeé

Le développement de polyesters aromatiques biosourcés via des procédés répondant aux principes
de la chimie verte est aujourd’hui au coeur des préoccupations. Pour cela la catalyse enzymatique
représente une voie trés prometteuse. Néanmoins, la synthése enzymatique de polyesters a partir de
synthons aromatiques biosourcés reste encore peu développée. Dans un premier temps, la
polymérisation enzymatique d’un diester de furane a donc été étudiée et a montré I'impact du solvant
sur la réactivité du substrat et sur les propriétés du polyester obtenu. L’étude de la polymérisation
enzymatique de synthons phénoliques a ensuite démontré la possibilité d’obtenir des polyesters de
hautes masses molaires aux propriétés thermiques améliorées a partir de dérivés de I'acide férulique
moyennant leur modification par hydrogénation, réduction ou photo-dimérisation. Enfin, la sélectivité
de la catalyse enzymatique a été mise a profit pour la synthése de polyesters issus de dérivés d’acide
caféigue présentant des propriétés de photo-réticulation réversible, ouvrant la voie vers I'obtention de
polyesters aromatiques biosourcés aux propriétés innovantes.

Résumé en anglais

The development of biobased aromatic polyesters via processes in accordance with the principles of
green chemistry is nowadays at the heart of the concerns. However, the enzymatic synthesis of
polyesters from biobased aromatic building blocks is still a challenge. In a first step, the enzymatic
polymerization of a furan-based diester was thus studied and showed the impact of the solvent on the
reactivity of the substrate and on the properties of the obtained polyester. The study of the enzymatic
polymerization of phenolic compounds then demonstrated the possibility of obtaining high molar mass
polyesters with improved thermal properties from ferulic acid derivatives through their modification by
hydrogenation, reduction or photodimerization. Finally, the selectivity of enzymatic catalysis was
exploited on caffeic acid derivatives to synthesize polyesters with reversible photo-crosslinking
properties, paving the way to the elaboration of biobased aromatic polyesters with innovative
properties.




