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Introduction






Avec plus de 160 000 publications contenant le mot-clé « Cellulose » depuis le milieu du
XIXéme siécle! (Figure 1a), ce matériau biosourcé renouvelable et durable fait I'objet de

recherche dans de nombreux domaines (Figure 1b).
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Figure 1 a) Evolution du nombre de publications contenant le mot-clé « cellulose » par
an depuis 1850. b) Répartition des publications dans les différents domaines de

recherche

Employée depuis des siecles par I’'Homme comme matériau de construction, source
d’énergie, support pour I'écriture ou encore élément de base pour la fabrication du
textile, la cellulose peut également étre modifiée chimiquement afin de fournir des
matériaux possédant des propriétés nouvelles. Si la modification par des procédés de
physisorption a été massivement étudiée et permet d’apporter de nouvelles
fonctionnalités a ce matériau, ces procédés présentent I'inconvénient d’étre sensibles a
la désorption. C'est pourquoi le développement de matériaux cellulosiques plus
robustes reste un enjeu considérable. C'est dans ce contexte que ce travail de thése
s’inscrit. Plus précisément, I'objectif de cette thése était de préparer de nouveaux
dispositifs a base de papier via des réactions de fonctionnalisations covalentes de la
cellulose. L’ensemble de ces travaux ont été menés en collaboration avec le Dr. Rull-

Barrull, post-doctorant au laboratoire pendant quinze mois.

Le premier chapitre de cette these présente quelques généralités sur la cellulose ainsi
qu’un historique des découvertes majeures a propos de la détermination de la structure
de ce matériau, la fin de cette premiere partie de chapitre est consacrée a la

présentation de guelques dérivés de la cellulose notables.

3
1. www.scopus.com consulté le 21 Juillet 2016




La deuxieme partie de ce chapitre présente un apercu des techniques permettant la

modification covalente de la cellulose sous forme de papier.

Le deuxieme chapitre porte sur le développement d’une nouvelle méthode d’écriture a
la surface du papier grace au greffage de molécule photosensible permettant ainsi le
stockage d’informations complexes a la surface du papier a I'aide de technique de

photoimpression résolue spatialement.

Le troisieme chapitre concerne la préparation d’'une sonde moléculaire greffée de
maniére covalente a la surface du papier pour la détection de I'ion hydrogénosulfate
(HSOys) dans I'eau. Le dispositif ainsi obtenu se présente sous la forme de bandelettes de
papier, analogue au papier pH, qui peuvent changer de couleur en fonction de la

concentration en HSO4 dans le milieu.

Le quatriéme chapitre présente la synthése d’un outil de détection de I'ion Cu?* dans
I’eau. Cet outil a base de papier sur lequel de I'acide thioglycolique a été greffé présente
également la capacité de réduire le Cu(ll) en Cu(l). Cette propriété a été mise a profit

dans la réaction « click » de Huisgen ou ce papier modifié a servi de réducteur supporté.

Le dernier chapitre de cette thése porte sur la préparation d’'une membrane a base de
papier permettant la décontamination des eaux contenant des métaux lourds. Cet outil,
préparé par fonctionnalisation du papier avec une molécule aux propriétés chélatantes,
s’est révélé étre efficace pour I'élimination de nombreux métaux dont I'étain, le plomb

ou encore le cadmium.

Apreés les conclusions et perspectives de ces travaux, se trouvent en annexes des travaux
réalisés au cours de ma premiére année de thése qui concernait I'utilisation de sel de

diazonium dans des procédés en flux continu.



Chapitre 1 La cellulose






|  Généralités sur la cellulose

La cellulose est un biopolymére linéaire constitué d’unité p-glucose liées entre-elles par
des liaisons de type B 1->4 (Schéma 1), ce motif de répétition composé de deux glucoses

étant appelé anhydrocellobiose.

OH
A
HO OH o
HO N

Schéma 1 Structure de la cellulose avec comme motif de répétition I'anhydrocellobiose

Les principales sources de cellulose sont le bois, le coton, le chanvre et d’autres plantes,
la cellulose s’y trouve en mélange avec d’autres biopolyméres, la lignine et

I’hémicellulose ainsi que de petites molécules en proportion variables (Tableau 1)*.

Composition (%)
Source
Cellulose Hémicellulose Lignine
Bois dur 43-47 25-35 16-24
Bois tendre 40-44 25-29 25-31
Bagasse 40 30 20
Mais (épi) 45 35 15
Coton 95 2 1
Lin 71 21 2
Chanvre 70 22 6
Jute 71 14 13
Paille (blé) 30 50 15

Tableau 1 Composition de quelques plantes lignocellulosiques

La production annuelle de cellulose par les plantes est estimée a 1,5x102 tonnes (plus
de 50% de la biomasse) faisant de la cellulose une matiere premiere durable et quasi

inépuisable.?




[l Histoire de la détermination de la structure de la cellulose

1. La cellulose au niveau élémentaire

L’histoire moderne de la cellulose commence en 1838 avec la découverte par Payen
(chimiste Francais) d’un résidu fibreux solide résultant du traitement du bois par des
acides et de I'ammoniaque suivi de plusieurs extractions. Dans cette étude, Payen a
déterminé que ce résidu avait une composition élémentaire de 44% de carbone et 56%
d’eau, alors que le bois de hétre de départ avait une composition de 54% de carbone
6,2% d’hydrogéne et 39,8% d’oxygeéne3. Il démontre alors que cette substance fibreuse
est un carbohydrate isomeéere de I'amidon (Schéma 2) dont la composition avait été

déterminée par Gay-Lussac et Thénard en 181134,

OH

O.

— J RN

Schéma 2 Structure de 'amidon

C'est a la suite de ces travaux que I'académie des sciences frangaise dans un rapport de

1839 donne le nom de cellulose a cette substance fibreuse extraite du bois3>.

2. La cellulose au niveau moléculaire

L’élucidation de la structure moléculaire de la cellulose a débuté avec les travaux
pionniers de Braconnot en 1819%® montrant le lien existant entre les végétaux et le
sucre. Par la suite des études sur I’hydrolyse acide de la cellulose menées notamment
par Ost et Wilkening en 19107 et par Willstatter et Zechmeister en 191332 ont prouvé
le lien entre direct entre la cellulose et le glucose. En 1921, Monier-William3° montre
gue cette relation entre glucose et cellulose est quasi quantitative et suit I'équation

suivante (Schéma 3).



+

(CeH1005)y  + nHO ——  CgHy20¢

Schéma 3 Equation bilan de la réaction d’hydrolyse acide de la cellulose

Les travaux de Denham et Woodhouse en 1913 sur la méthylation de la cellulose31°
repris en 1923 par Irvine et Hirst>'12 ont permis de déterminer que les hydroxyles en
position 2, 3 et 6 étaient libres et que donc par conséquent les résidus glucoses au sein
de la cellulose contiennent un alcool primaire et deux alcools secondaires. En 1912,
Pringsheim3!3 découvre que sous I'action de bactéries, la cellulose se dégrade et produit
du glucose ainsi que de la cellobiose. Des études sur la configuration de la cellobiose ont
par la suite été menées par Haworth et al.3'*%, elles ont permis de déterminer que les
deux unités glucose constituant la cellobiose sont liées entre elle par une liaison de type

B 1->4 (Schéma 3).

OH
o OH
Ho%go OH
HO OH ©
HO
Schéma 4 Structure de la cellobiose

3. La cellulose au niveau macromoléculaire

Dans le méme temps, la structure macromoléculaire de la cellulose a fait I'objet de
nombreux débats au sein de la communauté scientifique3. Deux théories étaient en
compétition, la premiére dite « théorie de I'association » (également appelée « théorie
micellaire ») défendait I'idée que la cellulose était composée de petites molécules qui
avaient la capacité de s’associer entre elles sous I'effet de forces de Van der Waals ou
selon la théorie de la valence partielle®!?. La deuxiéme théorie dont les premiéres
briques ont été posées par Tollens en 191431216 décrit la cellulose comme un
enchainement linéaire de glucose. Plusieurs formules ont été proposées entre le milieu

de XIX®e et le début du XX°™e siécle, certaines sont représentées ci-dessous (Schéma 5).



OH H,

_ _ o—
He—— _OH 2 o— HC—O—C—C —0—
HO He HC H—|—0H HC
H OH H H— H OH 7 ;o
HO——Ho| — /& HO—— HC-OH HC
0 n C Holn HO H CIDH OH
H——CH HO O H——OH —CH 0
H H_ | H CH OH
L HO  OH —CH —c—¢—0—CH
2 L CHy | CH,OH H \OH

Schéma 5 Différentes structures erronées de la cellulose

Jusqu’au début des années 1920, c’est la premiére théorie (celle de I'association) qui
convient a la majorité de la communauté scientifique. La publication de Staudinger en
1920%1%17 qui introduit le concept de polymére au sens ol on I'entend aujourd’hui va
relancer le débat et les travaux de Freudenberg en 192131218 gsur la cinétique de
dégradation de la cellulose en cellobiose viennent appuyer la théorie d’une structure
polymérique linéaire de la cellulose. Les travaux de Staudinger en 1925%° et 19262 sur la
polymérisation du formaldéhyde et d’autres molécules viennent lever les derniers

doutes sur la structure macromoléculaire de la cellulose.

4, La cellulose au niveau supramoléculaire et macroscopigue

Au niveau supramoléculaire, les chaines linéaires de cellulose s’assemblent pour former
un réseau compact et trées dense de liaisons hydrogénes inter- et intramoléculaires

(Schéma 5).

\ _——

O---- O----
\8 ”w(@m ”w
| 0~ i Liaison hydrogene
H

(@] B __-OH intramoléculaire
- O —-Ho7~2H 0o~
0O e} O 0
HO\ HO-___ O""HO OH___ 0

0 ___ Liaison hydrogéne

‘OH
intermoléculaire

_—

Schéma 6 Liaisons hydrogénes inter et intramoléculaires
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Sous l'effet de ce réseau de liaisons hydrogenes, les chaines de cellulose s’organisent de

maniére a former des microfibrilles qui elles-mémes s’assemblent pour former des fibres

de plus grandes tailles (Figure 1).

Fibre de cellulose

Macrofibrille

Figure 1 Représentation de la structure fibrillaire de la cellulose?!

Cet assemblage macroscopique peut conduire a des structures amorphes ou cristallines,

conférant des propriétés différentes a ce matériau (Figure 2).

Région cristalline

Molécules de cellulose Zone amorphe
interfibrillaires

8|1LqUOIN

\

o e e o g o o e .

N

A
v

2uquy

Figure 2 Représentation des domaines cristallins et amorphes dans les microfibrilles de

cellulose adaptée de la référence??

La structure cristalline de la cellulose la plus commune est appelée Cellulose | ou

cellulose native (c’est celle que I'on retrouve naturellement dans les plantes)3.
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Il Quelgues exemples de matériaux a base de cellulose

1. La nitrocellulose et le celluloid

Bien que la structure de la cellulose ne fut bien établie qu’a partir du XXé™¢ siécle, cela
n‘a pas empéché le développement de produits dérivés de la cellulose. Le premier
exemple de dérivé de la cellulose, la nitrocellulose (Schéma7), date des années 1830
avec notamment les travaux de Braconnot®® sur le xyloidine (produit résultant du
mélange d’amidon ou de sciure de bois avec de I'acide nitrique concentré) et les travaux
de Pelouze?* sur «le papier nitré ». Dans les deux cas, le produit formé est trés
inflammable et instable. En 1846 Schonbein? réalise la nitration du coton dans un
mélange d'acide nitrique et d’acide sulfurique, le produit obtenue appelé « fulmicoton »
est hautement inflammable et explosif et sera utilisé par la suite comme poudre a canon

en remplacement de la poudre noire.

_N* )
o O o-—l\]/*
0% 07y
o)
0 OH ¢
NO, o 0O n
S+

/r

Schéma 7 Structure d’une nitrocellulose partiellement fonctionnalisée

La nitrocellulose ne trouve pas seulement des applications comme agent détonant,
mélangée a du camphre on obtient un nouveau matériau flexible et transparent. Le
développement industriel de ce matériau commence dans les années 1870 avec les
fréres Hyatt, ils nomment ce produit celluloid?® qui est considéré comme le premier
plastique artificiel. Dans les années suivantes, le celluloid est principalement utilisé pour
la fabrication de pellicules cinématographiques, cependant a cause de son
inflammabilité ce produit fut abandonné aux alentours des années 1950. De nos jours,

on utilise encore le celluloid pour fabriquer par exemple les balles de ping-pong.
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2. La rayonne

La rayonne (ou soie artificielle), fait partie de la famille des celluloses dites régénérées.
C'est-a-dire que la cellulose est d’abord rendue soluble puis elle subit d’autres
traitements afin de la rendre insoluble et ainsi reformer des fibres. La rayonne n’est
donc pas un produit dérivé de la cellulose puisque le produit fini est entiérement
composé de cellulose pure. Cependant son obtention passe par des étapes de
modifications de la cellulose. De nouveau, c’est a un Francais que I'on doit les premiers
travaux sur ce sujet, en 1884 le comte Hilaire de Chardonnet développe le premier fil de
soie artificielle en filant une solution de nitrocellulose au travers d’un fin tube de verre?’.
En 1892, Beadle, Bevan et Cross®® développent un autre procédé permettant d’obtenir
des fibres de cellulose régénérées, ce procédé sera appelé par la suite « procédé

viscose », les principales étapes sont résumées ci-dessous (Figure 3).

Na*s

OH 0/& S ' OH

HO OH 9) 0 HO OH o)
HO n :< HO n
s
Na* Na+ S +
Na Fibre de cellulose
Cellulose native Solution de viscose (xanthate de cellulose) régénérée

Xanthation Extrusion
- dans
Dissolution un bain d'acide

Figure 3 Schématisation du procédé viscose

Les fibres ainsi obtenues ont été utilisées principalement dans la fabrication de textiles.
Il est également possible de préparer des films a partir de ce procédé, le produit le plus
notable fabriqué par cette technique est sans conteste le film alimentaire également
appelé cellophane. Cependant a cause de la toxicité et de I'inflammabilité du disulfure
de carbone (CS;) utilisé dans le procédé viscose, un autre procédé appelé lyocell fut
développé dans les années 1980. Dans ce dernier, la cellulose est solubilisée sans passer

par une étape de fonctionnalisation intermédiaire a I'aide d’un solvant capable de
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dissoudre directement la cellulose comme par exemple le NMO (N-Methylmorpholine-

N-oxide).

3. Les esters et éthers organiques de cellulose

Deux autres familles de dérivées cellulosiques ont également fait I'objet de nombreuses
études et développement industriels. Il s’agit des esters et éthers organiques de
cellulose. Le premier exemple d’esters de cellulose date de 1865 avec les travaux de
Schiitzenberger sur I'acétylation de la cellulose?®?°, ’acétate de cellulose rencontre par
la suite un vif intérét de la part des industriels, de nombreux brevets sont déposés et
I'acétate de cellulose est alors utilisé dans de nombreux domaines, comme vernis, fibre
textile, film plastique et pellicule cinématographique (en remplacement de Ia
nitrocellulose) ainsi que pour la fabrication d’objets moulés. De nos jours I'acétate de
cellulose est principalement utilisé pour la fabrication de fibres textiles et de
membranes de filtration et en particulier comme matiére premiere pour la fabrication
de filtres de cigarettes. D’autres esters de cellulose ainsi que des esters mixtes

(composés de fonctions ester différentes) existent également.

a) /g 0

\A
z
sl
\_<o
2
Y
O

o)
o Yo o)
ﬁﬁ 077 AN
) o) o) o)

HO o) (o) O o) )

e n ®) e

AN §=o§) C

o) NaG  NaO 0Ny

Schéma 8 (a) Structure du triacétate de cellulose ; (b) structure de la

carboxyméthylcellulose de sodium

Les éthers de cellulose quant a eux font leur apparition au début du XX®™e siécle avec les
travaux de Suida3%32 sur la préparation de la méthylcellulose. Le premier dérivé a avoir
eu un réel intérét industriel et commercial est la carboxyméthylcellulose développée
dans les années 1920. Ce dernier est principalement utilisé sous la forme de son sel de

sodium pour de nombreuses applications, par exemple comme agent épaississant dans
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I'industrie alimentaire (E466) ou dans la formulation de détergents et de cosmétiques.
La production mondiale de carboxyméthylcellulose représente environ 230 000 tonnes

par an soit plus de la moitié de la production globale des éthers de cellulose3’.

4, Les nanocelluloses

Le mot nanocellulose est un terme générique qui regroupe plusieurs types de composés
dont notamment, la cellulose micro- et nanofibrillée (CMF et CNF) et les micro- et
nanocristaux de cellulose (MCC et NCC)33-3>, Les CMF et CNF peuvent étre obtenues a
I'aide d’un traitement mécanique des fibres de cellulose, alors que les MCC et NCC sont
eux obtenues par traitement chimique. Les principales différences entre les nanocristaux

et les nanofibres de cellulose sont leur taille et leur degré de cristallinité (Tableau 2).

Taille
Type Longueur (um) Largeur (nm) Hauteur (nm) Cristallinité (%)
Fibre native >2000 20 -50 (um) 20-50 (um) 43-65
CMF 0,5-10 10-100 10-100 51-69
CNF 0,5-2 4-20 4-20 -
MCC 10-50 10-50 (um) 10-50 (um) 80-85
NCC 0,05-0,5 3-5 3-5 54-88

Tableau 2 Caractéristiques des « Nanocelluloses » adaptées de la référence?

Ces différents composés trouvent des applications dans de nombreux domaines comme
par exemple, les additifs alimentaires3*, les matériaux composites, les emballages3®?’,
I’électronique3® ou encore la préparation de films3>. Depuis quelques années la
production de nanocellulose est passée a I’échelle industrielle3?, il est certain que ces

matériaux trouveront énormément de débouchés dans les années a venir.
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IV Fonctionnalisation de la cellulose sous forme de papier

*La modification chimique de la cellulose a fait I'objet de nombreuses recherches et
plusieurs revues donnent un bon apercu des possibilités de fonctionnalisation de ce
matériau®®*3, Comme vu précédemment, la cellulose est composé d’unité
anhydroglucose possédant chacune une fonction alcool primaire et deux fonctions

alcool secondaire (Schéma 9).

OH Alcool primai
COOl primaire
A ey
HO OH © 0) Alcools secondaires
HO n
Schéma 9 Représentation des fonctions alcools présentent dans la cellulose

Les réactions les plus couramment utilisées sont, les estérifications, « I'addition » de
I'alcool sur un substrat, la substitution de I’"hydroxyle, la fonctionnalisation a I'aide de
dérivés silylés ou encore des réactions de greffage photoinduites. Ces modifications
peuvent étre classées en deux catégories, (i) les modifications du squelette du polymere,

(i) la fonctionnalisation des fonctions alcools sans altération du squelette de la cellulose.

Les exemples présentés dans cette partie correspondent a cette deuxiéme catégorie et

sont appliqués a de la cellulose sous forme de papier dans des procédés hétérogénes.
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1. Estérification de la cellulose

La réaction la plus régulierement utilisée est certainement I'estérification. Pour ce faire,
I'une des fonctions hydroxyles de la cellulose réagit avec un acide carboxylique ou un

dérivé activé (halogénure d’acide, anhydride d’acide) pour former un ester (Schéma 10).

R-OH +

o)

R')J\OH H20
o)

R')J\X

Schéma 10 La réaction d’estérification

La réaction d’estérification a par exemple été utilisée a de nombreuses reprises afin de
greffer a la surface de la cellulose le 2-bromoisobutyrylbromide, un amorceur de
polymérisation radicalaire par transfert d’atome (ATRP)*>2, Cette technique permet de
réaliser la polymérisation de différents monomeres (acrylate de méthyle, méthacrylate
de méthyle, styréne, vinylpyridine, N-isopropylacrylamide) de maniére contrdlée

(Schéma 11).

Br
(@) Br (6] n
OH . ? OH H OH R
OK_OH f%B OH_0 =\ Oy 0O
OH r OH R OH
OH  THF, Et;N, DMAP OH Cu(l)Br OH R
OH O\H>LBr © nBr
o] o}

Schéma 11 Estérification avec I'amorceur ATRP et polymérisation a la surface de la

cellulose

La taille des chaines de polymeére ainsi greffées dépend du taux de greffage de

I'amorceur, de la concentration en catalyseur et en monomere introduit lors de la

réaction. La polymérisation suit le mécanisme suivant (Schéma 12).
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R-Br + Cu(l)Br R+  Cu(llBr, M = monomére

-

()

Schéma 12 Schéma général de la polymérisation ATRP

La réaction d’estérification a également permis de greffer a la surface du papier un
agent de transfert utilisable en polymérisation radicalaire contrélée par transfert de

chaine réversible par addition-fragmentation (RAFT)(Schéma 13)°3°4,

O

OH
OH
OH DCC, DMAP, DCM h Amorceur radicalaire

Schéma 13 Greffage de 'amorceur RAFT par estérification puis polymerisation

Ces techniques de polymérisation dites vivantes et contrdlées permettent ainsi de
greffer a la surface de la cellulose de nombreux types de polyméres bien définis et
permettent méme de préparer des copolyméres a blocs*#4’. D’autres types de
molécules ont également été greffées a la surface de la cellulose via une réaction
d’estérification. L'utilisation d’acide citrique a permis de réaliser la réticulation des fibres
de celluloses entre elles a 'aide de chaines de polyéthyléne glycol®® ainsi que le greffage
de B-cyclodextrine, une molécule permettant I'encapsulation de principes actifs®.
L'estérification du papier a également été réalisée avec des acides gras afin de préparer
des surfaces hydrophobes®’, de I'anhydride succinique afin de préparer un papier
permettant d’adsorber des cations métalliques®, des acides gras possédant une
insaturation terminale permettant par la suite une fonctionnalisation via la réaction click
thiol-&éne°. Le greffage de molécules possédant un noyau tétrazole a permis par la suite

de réaliser une réaction de cycloaddition avec un alcéne®%®! (Schéma 14).
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N, -N N-N
Y Y o | o
~N N 0] >—<BI’ N
/° S )
OH OH [N S °s
OK_OH 0K O OH
OH 0— OH o] 047(
OH ET3N, DCM, rt OH 2 =320 nm, DCM, rt OOHH Br
OH OH
Schéma 14 Greffage d’un tétrazole par estérification puis cycloaddition
La réaction d’estérification a la surface du papier a également été utilisée afin de réaliser
des réactions de polymérisation par ouverture de cycle (ROP) avec des monomeres de
types lactones®? ou carbonates®® (Schéma 15).
X X on (2 )
OH
Sog T 3] (Sl
L OH OH Y=0,C
Amorceur sacrificiel = alcool benzylique
OH  Amorceur sacrificiel OH _
OH Catalyseur OH Catalyseur = base ou Sn(Oct),

Schéma 15 Exemples de fonctionnalisations par polymérisation d’ouverture de cycles

D’autres exemples impliquant une réaction d’estérification a la surface du papier ont
également été décrits pour réaliser une réaction de polymérisation par métathése

d’ouverture de cycle (ROMP)®* et une réaction d’hétéro Diels-Alder®> notamment®6-68,

La fonctionnalisation de la cellulose via la réaction d’estérification permet donc
d’obtenir en peu d’étapes des matériaux aux propriétés nouvelles. L'utilisation de
réactions de polymérisations vivantes contrélées permet de moduler les caractéristiques
du produit obtenu en modulant le ratio amorceur greffé/monomeére et la concentration
en catalyseur. De plus, les chlorures d’acides ou les anhydrides d’acides généralement
utilisés sont facilement synthétisables et parfois méme commerciaux. Enfin les sous-
produits de la réaction sont peu nombreux ce qui confere a la réaction une tres bonne

économie d’atomes.
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2. Addition de I’alcool sur une fonction réactive

Une autre stratégie permettant de modifier la cellulose consiste a faire réagir les
hydroxyles présents a la surface de la cellulose avec des fonctions chimiques réactives
(autres que les acides carboxyliques et ses dérivés). Par exemple, il est possible de
réaliser des additions de type Michael sur des alcénes activés comme par exemple la
divivinylsulfone® 7%, qui permet d’introduire un alcéne a la surface de la cellulose
suceptible de subir une deuxieme réaction d’addition afin d’introduire une autre

molécule (Schéma 16).

0 OH
OHOH /\#/\ OHOH 5 - ~on OH_OH o R
—NHy ou - (0] I X
OH 0 3 O\/\g/\ \/\ﬁ/\/
OH pH 11 OH § OH o
OH OH OH
X =NH, O

Schéma 16 Addition de type Michael de la cellulose sur la divinylsulfone

L'utilisation de composés comportant une fonction isocyanate permet également la

fonctionnalisation de la cellulose via |la formation d’un carbamate’*”? (Schéma 17).

o R
OH OH Y—NH
O _OH —c= O%.0
R-N=C=0 o R
OH o
OH OH

Schéma 17 Addition d’une fonction alcool de la cellulose sur un isocyanate
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Des réactions d’addition ou de substitution nucléophile a la surface du papier ont
également été utilisées avec respectivement des époxydes’? et des dérivés halogénés’

(Schéma 18).

o,
OH Br
OHyé OH  Br / <>
O 0 noo OH_OH o 0 OOH
g /—< >—Br
B S » O

OH

Schéma 18 Exemple de réaction d’addition et de substitution nucléophile

a la surface de la cellulose

Enfin, le greffage de polymére avec des acrylates ou des méthacrylates par voie
radicalaire utilisant un sel de diazonium comme amorceur a également été reporté””

(Schéma 19).

OH . OH
OK_OH O _OMe OQN—<;>7N2 _ O OH OMe
OH n i X  OH J\)
+
OH R H,0 R
OH
R=H, Me

Schéma 19 Polymérisation de monomere de type acrylate a la surface du papier

L’addition de I'alcool sur une fonction réactive est une technique de fonctionnalisation
de la cellulose intéressante, elle permet de greffer divers types de molécules a la surface
du papier en générant peu de sous-produits. Ce type de réactions peut méme dans
certains cas étre réalisé en milieux aqueux ce qui est un avantage pour le

développement de procédés de fonctionnalisation plus respectueux de I’environnement.
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3. Substitution de la fonction alcool

Afin de fonctionnaliser la cellulose, il est également possible de réaliser des réactions de
substitution de la fonction alcool présent a la surface de la cellulose. La stratégie la plus
communément employée consiste a activer cet alcool pour réaliser par la suite une
réaction de substitution nucléophile. L’activation de I'alcool se fait généralement via

Iintroduction d’un groupement tosylate a la surface de la cellulose’®7° (Schéma 20).

OH 0 OTs
OK OH ﬁ-CI OK OTs
| OH  OH _302@

OH Pyridine OH
Schéma 20 Tosylation de la cellulose
Le groupement tosyle ainsi introduit peut par exemple étre substitué par un

cyclopentadiene qui par la suite permet de réaliser des réactions de cycloadditions [4+2]

de type hétéro Diels-Alder’®7” (Schéma 21).

OH :-.
oM OTs Ni  PPhg, Nal
oH =
OTs THF
OH

Schéma 21 Introduction de cyclopentadiéne a la surface du papier puis réaction de

cycloaddition [4+2]

Cette stratégie a également permis de fonctionnaliser la cellulose avec le p-
hydroxybenzaldéhyde afin de réaliser par la suite une réaction de cycloaddition [2+2]
avec un alcéne”, ou encore la 7-hydroxylméthylcoumarine dans le but de préparer un
matériau sur lequel il est possible de réaliser de la photoimpression chimique’® (schéma

22).
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HO 0.__0O o
OX_OTs BF4
OH

OTs [Ru(bpy)a]?*
OH A =455 nm

Schéma 22 Greffage et arylation de I’'hydroxyméthylcoumarine a la surface du papier

La substitution d’'une fonction alcool de la cellulose nécessite une premiere étape
d’activation, en utilisant notamment le chlorure de tosyle, suivi de I'étape de
fonctionnalisation avec la molécule d’intérét. Le fait de réaliser cette fonctionnalisation
en deux temps peut entrainer des problémes dans la détermination du taux de greffage
a la surface de la cellulose. En effet si la seconde étape n’est pas totale, la détermination

du degré de fonctionnalisation par analyse élémentaire ou par gravimétrie sera faussée.

4, Conclusion sur la fonctionnalisation du papier

Ces différents exemples donnent un apercu des techniques permettant Ia
fonctionnalisation du papier, il est a noter que d’autres types de réaction comme le
greffage de dérivés silylés®®28> ou le greffage de polyméres par Iintermédiaire de
réactions photocatalysées®—! ont également été reportés dans la littérature.

Pour la suite de ce travail, nous avons décidé d’utiliser principalement des réactions
d’estérifications pour fonctionnaliser la cellulose sous forme de papier. Ce type de
réaction s’est montré efficace et permet d’obtenir un matériau aux propriétés nouvelles
en une seule étape ce qui limite les risques d’altérer I'intégrité physique du papier. De
plus, la détermination du degré de substitution est facilitée car il n’y a pas d’étapes
intermédiaires avant le greffage de la molécule d’intérét. Enfin, la préparation des

réactifs est aisée et dans certains cas bien décrite dans la littérature.
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Chapitre 2 Préparation d’'un nouveau matériau
pour le stockage d’information
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| Introduction

Les premiers travaux réalisés au cours de cette these traitent du développement d’une
nouvelle méthode d’écriture a la surface de la cellulose permettant ainsi le stockage

d’informations a la surface de ce matériau.

Inspiré par les travaux de Sallé! sur I'utilisation des propriétés de photodimérisation
réversible des coumarines pour le stockage d’information (Figure 1b) et les travaux de
Kénig? sur le greffage de coumarines a la surface de la cellulose (Figure 1a), nous avons

décidé de réaliser la fonctionnalisation covalente du papier avec cette molécule.
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Figure 1 a) Principe de la photodimerisation réversible de la coumarine b) Stockage

d’informations binaires a la surface d’un film de PMMA reproduit des travaux de Sallé*

Dans un premier temps, nous avons réalisé des études de chimie théorique afin de
valider la possibilité de réaliser la dimérisation des coumarines a la surface de la
cellulose. Apres avoir réalisé la fonctionnalisation du papier via une réaction
d’estérification, les propriétés de photodimérisation du matériau ainsi obtenu ont été
étudiées. Le matériau obtenu s’est révélé étre tres robuste et réversible puisqu’il a été

possible de réaliser plusieurs cycles de Dimérisation/Rétrocyclisation.
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Enfin, I'utilisation d’un photomasque a permis de réaliser la réaction de dimérisation des
coumarines de maniére spatialement contrélée permettant ainsi I'encodage
d’informations a la surface du matériau. Dans un premier temps, nous avons réalisé la
photoimpression covalente du logo de I'université de Nantes puis nous avons inscrit a la

surface de ce matériau un motif plus complexe, un QRCode (Figure 2).

~UV-am pA

photomask

paper

Figure 2 Illustration du systéme de photoimpression covalente

Ces travaux ont fait I'objet, d’'une publication dans le journal Chemical Communications?
(ci-apres) et du dépot d’un brevet intitulé «Méthode d’écriture réversible d’un motif sur

un élément cellulosique et produit cellulosique associé»*
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Il Writing and erasing hidden optical information on covalently

modified cellulose paper

An unprecedented strategy for preparing a photoresponsive cellulose paper enabling
the storage of short-lived optical data by covalent photopatterning is disclosed. An ab
initio design hinting that the covalent grafting of coumarins on the paper could yield
valuable photoresponsive units was first performed. Second, a light sensitive paper
that can be reversibly altered upon irradiation at a specific wavelength was prepared
by covalent surface functionalization with coumarins. Third, the validity of this
strategy is demonstrated with the photolithography of several gripping patterns such

as a dynamic QR Code.

Counterfeiting is a major economic problem since it accounts for ca. 7% of world
trade with a worldwide annual cost estimated to reach S600 billion. Cellulose
paper is one of the most prevalent media in manufacturing and has been widely
used for labelling, packing and bills. Many of these applications require anti-
counterfeit technologies, for tracking through both the production and the
distribution chain.l Since a single technology cannot provide a full protection
against counterfeiting, many approaches have been developed for cellulosic
materials and the most widely used include holograms, bar codes, intaglio
printing, special inks, RFID tags, security threads, microtaggants and
watermarks.22 All these technologies, visible to naked-eyes, negatively affect the
paper aspect, and, to the exception of RFID tags and bar codes, do not allow

identification and traceability since information cannot be encoded.

Storing hidden (covert) information not affecting the paper aspect is therefore of
great importance for security, anticounterfeiting and tracking applications. To
date, hidden writing on cellulose paper has been mostly addressed with the use
of photoluminescent inks.2Z However, irrespective of the complexity of the inks
developed, such patterning relies on physical adsorption processes and the ability

of cellulose to retain physisorbed inks can significantly vary. In particular, many
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adsorbed patterns can be easily erased or degraded by solvents.2 Moreover, most

invisible inks can be easily duplicated because of their relatively low cost.

Developing hidden writing with covalent modifications of cellulose paper is clearly
of astonishing interest as it gives access to more robust and tamper-proof
materials, still without affecting the physical appearance of the paper. In the
context of short-lived data storage, an even more ambitious objective is the
development of a material allowing for reversible properties upon external stimuli

for erasing and rewriting, still through covalent modifications.

Examples of spatially-resolved functionalizations by a covalent approach on
cellulose paper are rare2!2 and molecularly imprinted information on cellulose
paper by covalent means that are reversible for erasing and rewriting has never
been reported yet, a gap that the present contribution fills, paving the way to a
new anti-counterfeiting technology for cellulose paper. Here, we report an
unprecedented strategy, raised as proof of concept, allowing the covalent
photopatterning of a smart paper device for hidden and reversible optical data

storage.

Modulating the properties of cellulose paper on demand for writing-erasing-
rewriting sequences, requires a reversible stimulus-responsive material. We
considered that designing a reversible photoresponsive cellulose paper would be
particularly well suited for data storage since light allows on demand time- and
spatially-resolved irradiation. Several reversible photoresponsive reactions are
known, including [2+2] cycloadditions of coumarins,®> or cinnamates,1® [4+4]
cycloadditions of anthracenyl derivatives!Z and the ring opening-ring closing of

photochromic compounds such as diarylethenes and spiropyrans.2

We have selected coumarins as the photoresponsive molecules as their ability to
photodimerize to cyclobutane dimers through a [2+2]-cycloaddition upon
irradiation at A > 300 nm and to cycloreverse upon exposure at shorter

wavelength (< 280 nm) is well-known and already led to several applications
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including self-healing polymers,22 3D data storage,2¥22 and controlled drug
delivery.222%2 While the use of coumarins has already been envisaged for the
preparation of photoresponsive nanocrystalline cellulose,2226 the grafting of
cellulose paper with photoresponsive coumarin for short-lived optical data
storage has not been reported to date.

In solution, coumarins efficiently photodimerize, producing a blend of four
possible cyclobutane isomers.2Z While the optical changes in solution are well
known, once grafted on a solid support, the situation might become more
complex. On the one hand, the conformational constraints become more
important, so that the spatial proximity of the two monomers, required for [2+2]-
photoaddition, is not granted. On the other hand, the inhomogeneity of the
medium could yield broader absorption bands, making the distinction between

the monomers and dimers more challenging.

The design of a photoresponsive cellulose paper allowing reversible processes
requires a subtle combination of factors allowing the facile dimerization, a good
stability over successive processes and a significant contrast between the spectral
signatures of the two forms. The nature of the linker used for the grafting is an
important factor. We reasoned that a short linker of 3-4 atoms would confer
flexibility to the grafted groups, allowing spatial arrangement for the [2+2]-
cycloaddition. To avoid a lengthy experimental campaign, we first adopted a

computational approach (see the ESI for details).

We found that significant p-p* interactions between two dyes are possible when
two coumarin monomers are attached to two consecutive glucose units or with a
one-on-two pattern (Fig. 1), the latter allowing a better organization for
dimerization. The modelling predicts that while the 7-OMe-coumarin presents a
vertical transition at ca. 292 nm a significant broadening appears after grafting
due to the coumarin-coumarin and coumarin-cellulose interactions: the top
structure of Fig. 1 presents a main peak at 294 nm and smaller absorptions at
larger wavelengths (314 and 304 nm), whereas the bottom structure presents

strong vertical absorptions at 306 and 294 nm.
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For the one-on-two pattern, we could find several possible thermodynamically
stable dimers, the most stable being displayed in Fig. 2. Interestingly this [2+2]
product is only 6.6 kcal.mol* less stable than the parent non-dimerized derivative
(bottom of Fig. 1). In gas-phase, the difference attains ca. 7.0 kcal.mol?, indicating
that grafting does not induce large variations of the relative energies of the two
forms. For the structure showed in Figure 2, theory predicts several dipole-
allowed absorptions in the 260-230 nm range. In short, the theoretical
investigation predicted that the dimerization of coumarin units was
thermodynamically feasible using an acetate linker, and that the hallmark spectral
signatures of the coumarins and their dimers are preserved despite band

broadening.

As stated in the introduction, covalent surface modifications of cellulose paper2:
32 have been much less studied than functionalisation by adsorption means
mainly because the low reactivity of the surface hydroxyl groups makes the
covalent approach particularly challenging. In order to breaks hydrogen bonds,
making hydroxyl groups more reactive to chemical functionalization, the cellulose

paper was treated with an aqueous NaOH solution (10 wt.-%) for 24 hours at 25

°C 33,34

Fig. 1 Selected typical DFT geometries for two coumarins attached to cellulose with a

consecutive (top) or one-on-two (bottom) patterns (see the ESI for details).
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Fig. 2 A possible geometry for a one-on-two dimer.

Our strategy leans on the grafting of spatially close coumarin units through an
esterification process. To achieve this goal, 7-hydroxycoumarin 1, functionalized
with a linker bearing an acid chloride function, was prepared in 3 steps from
inexpensive commercially available starting materials (Scheme 1).22 The grafting
of paper with acid chloride 4 provided the expected coumarin-functionalized

cellulose paper.

m 1. Ethyl bromoacetate /@\/1
K,CO3 acetone, 81%
i » HO
HO o” Yo 3o 0o

1 2. NaOH, dioxane, 77% 0 3

SOCl,, CHCI m
2, 3
Cl\ﬂ/\o o o Cellulose paper

DMF, 70 °C,2h Pyrldlne DMF
DMAP, 60 °C, 20 h

&%

(@] HO OH (@)
Po 0 9
OH o HO OH
HO n

Paper-grafted coumarins

Scheme 1. Preparation of the photoresponsive paper.
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A high degree of substitution in the range of 0.45-0.5 was estimated by X-ray
photoelectron spectroscopy (XPS), indicating that 5 hydroxyl groups were
functionalized with coumarin units every ten glucose units. The successful grafting
was confirmed by UV-visible spectroscopy with the apparition of the
characteristic absorbance band of 7-alkoxycoumarins with a maximum at 324 nm
(Fig. 3). The broad bandwidth is attributed to the presence of several

conformations as explained above.
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Fig. 3 UV-Visible spectrum of paper-grafted coumarins

To cross-evidence the successful grafting, we recorded the FT-IR spectra of both
pristine and functionalized papers (Fig. 4). Two significant bands appeared on the
IR spectrum of the functionalized paper (Fig. 4b). The sharp signal in the region of
carbonyl groups presents two maxima at 1711 an 1727 cm™ accounting for the
C=0 stretching of the ester linkage and lactone ring respectively, while the band
at 1612 cm™ is assigned to the C=C stretching frequency. We repeated the
functionalization step on a control sample using carboxylic acid 3 that is expected
to be unable to covalently link to cellulose, instead of acid chloride 4. Analysis of
the cellulose surface after washing revealed no band in the 1600-1700 cm™
region, ruling out adsorption of coumarin chromophores in the cellulose fibre

networks (Fig. 4).
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Fig. 4 FT-IR spectra of (a) pristine paper, (b) functionalized paper with (4), (c)

paper stirred with coumarin (3)

Preserving the physical integrity of the material is one of the main requirements
to obtain smart packing or label. With our approach, requiring only one chemical
step, the paper was not wrinkled and the whiteness was not altered. The
morphology of the fibres was also unaffected, as evidenced by scanning electron

microscopy (SEM) images (Fig. 5).

Fig. 5 SEM images of (a) pristine paper, (b) paper-grafted coumarins with the

corresponding photograph as inset.

The structural evolution and the surface composition were both investigated by

XPS, (Fig. 6). Full scan spectra of both pristine and grafted cellulose papers
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showed carbon and oxygen elements only, attesting that washing steps were
successful in removing unreacted chemicals and solvents. Important changes can
be seen on the Cls spectrum of the grafted paper with a significant increase of
the peak accounting for C-C bonds at 285.1 eV and the apparition of a signal at
289.1 eV attributed to carbonyl functions. These results confirm the successful

grafting of cellulose paper with coumarin 4.
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Fig. 6 Survey scan spectra of (a) pristine paper, (b) paper-grafted coumarins.
High resolution Cls spectra of (c) pristine paper and (d) paper-grafted

coumarins

The UV diffuse reflectance spectrum of paper-grafted coumarins were recorded
as a function of time upon irradiation at A = 340 nm (Fig. 7). The sharp decrease of
the absorption band at ca. 330 nm indicated the successful photodimerization of

coumarins.
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Fig. 7 (a) Reversible [2+2]-cycloaddition of coumarin upon light irradiation. (b)
Decrease of the absorbance of the paper-grafted coumarins as a function of time
upon irradiation at 340 nm and (c) the corresponding reversible process upon

irradiation at 254 nm.

The degree of dimerization was estimated to attain ca. 35%. Two factors can limit
the degree of dimerization: (a) the uncomplete conversion of the reaction at
room temperature without any solvent or catalyst and, (b) the spatial distance
between some coumarin units preventing their dimerization. Upon extended
irradiation times no further significant evolutions were noticed. As expected,
there is not a proper isobestic point in Fig. 7a though the curves crosses at ca. 290
nm, which indicates that several species are in equilibrium. Importantly,
irradiation of the photopatterned cellulose paper at 254 nm resulted in the
reversibility of this process through the photocleavage of the coumarin dimers,

regenerating the absorption band of the coumarins within 25 minutes (Fig. 7c).
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We observed that the photocleavage at 254 nm proceeded faster than the
photodimerization at 340 nm. A fatigue resistance test of the photoresponsive
material was conducted over 3 cycles of writing-erasing at 340 and 254 nm

respectively (Fig. 8).

? 0 D
o) o o % o) E 0.75 - Monomer
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Fig. 8 Fatigue test resistance of the patterned paper upon alternate irradiation at

340 (decrease in absorbance) and 254 nm (increase in absorbance)

Impressively, the material showed a good resistance to successive irradiations
since the absorbance was almost fully restored after the third cycle. This result
implies that both the writing and the erasing steps can be successfully performed

at least three times.

Photopatterning of the cellulose paper was achieved by covering the
photoresponsive surface with a photomask resulting in the irradiation of
predetermined areas (Fig. 9a). The storage of optical data was performed using a
mercury-xenon lamp equipped with a filter at 340 nm. Experimentally, the
irradiation of a piece of cellulose paper was carried out in the dry state, without

any solvent nor catalyst.

We patterned the paper with the logo of our University (Fig. 9b). While the
pattern cannot be discerned under visible light (Fig. 9c), the spatially-resolved
fluorescent logo is visible upon interrogation using a UV lamp at 365 nm (Fig. 9d).

We further pushed our photopatterning for the storage of more complex
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informations under the form of an elaborated Quick Response Code (QR Code) as

depicted in Fig. 9e.

QR codes are used in a plethora of applications including product tracking,
identification and marketing due to their high storage capacities and fast
readabilities. Interestingly, we were able to pattern our photoresponsive cellulose
paper with a dynamic QR Code readable with a smart phone (see video in ESI).
The precision lithography allows QR Code patterns with square dots of ca. 500

um.

UV-lam pA

photomask

paper

Fig. 9 Illustration of the photopatterning process with (a) Photograph of the custom-built
photopatterning equipment, (b) Original logo of the University of Nantes, (c) Photograph
of the patterned paper, (d) Logo of the University of Nantes recorded on the cellulose
paper and revealed with a UV lamp at 365 nm and (d) Photograph of the QR Code

pattern revealed with a UV lamp.

In summary, we designed the first photoresponsive cellulose paper allowing the

writing and erasing of hidden optical data. Our strategy, based on the reversible
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light-mediated dimerization of coumarin units covalently grafted to the paper
surface, allows writing complex patterns such as a QR Code. This work is an
important breakthrough in paper patterning since we unveiled the first approach
allowing hidden and reversible optical data storage through covalent means,
while patterning by adsorption processes were the standard from literature
precedents. We believe that this unprecedented photoresponsive biomaterial
would find huge applications in smart devices for hidden optical data storage

especially for tracking and anti-counterfeiting applications.
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Il Partie expérimentale

Material and methods

All commercial solvents and reagents were used as received from Sigma-Aldrich, Fischer
Scientific Ltd, Alfa Aesar. Whatman® grade 6 filter paper (42.5 mm @) was used as
cellulose source. *H and 13C, recorded at 400 MHz, 100 MHz, respectively, were
performed on a Bruker Advance 400. Proton chemical shifts were internally referenced
to the residual proton resonance in DMSO (2.50 ppm). Carbon chemical shifts were
internally referenced to the deuterated solvent signals in DMSO (39.52 ppm). Melting
points were recorded on a Stuart Scientific 7SMP3 apparatus. FT-IR spectra were
recorded on a Bruker Tensor 27 spectrometer with ATR technic. HRMS in ESI mode were
recorded on a LTQ-Orbitrap (ThermoFisher Scientific) at the ENV of Nantes. Scanning
electron microscopy (SEM) images were recorded with a JEOL 7600 F at the “Centre de
microcaractérisation de I'IlMN, Université de Nantes”. X-Ray diffraction (XRD) patterns
were recorded on a Bruker D8 Advance X-Ray Diffractometer. X-ray photoelectron
spectroscopy was performed on a ThermoFisher Scientific K-ALPHA spectrometer was
used for disk surface analysis with a monochromatized AlKa source (hv = 1486.6 eV) and
a 200 micron spot size. A pressure of 1077 Pa was maintained in the chamber during
analysis. The full spectra (0—1150eV) were obtained at a constant pass energy of 200eV
and high resolution spectra at a constant pass energy of 40 eV. Charge neutralization
was required for all insulating samples. High resolution spectra were fitted and
quantified using the AVANTAGE software provided by ThermoFisher Scientific.
Thermogravimetric analysis (TGA) profiles were obtained between 25 and 600°C using a
Netzsch STA-449 F3 TGA/DSC at a heating rate of 5°C min™. UV-visible absorption
spectra were recorded using a Varian Model Cary 5E spectrophotometer, using an
integrating sphere DRA 2500. Photodimerization reaction was performed using a white
light source Hg-Xe lamp (Hamamatsu-LC8) equipped with a narrow bandpass filter at
340 nm (12 nm fwmh) and a 6W UV lamp working at 254 nm. QR Code was read with a
Samsung Galaxy S5 using QR Code Reader application from Scan,Inc. available for free

on Google Play.
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Preparation of coumarin derivatives

Preparation of ethyl 2-((2-oxo0-2H-chromen-7-yl)oxy)acetate (2)!
L
0]
~ jﬁo 0 Yo
O

7-Hydroxycoumarin (5 g, 27.8 mmol) and potassium carbonate (3.8 g, 27,8 mmol) were

placed in a 100 ml round bottom flask containing 25 ml of Acetone. Then ethyl-2-
bromoacetate (3.4 ml, 30.5 mmol) was added dropwise. The reaction mixture was
refluxed for 16 h under Na. The reaction mixture was then cooled to room temperature.
After salt filtration, acetone was evaporated and the product was recrystallized from
ethanol giving pale yellow needles (5.6 g, 81%). mp. 114-116 °C [lit.! 113-115 °C].

14 NMR (400 MHz, DMSO0,) § 7.99 (d, 1H, J = 9.5 Hz), 7.64 (d, 1H, J = 8.4 Hz), 7.0-6.96 (m,
2H), 6.31 (d, 1H, J = 9.5 Hz), 4.92 (s, 1H), 4.19 (g, 2H, J = 7.1 Hz), 1.22 (t, 3H, J = 7.1 Hz);
13C NMR (100 MHz, DMSO) & 168.1, 160.6, 160.1, 155.1, 144.1, 129.5, 112.9 (2C), 112.6,
101.5, 65.0, 60.8, 14.0; IR (ATR) v 3077, 2991, 1708, 1611, 1561, 1509, 1454, 1400, 1376,
1350, 1285, 1264, 1221, 1192, 1157, 1124, 1069, 1017, 981, 897, 861, 840, 811, 755,
725, 689, 630, 617, 588, 477, 460 cm™*; HRMS (ESI) calcd for Ci13H130s [M+H*]: 249.0757,
found: 249.0757.

Preparation of 2-((2-oxo-2H-chromen-7-yl)oxy)acetic acid (3)*

J L
HojhO 0 0

0]
Compound 2 (5 g, 20 mmol) and sodium hydroxide (11.2 g, 280 mmol) were dissolved in

500 mL of water/dioxane (4/6 v/v). The solution was stirred overnight at room
temperature, then the solvent was evaporated under reduced pressure. The yellow
residue was dissolved in 50 mL of water and acidified with concentrated hydrochloric
acid under ice cooling. The white precipitate was collected by filtration, washed with
water, recrystallized from ethanol and dried in vacuum at room temperature giving a

white solid (3.4 g, 77%). mp. 213-217 °C [lit.} 209-213 °C].
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'H NMR (400 MHz, DMSO,) 6 13.09 (bs, 1H), 7.98 (d, 1H, J = 9.5 Hz), 7.64 (m, 1H), 6.97-
6.94 (m, 2H), 6.30 (d, 1H, J = 9.5 Hz), 4.82 (s, 1H); 3C NMR (100 MHz, DMSO) 6 169.5,
160.8, 160.1, 155.1, 144.2,129.4,112.8,112.7, 112.5, 101.5, 64.8; IR (ATR) v 3079, 2908,
2791, 2591, 1708, 1608, 1561, 1511, 1491, 1459, 1430, 1418, 1403, 1350, 1275, 1250,
1208, 1156, 1123, 1072, 99, 895, 832, 767, 751, 728, 671, 627, 617, 552, 518, 478, 463,
453, 399, 395 cmY; HRMS (ESI) caled for CiiHgOsNa [M+Na*]: 243.0269, found:
243.0272.

Preparation of 2-((2-oxo-2H-chromen-7-yl)oxy)acetyl chloride (4)?

C'\Hﬂomo

o)

Carboxylic acid 3 (880 mg, 4 mmol) and a catalytic amount of DMF were suspended in

chloroform (30 ml). Then, thionyl chloride (2.8 ml, 38 mmol) was added dropwise. The
reaction mixture was refluxed for 2 h under N2, Then the solution was evaporated under
reduce pressure and dry toluene was added to remove remaining thionyl chloride. Acyl
chloride 4 was obtained as a white solid and was used directly without further

purification.
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Preparation of cellulosic material

General procedure for the pre-treatment of cellulose paper3

Five piece of cellulose filter paper (approx. 750 mg) were dispersed in 250 ml of 10%
NaOH. This mixture is then shacked for 24 h on a shacking device. The cellulose samples

were then washed 6 times with 50 ml of EtOH and stored in EtOH.

General procedure for the preparation of paper-grafted coumarins®

After being washed 2 times with 10 ml pyridine, a piece of pretreated cellulose paper
(approx. 145 mg, 0.9 mmol) was immersed in 25 ml of dry pyridine. A catalytic amount
of DMAP was added to the reaction media and stirred for 5 minutes. Acyl chloride 4 (476
mg, 2 mmol) dissolved in 5 ml of dry DMF was then added dropwise to the solution. The
mixture is then stirred for 20 h at 60 °C under N». The piece of paper was then sonicated
in DMF, EtOH, Acetone and DCM before being dried under vacuum. The sample was

kept in dark with an aluminum foil during all the preparation and storage.

General procedure for the photodimerization of coumarin modified cellulose paper

A piece of coumarin modified cellulose paper was fixed on a glass microscope slide. This

piece of paper was then irradiated with both 340 and 254 nm light sources.

Computational details

We have carried out our theoretical simulations using Density Functional Theory (for
ground-state) and Time-Dependent Density Functional Theory (for the excited-states).
More precisely, we have selected the PBEO hybrid functional® to perform our
calculations, as this functional was previously reported to be adequate to determine the
spectral properties of coumarin derivatives,® and the 6-31G(d) atomic basis set. In
addition, we have added dispersion correction that are potentially necessary to
accurately describe the interactions between coumarins as well as the interactions
between cellulose and the dyes. The dispersion corrections were added using the D3-BJ

empirical scheme.” To perform our calculations, we have extracted a segment of 6 D-
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glucose units from an experimentally available X-Ray structure,® and added the
coumarins and their grafting moiety. In other words, primary hydroxyl groups of glucose
units were functionalized with 7-hydroxycoumarin through an acetate linker. Several
relative positions of the coumarins have been tested (attached to the third and fourth or
to the third and fifth glucose - more distant arrangements making dimerization clearly
very unlikely) and for each case, several starting conformations have been considered.
We nevertheless underline that our goal was not to provide a complete investigation of
all possible isomers and conformers of coumarin grafted on cellulose, but rather to
confirm the viability of the proposed strategy. Optimization, considering a frozen
structure for the cellulose (and unconstrained structures for coumarins and their arms)
were then carried out via a standard force minimization process until the rms force was
smaller than 10 a.u., corresponding to the so-called tight threshold. Several structures
were obtained, but only the lowest energy ones are discussed in the main text. The
excited-state calculations have been performed at the TD-PBEQ/6-31G(d) level,
considering the vertical approximation and the most stable systems obtained at the
optimization step, so to provide indications of the influence of the dimerization on the
optical spectra of grafted coumarins. Calculations (same level of theory) have also been
performed on the 7-OMe-coumarin and the corresponding dimer for comparison

purposes. All calculations were performed with the Gaussian09.D01 program.®
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Chapitre 3 Préparation d’un outil de détection

de I'ion HSO,; dans I'eau
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| Introduction

Ce chapitre présente la préparation et le greffage a la surface du papier d’'une sonde
organique sélective de I'ion HSO4 fournissant ainsi un outil de détection sous la forme
de bandelette de papier (analogue au papier pH).

Le développement de sonde organique pour la détection d’ions dans I'eau est un
domaine de recherche trés étudié, notamment pour la détection de polluant. Pour
réaliser ce travail, nous avons décidé de travailler avec des dérivés de la rhodamine B,
une famille de molécules déja décrite pour la détection d’ions en solution®. La détection
est due a la formation de liaison hydrogéne entre la sonde et 'analyte, ce qui induit une

délocalisation des électrons au sein de la rhodamine passant alors de sa forme

spirolactame incolore a une forme ouverte fortement colorée (Schéma 1).

Schéma 1 Représentation du principe de détection d’un ion par une Rhodamine

Ici, la fonctionnalisation du papier est réalisée en deux étapes, une premiere réaction
d’estérification permet de greffer a la surface de la cellulose un aldéhyde qui subit par la
suite une réaction d’amination réductrice avec le dérivé de la rhodamine B portant un
bras éthyléne diamine. Le matériau ainsi obtenu a ensuite été immergé dans des
solutions aqueuses contenant différents anions. Cette sonde hétérogéne s’est révélée
étre sélective de I'anion HSO4s (méme en présence d’un tampon de pH = 7.4); de
maniéere intéressante cette sonde permet une détection colorimétrique a I'ceil nu, des
analyses par spectroscopie UV-Visible permettent quant a elles une détection optique
avec une concentration limite détectable estimée a 120 umol/L soit 11,6 ppm.

Ces travaux ont fait I'objet d’une publication dans le journal Chemical Communications?
et d’un abstract de vulgarisation sur le site www.atlasofsciences.org.
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I Paper-based sensor for on-site detection of hydrogen sulfate in

water
In 2013 UNICEF reported that ca. 2200 children below 5 years old die every day of
diarrheal diseases. This report also indicates that around 90% of these deaths are the
consequence of unsafe drinking water. The detection of pollutants in water is of primal
importance as it is the first step in water decontamination process. In occupational
settings, the detection of pollutants is usually achieved with inductively coupled plasma
mass spectrometry or gas chromatography coupled to mass spectrometry. While
excellent limits of detection can be reached, these techniques suffer from the use of
expensive instruments and require highly trained operators. Therefore, traditional

detection methods are not well suited for developing countries.

a)

[Anion] = 30 mM

HSOL{HPO“Z' CN™ Cr F Br I ClO; NOy AcO” OH

c) [HSO,]in mM

A N B B B B B B B

30 20 10 5 3 2 1 05 01 o0.01 0

Fig. 1. (a) Representation of the general strategy. (b) Colorimetric detection of various
anions in water at 30 mM through simple naked-eye analysis of the dipped paper strip.

(c) Effect of the concentration of HSO4™ anions on the color change of the paper strip.
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We recently set forth a simple and low-cost paper based sensor, used as a paper strip,
for the detection of hydrogen sulfate, a pollutant found in many fertilizers. This simple
technology allows portability for direct use on-site and operational simplicity for low-
skilled operators. Our device features a rhodamine-based sensor anchored by covalent
bonds on hydrophilic cellulose paper for water compatibility and biodegradability (Fig.
1a). The covalent immobilization, by contrast with physisorption, prevents the sensor
from being washed off upon contact of the paper strip with an aqueous liquid.
Rhodamine was finely tuned to specifically interact with sulfate anions. Rhodamine
exists as a colorless closed form and a deep purple opened one. Upon contact with
sulfate anions, the originally closed colorless sensor opens and become strongly colored
allowing an immediate naked-eye detection (Fig. 1b). The high specificity for sulfate
anions vs other anions is attributed to amphiphilic properties of HSO4~ that interacts
with the sensor by hydrogen bonding (Fig. 1a). A color gradient from deep purple to pale
rosy was observed upon decreasing the concentration of hydrogen sulfate allowing a
visual limit of detection in the range 10-50 mg/L (Fig. 1c). For more accurate results, the
paper strip can be analyzed with specific equipment (i.e. UV-Visible spectrometer) giving

a limit of detection as low as 12 mg/L (12 ppm).

This practical technology should find broad applications in environmental and analytical

sciences and could be adapted for the detection of other toxic pollutants including

mercury, lead and cyanide.
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Il Chemically-modified cellulose paper as smart sensor device for

colorimetric and optical detection of hydrogen sulfate in water

A portable, recyclable and highly selective paper-based sensor device for the
colorimetric and optical detection of hydrogen sulfate anions in water was developed.
The detection system features a rhodamine-based sensor covalently grafted onto the

highly hydrophilic surface of cellulose paper.

The selective sensing of inorganic anions and metallic cations is an area of growing
interest, mainly because it has considerable applications for environmental and
biological purposes.:Z In occupational settings, the detection of anions and cations is
usually achieved with inductively coupled plasma mass spectrometry (ICP-MS) or
inductively coupled plasma atomic emission spectroscopy (ICP-AES). While excellent
limits of detection can be reached, these techniques suffer from the use of expensive

instruments, hazardous sample preparation and require highly trained operators.

Chemosensors allowing colorimetric and/or optical detection are particularly appealing
technologies since they feature operational simplicity and low detection limits. Many
anion-selective chemosensors have been designed and synthesized, especially for the
recognition of fluoride and cyanide anions because their high nucleophilic properties are
often exploited in the detection systems.> & & By contrast, the sensing of hydrogen
sulfate anions has been much less studied likely because its amphiphilic properties make
the design of a selective chemosensor more complex. The detection of hydrogen sulfate
anions is of primary importance in environmental science since they lead to unit outage
in coal-fired power plants,? affect adversely the vitrification process in radioactive waste

remediationi? and are found in many fertilizers, contaminating cultivated grounds.

Chromogenic sensors specific to HSOs4 anions have been designed following two
different strategies through metal-ligand coordinative interaction3 and hydrogen
bonding, 242! |eading to fluorescent enhancement (turn-on receptor) or fluorescence

guenching (turn-off receptor). None of these chemosensors works in water, without any
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organic co-solvent, due to the large energy of hydration of HSO4 anions and the low
solubility of the organic sensor. Since chemosensors-based technologies specific to
hydrogen sulfate anions allow solution-phase sensing only and require the use of organic

solvents, they are still far from real applications.

Therefore, for real on-site sensing of hydrogen sulfate-containing aqueous samples, the
design and the fabrication of solid supported sensors, offering both colorimetric and
optical detection, high selectivity, portability and operational simplicity for use by low-

skilled operators, are of great interest.

We reasoned that taking advantage of the amphiphilic properties of HSO4  anions for the
design of a specific chemosensors covalently anchored onto a solid support would set up
for a groundbreaking approach, unexplored so far. In this contribution, we disclose the
design and the fabrication of a smart paper-based analytical device, enabling real on-site
sensing of HSO4 anions in aqueous samples. The system features a rhodamine-based
sensor, covalently anchored onto the highly hydrophilic surface of cellulose paper. Upon
opening into its deep colored form in the presence of amphiphilic HSO4 anions, our
specifically designed chemosensor exhibits both hydrogen bond receptor and donor
sites as depicted in Scheme 1. We selected cellulose paper as platform for the sensor

since it features low cost, water compatibility, portability, and disposability.

z

= o4}
o]
N\

Scheme 1 Representation of the general strategy.

The surface functionalization of paper requires the chemical modification of
hydroxyl groups from glucose units, but the dense hydrogen bond network and
the bulk nature of paper strongly decrease their reactivity compared to soluble or

highly dispersed polysaccharides. Therefore, prior to the surface functionalization,
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Whatman® #6 filter papers, exhibiting a high content of a-cellulose and a medium
density (~100 g/m?), were soaked for 24 hours in 10% NaOH aqueous solution to
break hydrogen bonds, increasing both the surface area of cellulose fibers and the

reactivity of hydroxyl groups.22

The activated paper was functionalized with benzaldehyde groups by
esterification of hydroxyl functions with 4-formylbenzoyl chloride (Scheme 2). We
assume that the esterification mainly took place on primary alcohols, certainly
more reactive than the remaining secondary alcohols of glucose units. The paper-
grafted benzaldehyde was subsequently treated with rhodamine-ethylenediamine
2, easily obtained by refluxing rhodamine B with ethylenediamine,2 under
reductive amination conditions, affording the expected analytical device. The
degree of substitution was determined by elemental analysis to be ca. 4%,
meaning that one hydroxyl group is functionalized with a rhodamine sensor every
25 glucose units. This value could be estimated to be somewhat low, but it

ensures conserving both the physical integrity and the whiteness of paper.

®
Et,N o) NEt, Et,N o) NEt,
NH
(O T e LI
cooH  EtOH, reflux, 24 h N"\-NH;
O 96 % S
Rhodamine B : 1 2

o)
OH @CHO 0
O HO 0 cl O HO 0
o) of ——————— o) Y
HO OH (o) Pyridine, DMF, HO OH 1)
HO n DMAP, 70°C, 16 h

HO n
Pristine paper Paper-grafted benzaldehyde

Et,N o) NEt,
Et,N o} NEt, O O
L1 e

N0

" N"N\_NH, }—@J o
(e}

@) _ o) HO )
Toluene, AcOH, MgSOy, HO OH 0 0 °
reflux, 16 h HO n

2) NaBH,CN, MeOH, rt, 6 h

Paper-grafted rhodamine

Scheme 2 Preparation of the paper-based analytical device
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The successive chemical modifications of the cellulose paper was followed and
ascertained by FT-IR as depicted in Fig. 1. The spectrum of pristine paper exhibits
characteristic absorption bands of cellulosic material in the region of 3400, 2900
and 1100 cm™ accounting for the stretching vibrations of O-H, C-H and C-O-C
bonds respectively. The grafting of the cellulose paper with benzaldehyde groups
through an ester ligation was clearly evidenced by the apparition of new bands at
1723 and 1700 cm™ in the region of carbonyls, attributed to the C=0 stretching
frequency of ester and aldehyde groups respectively. The band at 1204 cm™ was
assigned to the C-O stretching of the ester group. The grafting of rhodamine was
confirmed by the apparition of three characteristic bands of rhodamine at 1654,
1634 and 1613 cm™ accounting for the stretching vibrations of the C=0 bonds of

the lactam group and aromatic C=C bonds.

a)

Arbitrary Units (A.U.)

/T

1654
1634
1613

1706

3900 3400 2800 2400 1900 1400 Q00 400

Wavenumber (cm-)

Fig. 1 FT-IR spectra of (a) pristine cellulose paper, (b) paper-grafted benzaldehyde and

(c) paper-grafted rhodamine.
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The integrity of the cellulose fibers was essentially not affected by the three
successive chemical steps required for the preparation of the sensor device, as
evidenced by the representative scanning electron microscopy (SEM) images
presented in Fig. 2. The diameter of fibers in pristine and grafted-papers are in the
range of 8-14 uM (Fig. 2a-c). The direct consequences for preserving the structure
of fibers are important since the grafted-paper is not wrinkled and the whiteness

is preserved, allowing a high contrast for the colorimetric detection (vide infra).

Fig. 2 SEM images of (a) pristine paper, (b) paper-grafted benzaldehyde and (c) paper-

grafted rhodamine.

Analysis of the surface composition of the material by X-ray photoelectron spectroscopy
(XPS) after each chemical step, confirms the successful grafting of the rhodamine sensor.
Full scan spectra of pristine paper and paper-grafted benzaldehyde only display carbon
and oxygen elements, suggesting that adsorbed salts, reactants and solvents were
efficiently removed during the washing steps. The full scan spectrum of the paper-
grafted rhodamine showed the presence of N 1s peak, confirming the grafting of the
sensor. High resolution spectra of C 1s region proved the successful surface modification
with the significant increase of the peak accounting for C-C bonds at 283.9 eV and the
apparition of a peak at 288.5 eV attributed to carbonyl functions (Fig. 3d and f vs. Fig.
3b).
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Fig. 3 Survey scan spectra of (a) pristine paper, (c) paper-grafted benzaldehydes and (e)
paper-grafted rhodamine. High resolution C 1s spectra of (b) pristine paper, (d) paper-

grafted benzadehyde and (f) paper-grafted rhodamine.

With this new analytical device in hand, we investigated the colorimetric detection of
anions. Colorimetric assay is the simplest technology in the quest of low-cost, portable
and disposable analytical devices dedicated to on-site naked-eye detection. As expected,
an intense pink color appeared on the paper strip dipped in a solution of hydrogen
sulfate at 30 mM while the coloration response was not affected in the presence of
other anions (HPO4%, CN, CI', F,, Br,, I, ClOs7, NO3’, AcO" and OH") in solution in water at
30 mM (Fig. 4a).
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Fig. 4 (a) Colorimetric detection of tetrabutylammonium salts in water at 30 mM
through simple naked-eye analysis of the dipped paper strip. b) Effect of the

concentration of HSO4 anions on the color change of the paper strip.

A color gradient from deep pink to pale rosy was clearly observed upon decreasing the
concentration of HSOs, allowing a semi-quantitative estimation of the sample
concentration in water by simple visual analysis (Fig. 4b). The limit of detection by naked
eye is in the range of 0.1-0.5 mM. We stress, that the determination of the HSV or HSL

color coordinates from the RGB color model could be used for quantification.2% 2

In a second time, we assessed the UV-vis spectroscopic properties of the paper strip.
Upon immersion in distilled water, in the absence of anions, a very weak absorption
band at ca. 560 nm was observed (Fig. 5a). By contrast, in the presence of 30 mM of
hydrogen sulfate anions the sensor device showed a broad absorption band with a
maximum at 564 nm, attributed to the open form of rhodamine as a monomer.
Moreover, the shoulder at ca. 533 nm also suggests the presence of several aggregated
forms on the cellulosic material.28

Since the development of an analytical device, expected to be used in real conditions,
requires a high selectivity, we further studied the cross-response of the paper strip to a
large selection of anions such as OH’, NOs;, I, Br, CI, F, CN-, ClOs, HPO4% and AcO" in
water at 30 mM. The sensor selectively recognized HSOu’, since the absorptions of the
paper strips, dipped into the solutions containing the anions, were essentially not
affected compared to the paper immersed in the anion-free water solution (Fig. 5a and
b). Remarkably, even at a high concentration of anions (30 mM), the sensor device was
not sensitive to HPOs>. The good recognition of sulfate vs. phosphate deserves

emphasis, since the ability of both anions to interact with sensors through hydrogen
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bonding often led to poor discrimination.2® 1 14 27 The high discrimination of our device
for HSO4 with respect to HPO4* is attributed to the poor ability of HPO4* to interact

with the sensor due to its lower hydrogen donor properties.
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Fig. 5 (a) UV-vis absorption spectra of the paper strip dipped into aqueous solutions of
HSOg4, OH, NOs', I, Br,, CI', F;, CN", ClO47, HPO4% and AcO at 30 mM. b) Normalized

absorbance response of the paper strip.
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Fig. 6 (a) UV-vis absorption spectra of the paper strip various concentration of HSO4". (b)

Calibration curve of HSO4 concentration for the determination of the detection limit.
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The spectrophotometric titration experiments were carried out on the paper strip at
different concentration of HSO4 anions (Fig. 6). The absorption band centered at 564 nm
becomes more intense upon increasing concentration. Although an increase of the
absorption band, with respect to the blank, can be detected at concentration of HSO4
anions as low as 10 uM, the limit of detection in reproducible conditions was calculated

with the set of data collected from the titration experiments (Fig. 6b).28

The absorption data collected at 564 nm at various concentrations were normalized
between the minimum intensity recorded on the sensor device dipped in HSO4 -free
water and the maximum intensity observed at 30 mM. A linear regression curve was
fitted to the concentration values 0.5-30 mM of Fig. 6 and a detection limit as low as 120
pumol (corresponding to 11.6 ppm) was determined by extrapolation of the straight line

on the abscissa axis.

With the objective of limiting the cost of this technology, we assessed the reusability of
the paper strip. To this end, we developed a simple methodology allowing several
coloration-discoloration cycles for the sensing of different aqueous samples containing
HSOs anions with the same paper strip. As shown in Fig. 7a, the deep pink paper,
obtained from the sensing of an aqueous sample containing 5 mM HSO4, quickly
discolored when dipped in a 1 M NaOH aqueous solution under sonication for 5 minutes.
The discolored strip paper turned back to deep pink when exposed again to HSO4
anions. This procedure was successfully repeated on four cycles, but the fragility of the

paper strip might limit the number of successive reuses to get reliable results.
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Fig. 7 (a) UV-vis absorption spectra of the paper strip upon two successive reuses.
As inset, pictures of the paper strip dipped in a solution of HSO4 anions (left) and
refreshed in a solution of 1 M NaOH (right). (b) UV-vis absorption spectrum of the
paper strip dipped into an aqueous solution containing NOs", I, Br", CI, ClO4
anions at 5 mM, with (red line) and without HSO4™ (black line) with a photograph

of the paper as inset.

With the objective of developing an analytical device working in real situation, we
analyzed two aqueous samples containing a cocktail of anions. In the first sample, NOs,,
I, Br, ClI, and ClOs anions were mixed at 5 mM in water, while the same cocktail was
used for the second sample but with the additional presence of HSO4 anions. As it can
be seen on the UV-vis absorption spectra of the paper strip dipped in these solutions,
the analytical device was not sensitive to a cocktail of anions in the absence of HSO4
(Fig. 7b). Conversely, both the coloration and the UV-vis responses of HSO4 were not
affected by the presence of other anions, demonstrating the absence of interference

and the high selectivity of the device.
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In summary, we developed the first hydrogen sulfate-sensitive solid-state sensor
working in water through colorimetric and optical detection. The smart device
fabricated by grafting a rhodamine-modified sensor onto the highly hydrophilic
surface of paper, allows on-site analysis of agueous samples and does not require
skilled operator for the colorimetric detection. The high selectivity of the device
for HSO4 anions, even in the presence of other amphiphilic anions, is the result of
the unique combination of hydrogen bond receptor and donor sites in the opened
form of rhodamine. This practical technology should find broad applications in
environmental and analytical sciences. We are currently working on the

diversification of this technology to the sensing of other liquid and gas analytes.
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IV Partie expérimentale

Materials
All commercial solvents and reagents were used as received without further purification
from Sigma-Aldrich, Fischer Scientific Ltd, Alfa Aesar. Whatman® grade 6 filter paper

(42.5 mm @) was used as cellulose source.

Analytical methods

H and 3C NMR spectra, recorded at 400 MHz and 100 MHz respectively, were
performed on a Bruker Advance 400. Proton chemical shifts were internally referenced
to the residual proton resonance in CDCl3 (7.26 ppm). Carbon chemical shifts were
internally referenced to the deuterated solvent signals in CDCls (77.0 ppm). FT-IR spectra
were recorded on a Bruker Tensor 27 spectrometer with ATR technique. Scanning
Electron Microscopy (SEM) was performed on a JEOL JSH7600F (field emission gun,
accelerating voltage: 5 kV, in lens detector of secondary electrons). X-ray photoelectron
spectroscopy (XPS) was performed on a ThermoFisher Scientific K-ALPHA spectrometer
for disk surface analysis with a monochromatized AlKa source (hv = 1486.6 eV) and a
200 micron spot size. A pressure of 1077 Pa was maintained in the chamber during
analysis. The full spectra (0—-1150 eV) were obtained at a constant pass energy of 200 eV
and high resolution spectra at a constant pass energy of 40 eV. Charge neutralization
was required for all insulating samples. High resolution spectra were fitted and
qguantified using the AVANTAGE software provided by ThermoFisher Scientific. UV-visible
absorption spectra were recorded using a Varian Model Cary 5E spectrophotometer,

using an integrating sphere DRA 2500.
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Synthetic procedures

Compound 2°'.

Et,N O o) O NEt,
S

(@)
To a solution of Rhodamine B (1) (2.0 g, 4.2 mmol) in ethanol (50 mL) was added

dropwise an excess of ethylenediamine (2.20 mL, 33 mmol). The resulting pink
mixture was refluxed for 24 hours and became orange. The solvent was removed
under reduced pressure, water (35 mL) was added to the residue and the solution
was extracted with CHCl; (3 x 35 mL). The combined organic phases were washed
with water, brine and dried over anhydrous MgSOas. The solvent was removed
under reduced pressure, and the product was dried under vacuum, affording a
pale-orange solid 2 (2.0 g, yield 90%). *H NMR (400 MHz, CDCl3) § 7.90-7.88 (m, 1H),
7.42-7.41 (m, 2H), 7.09-7.06 (m, 1H), 6.43 (s, 1H), 6.41 (s, 1H), 6.37 (s, 2H), 6.28-6.25 (m,
2H), 3.32 (q, J=7.2 Hz, 8H), 3.18 (t, 2H, J = 6.8 Hz), 2.40 (t, 2H, J = 6.8 Hz), 1.15 (t, 12H, J =
7.2 Hz); 13C NMR (100 MHz, CDCls) 6 168.5, 153.4, 153.3, 148.8, 132.3, 131.2, 128.6,
128.0, 123.8, 122.7, 108.1, 105.7, 97.7, 64.9, 44.3, 43.9, 40.8, 12.5; FT-IR (ATR) v 2970,
2926, 2903, 2871, 1686, 1631, 1613, 1545, 1510, 1467, 1447, 1423, 1376, 1352, 1328,
1306, 1261, 1215, 1152, 1115, 1090, 1067, 1017, 816, 784, 756, 700, 535 cm™; MS (El) :
m/z = 484 (M*), 454 (M-CH2NH:").

General procedure for the pre-treatment of cellulose paper. Ten pieces of cellulose
filter papers (approx. 1.50 g) were immersed in a freshly prepared aqueous solution of
10% NaOH (300 mL). This mixture was shacked overnight on an orbital agitator. The

cellulose samples were washed 3 times with 50 mL of EtOH and stored in EtOH.

General procedure for the preparation of paper-grafted benzaldehyde. A pre-treated
cellulose filter paper (approx. 145 mg, 0.90 mmol glucose units) washed 2 times with 5
mL of pyridine, was immersed in dry pyridine (25 mL). A catalytically amount of 4-DMAP
was added to the reaction media and stirred for 5 minutes. Then, 4-formylbenzoyl

chloride (455 mg, 2.7 mmol) dissolved in dry DMF (5 mL) was then added dropwise to
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the solution. The mixture was stirred for 16 h at 70 °C under N, atmosphere. The piece
of paper was sequentially washed with EtOH, MeOH, acetone and CH)Cl, under

sonication. The sample was dried under vacuum and stored under nitrogen.

General procedure for the paper-grafted rhodamine. Rhodamine 2 (1.53 g, 3.16 mmol),
AcOH (two drops) and MgS04 (100 mg) were added to the paper-grafted benzaldehyde
(approx. 170 mg, 1.05 mmol) immersed in dry toluene (30 mL). This heterogeneous
mixture was refluxed for 16 hours. After cooling the mixture to room temperature, the
cellulose paper was washed with EtOH, acetone and CH,Cl, under sonication and dried
under vacuum. To the resulting material immersed in dry MeOH (30 mL), NaBH3CN (333
mg, 16 mmol) was added portionwise over 3 hours and the resulting mixture was further
stirred for 3 h at room temperature. Finally, the piece of paper was sequentially washed
with MeOH, acetone and CHCl, under sonication, dried under vacuum and stored under

nitrogen.

Reference
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Chapitre 4 Préparation d’un dispositif a base de
papier capable de réduire le Cu(ll) en
Cu(l) : Application a la détection et la

catalyse
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| Introduction

Ce chapitre décrit la préparation d’'un matériau bioinspiré a base de papier capable de
détecter le Cu®* dans I'eau et son lutilisation comme réducteur supporté pour la

réaction click de cycloaddition 1,3-dipolaire de Huisgen.

De nouveau, la fonctionnalisation du papier a été réalisée via une réaction
d’estérification permettant d’introduire une fonction thiol a la surface de la cellulose. Le
matériau ainsi obtenu a ensuite été mis en contact avec différents ions métalliques et a
montré une grande sélectivité envers Cu(ll). Dans le cas présent, la détection a lieu grace
a la formation d’'un complexe thiol-cuivre induisant un transfert de charge S->Cu

entrainant une coloration du papier.

De maniere similaire a I'étude précédente, cette sonde peut étre utilisée pour la
détermination colorimétrique a I'ceil nu de la présence du cuivre et également par
I'utilisation de la spectroscopie UV-Visible permettant une détection jusqu’a 33 umol/L
soit 2 ppm de Cu(ll). De plus, grace a I'utilisation d’une technique d’analyse d’images, il a
été possible de réaliser I'analyse d’un échantillon inconnu en étudiant la coloration du
papier (coordonnées de couleurs) et en comparant ces résultats avec une courbe de
calibration préalablement établie. Des analyses par spectrométrie photoélectronique X
(XPS) ont révélé que le cuivre présent a la surface de ce matériau se trouve au degré

d’oxydation +1 sous la forme de nanoparticules d’oxyde de cuivre Cu.0.

Ce résultat nous a donné l'idée d’utiliser ce dispositif comme réducteur supporté pour la
réaction click de formation de triazoles. Cette stratégie inédite de réducteur immobilisé
sur un support a été appliquée pour la préparation de plus de 19 produits différents
avec de bons rendements. De maniére intéressante, ce dispositif posséde également la
capacité de retenir le cuivre a la surface de la cellulose permettant ainsi de récupérer

aprés une simple filtration un brut réactionnel quasiment exempt de cuivre.
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Ces travaux ont fait 'objet d’une publication dans le journal Chemical Communications*
(détection) et une publication dans le journal Angewandte Chemie International Edition?

(application a la catalyse).
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Il A paper-based biomimetic device for the reduction of Cu(ll) to

Cu(l) — application to the sensing of Cu(ll)

A biomimetic device for the reduction of Cu(ll) to Cu(l) consisting of thioglycolic acid
covalently grafted to cellulose paper was developed. The device displays exceptionally
fast reducing properties allowing the reduction of Cu(ll) in seconds and the formation
of deeply colored Cu(l)-SCH2R complexes onto the cellulose paper. This biomimetic
and biomaterial-based concept was exploited for the detection of copper in water

samples with a limit of detection as low as 2 ppm.

Nature has been a permanent source of inspiration for chemists and this interest
has been recognized as a field of research known as the biomimetic chemistry.1
Biomimetic chemistry takes inspiration from the chemical transformations
occurring in biological systems. Copper is an important mineral nutrient for
mammalian cells, acting as a cofactor for many enzymes. The cellular copper
homeostasis is mainly assured by glutathione (GSH) through the formation of a
GSH-Cu(l) complex transferring copper into the active sites of enzymes.2 Copper
uptake occurring mainly as Cu(ll) species, cysteine residues in proteins are
suspected to reduce Cu(ll) to Cu(l) with the simultaneous oxidation of thiol
functions to disulfides.2 The ability of thiols to reduce Cu(ll) to Cu(l) and form
stable complexes in living systems associated to their highly colored properties
due to S=>Cu charge transfers® prompted us to develop a biomimetic approach

for the colorimetric detection of copper in aqueous samples.

Being at the end of the food chain, humans are highly exposed to bio-
accumulating contaminants such as pollutants and metals. Excessive copper
uptake from contaminated food and drink and/or alteration of cellular
homeostasis leading to high cellular copper concentration can severely affect
human health, especially through liver damages. The World Health Organization
(WHO) recommends that intake of copper from diet (food and drink) do not

exceed 10 mg/day. Therefore, detecting copper in the environment is essential to
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control food and water supply. In occupational settings, copper-containing
samples are usually analyzed by inductively coupled plasma mass spectrometry
atomic emission spectroscopy (ICP-AES) or inductively coupled plasma mass
spectrometry (ICP-MS). These remarkably accurate techniques allow very low
detection limits, in the ppb level, but require expensive instruments, highly

trained operators and tedious sample pretreatment.

To prevent the use of expensive and complex instruments , colorimetric and/or
optical copper chemosensors involving solution-phase sensing through metal-
ligand coordinative interactions has been envisaged as an appealing technology
featuring operational simplicity, high selectivity and good sensitivity;>14 the
coordination behavior being, however, possibly significantly affected by the
nature of the solvent analyzed. For real on-site detection of copper, paper-based
sensors offering portability and operational simplicity have been proposed by
physisorption of molecular sensors>'8 but this technology may suffer from
detection inaccuracy and reproducibility issues since weakly bound molecules can

be washed off when dipping the solid sensor in the solvent to be analyzed.

We considered that an innovative approach addressing the drawbacks discussed
above was highly desired. To this end, we designed a simple and robust paper-
based analytical technology for Cu(ll) in water. The main features of our sensor
include: (1) a covalent anchoring of a chemosensor onto cellulose paper, (2) an
optical and colorimetric detection of Cu(ll), (3) a biomimetic detection based on

the chemical reduction of Cu(ll) to Cu(l) by thiol functions.

Paper-based sensor have been introduced as low-cost, user-friendly, portable and
disposable analytical devices encompassing many applications such as
biodiagnosis, water and seafood control as well as environmental markers.:220
Cellulose paper can be viewed as an ideal platform for the immobilization of
chemosensors since cellulose is the cheapest and the most abundant biopolymer
on Earth and the high hydrophilicity of paper is ideally suited for the analysis of

aqueous samples. However, analytical devices based on the covalent
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immobilization of a chemosensor onto cellulose paper are still scarce despite
outstanding properties.2:26 This could be explained by the low reactivity of
hydroxyl groups from glucose units due to the dense intra- and intermolecular

hydrogen bond network, resulting in a low degree of surface functionalization.

Therefore, prior to surface modification, pristine cellulose paper was soaked for
24 hours in 10% NaOH aqueous solution at 25 °C to break hydrogen bonds and
enhance the reactivity of hydroxyl groups.ZZ Then, the activated paper was
esterified with thioglycolic acid using catalytic amount of p-toluene sulfonic acid
(PTSA). We assume that the functionalization mainly occurred on primary
hydroxyl functions of the glucose units, but we cannot ruled out that remaining
less reactive secondary alcohols were marginally esterified (Scheme 1). A high
degree of substitution of c.a. 0.7 was estimated by elemental analysis, indicating
that seven hydroxyl groups were functionalized with thioglycolic acid every ten

glucose units.

0] SH
0] >
OH 0)
SH
AN o AN iy
%o OH © 0 PTSA, toluene %o OH © 0
HO n  reflux, overnight HO n

Pristine paper Paper-grafted thioglycolic acid

Scheme 1 Preparation of the paper-based biomimetic device.

The covalent grafting of thiogycolic acid on the cellulose paper was followed by
FT-IR (Fig. S1 in ESI). The spectrum of pristine paper exhibits characteristic
stretching vibrations for O-H, C-H and C-O-C bonds at 3400, 2900 and 1100 cm™
respectively. The successful grafting of thioglycolic acid to cellulose is ascertained
by the apparition of an intense band at 1721 cm™ accounting for the carbonyl
group of the ester function along with a small band at 662 cm™ attributed to the
C-S stretching vibration. The S-H stretching vibration can be barely discerned at
2550 cm, but the dense hydrogen bond network excessively broadened the

expected band. The volatility of thioglycolic acid prevented the presence of
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adsorbed residues after a thermal treatment of the biomaterial at 120 °C for 12

hours under vacuum.

The surface composition of the grafted paper was analysed by X-ray
photoelectron spectroscopy (XPS) and compared to the pristine paper (Fig. 1). The
determination of the valence state of the carbon element on the high resolution
XPS spectra of the Cls region reveals the increase of the peak accounting for C—C
bonds at 284.7 eV and the apparition of a peak at 288.9 eV attributed to ester
function. S2p peak at 164.1 eV indicates the presence of thiol functions. A high
resolution spectrum of the S2p region shows closely spaced spin-orbit
components (S2p1/2 at 165.3 eV and S2p3/2 at 164.1 eV) of S2p orbitals; the spin-

orbit splitting being measured at 1.2 eV.
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Fig. 1 High resolution C1s XPS spectra of (a) pristine paper, (b) paper-grafted thioglycolic
acid. (c) High resolution S2p XPS spectrum of paper-grafted thioglycolic acid.

Scanning electron microscopy (SEM) images, depicted in Fig. 2, reveal that the
morphology of the cellulose fibers is not affected by the grafting step, the
diameter of fibers being in the range of 10-20 um for both materials, while the
whiteness of the cellulose paper is also preserved (photograph as inset), allowing
a high contrast for the colorimetric detection (vide infra). These results suggest

that the grafting of thioglycolic acid do not alter the physical properties of the

paper.
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Fig. 2 SEM images of (a) pristine cellulose paper, (b) functionalized paper with

photograph as inset.

As expected, our paper-based sensor exhibits intense colorimetric changes easily
detected by naked eyes upon contact with a solution of Cu(ll), (Fig. 3). A gradient
color from black to pale brownish is observed on the paper strips upon decreasing
the concentration of Cu(ll). The estimated limit of detection by naked eyes is
about 0.1 mM corresponding to ca. 6 ppm Cu. Colorimetric detection is the
simplest technology for on-site naked-eye pollutant detection carried out by low

skilled workers and even non-scientific individuals.
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By contrast, optical detection requires dedicated instruments but it can be
complementary to the colorimetric analysis and may furnish more accurate
results in the region of the detection limit. The UV diffuse reflectance spectrum of
the paper strips dipped in aqueous solutions of Cu(ll) of various concentration
were recorded. When the paper strip is immersed in a copper-free water sample,
a single absorption band is observed at ca. 257 nm and attributed to the carbonyl
groups of the ester function. Upon increasing the concentration of copper, two
bands corresponding to S=>Cu charge transfers appear at ca. 506 and 665 nm.2
The band broadening observed is attributed to the inhomogeneity of the medium

leading to several complexes in equilibrium.

The limit of detection by optical means was calculated on the absorption band
centered at 506 nm with the set of data collected from the recording of
absorbance at various concentration of Cu(ll). The value of the absorbance at 506
nm of 9 solutions containing different concentration of Cu(ll) was normalized
between the blank and the solution titrating at 10 mM. A linear regression curve
was fitted to the concentration values 0.1-10 mM extracted from Fig. 3b and a
detection limit of 33 pM (corresponding to 2 ppm) was determined by

extrapolation of the straight line on the abscissa axis.
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Fig. 3 (a) Colorimetric detection of Cu(ll) in water at different concentrations. (b) UV
spectra of the paper strips at various concentration of Cu(ll). (c) Calibration curve for the

determination of the detection limit.

With the objective of developing a universal analytical device for the detection of
copper in real water samples, we examined the selectivity of the sensor on a

selection of cations frequently detected in contaminated tap water.

Both optical and colorimetric detections confirmed the high selectivity of the
sensor for Cu(ll). The absorbance values measured at 506 nm for Hg(ll), Zn(ll),
Sn(Il), Ni(ll) Li(1), Pb(ll), Fe(l), Ag(l), Cr(l), Cr(ll), Cr(lll), Ca(ll) and Cd(Il) is not
significantly discernible from the blank even at concentrations as high as 30 mM

(Fig. 4a).
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Fig. 4 (a) Absorbance response of the paper strip at 506 nm for various metal chloride
salts. (b) Colorimetric detection of cations in water at 30 mM through simple naked-eye

analysis of the dipped paper strip.

Similarly, for the naked-eye detection, a marked colour change was exclusively
observed when the paper strip was immersed in a sample of water containing
Cu(ll) (Fig. 4b). We investigated the influence of the pH of copper-containing

aqueous solutions on the sensitivity of our sensor. It was observed that the device
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displays a comparable sensing sensitivity in solutions with pH ranging from 4 to
12, while a quench of the detection was observed for pH values below 4.

This results reveals that in standard conditions, our detection device is reliable for
a wide range of pH values. The colorimetric detection allows a semi-quantitative
estimation of the concentration of copper in the analyte by visual comparison
with a colour chart. The quantitative determination of copper concentration of
unknown water samples can be assessed from the colour coordinates extracted

from the paper strip.

The RGB (Red, Green, Blue) colour model is a universal model for electronic
devices. The RGB system use a Cartesian coordinate system and can be more
intuitively and perceptually represented by the cylindrical-coordinate HSL (for

Hue, Saturation, Lightness) or HSV (for Hue, Saturation, Value) representations.

The quantification of copper in unknown water samples requires the preparation
of a calibration curve from a set of standards in order to establish a relationship
between the colour coordinates and the concentration of copper. The RGB colour
coordinates were extracted with the open-source GIMP raster graphics editor on
a square region of approximately 900 pixels from the paper strips immersed in
standards. The RGB coordinates were converted into the HSL representation and
a linear calibration curve was fitted to the concentration range of 0.1-20 mM (Fig.

5a).

An application of our sensor was carried out on a sample contaminated by copper
at a level of 2.5 mM as determined by ICP-MS (Fig. 5b). Analysis of the RGB colour
coordinates of the paper strip immersed in this sample and conversion to the HSL
values allowed the assessment of the copper concentration with the linear
regression curve represented in Fig. 5a. A concentration of 2.46 mM was

determined, corresponding to a low relative error of -1.6%.
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Fig. 5 (a) Calibration curve representing the color coordinates of the paper strips as a
function of the Cu(ll) concentration. (b) Application for the quantitative determination of

Cu(ll) concentration in a water sample.

The mechanism responsible of the colorimetric and optical detection was initially
assumed to proceed through a thiol-mediated reduction of Cu(ll) to Cu(l) resulting
of the formation of deeply coloured Cu(l)-SCH2R complexes due to S=>Cu charge

transfers.

In order to confirm this mechanism we characterised the strip paper immersed in
a 20 mM aqueous CuCl; solution. The paper strip dipped in the copper solution
turns black in a couple of seconds and the SEM images reveal the presence of

copper nanoparticles (Fig. 6a-b).

XPS analyses confirm the formation of copper-thiol complexes since two S2p
doublets with 9:1 area ratios and splittings of 1.2 eV are observed. The doublet at
163.6 eV is assigned to free-thiols while the new doublet at 161.9 is characteristic
of bound thiolate species (Fig. 6d). Analysis of the high resolution XPS spectra of
the Cu2p region is even more informative since the two split spin-orbit
components of Cu2pi/2 and Cu2ps/; at respectively 952.1 and 932.4 eV, associated
to the absence of the satellite shake-up near 938-945 eV are characteristic of

Cu(l), certainly as Cu;0 nanoparticles (Fig. 6c).
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The absence of Cu(ll) species suggest that the paper strip acts as a very efficient

and exceptionally fast reducing agent;

these

results validated the

initial

hypothesis. Quantification of the surface composition by XPS provides direct

atomic level spectroscopic evidences of the formation of 1:1 stoichiometric

complexes of sulfides with Cu(l) species since the atomic ratio of the total surface

copper (0.47 % at.) to the total surface bound sulfur (0.40% at.) is 1.17.
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Fig. 6 (a) SEM image of paper-grafted thioglycolic acid with copper nanoparticles (some

are showed in a white circle). (b) SEM image of Cu NPs at a high magnification. (c) High

resolution Cu2p XPS spectrum showing the absence of satellite peaks characteristic of

Cu(ll). (d) High resolution S2p XPS spectrum of paper-grafted thioglycolic acid containing

Cu NPs.

In summary, we developed the first biomimetic solid-state device for the

reduction of Cu(ll) to Cu(l) in aqueous conditions. The biomimetic sensor,
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consisting of thioglycolic acid covalently immobilized on cellulose paper, showed
exceptional sensing properties for the colorimetric and optical detection of Cu(ll)
in water with a limit of detection as low as 2 ppm. A method for the quantitative
determination of copper concentration in water by colorimetric means was
developed by extraction of the HSL colour coordinates from the coloured paper
strips.

The reduction of Cu(ll) to Cu(l) was followed by XPS and the formation Cu;O NPs
was observed by SEM analysis. The formation of 1:1 stoichiometric complexes of
sulfides with Cu(l) species was determined by quantification of the surface
composition. Studies in the design of biomaterials for the fabrication of
biomimetic devices for sensing open exciting new avenues in many areas of
chemistry. We believe that this work is a leading contribution to this exciting field

of research.
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Il Partie expérimentale

Materials
All commercial solvents and reagents were used as received without further purification
from Sigma-Aldrich, Fischer Scientific Ltd, Alfa Aesar. Whatman® grade 6 filter paper

(42.5 mm @) was used as cellulose source.

Analytical methods

FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer with ATR technique.
Scanning Electron Microscopy (SEM) was performed on a JEOL JSH7600F (field emission
gun, accelerating voltage: 5 kV, in lens detector of secondary electrons). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific K-ALPHA
spectrometer for disk surface analysis with a monochromatized AlKa source (hv = 1486.6
eV) and a 200 micron spot size. A pressure of 1077 Pa was maintained in the chamber
during analysis. The full spectra (0-1150 eV) were obtained at a constant pass energy of
200 eV and high resolution spectra at a constant pass energy of 40 eV. Charge
neutralization was required for all insulating samples. High resolution spectra were
fitted and quantified using the AVANTAGE software provided by Thermo Fisher
Scientific. UV-visible absorption spectra were recorded using a Varian Model Cary 5E
spectrophotometer, using an integrating sphere DRA 2500. Elemental analysis were

performed on a Thermo Fisher Scientific Flash 2000 CHNS organic elemental analyzer.

Procedure

General procedure for the pre-treatment of cellulose paper. Ten pieces of cellulose
filter papers (approx. 1.50 g) were immersed in a freshly prepared aqueous solution of
10% NaOH (300 mL). This mixture was shacked overnight on an orbital agitator. The

cellulose samples were washed 3 times with 50 mL of EtOH and stored in EtOH.
Procedure for the functionalization of cellulose paper with thioglycolic acid.

Thioglycolic acid (257 mg, 194 L, 2.79 mmol) and catalytic p-TsOH (20 mg) were added

to the pretreated filter paper (150 mg, 0.93 mmol) immersed in dry toluene (20 mL).
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This mixture was refluxed overnight under nitrogen. After cooling the mixture to room
temperature, the cellulose paper was washed successively with MeOH, EtOH, acetone
and CH2Cl, under sonication bath, 5 min each, dried under vacuum and stored under

nitrogen. Elemental analysis: C: 40.06%, H: 5.12%, S: 10.79%.

General procedure for the colorimetric detection of Cu(ll) at different concentration.
Solutions of CuCl, at different concentrations were prepared in distilled water. Paper
strips were immersed in the corresponding solutions for one hour, dried at 80 °C for one

hour and characterized by UV-Vis.

General procedure for the colorimetric detection of cations.

Aqueous solutions of different cations as the corresponding chloride salt at 30 mM
(Hg?*, Zn?*, Sn?*, Ni%*, Li'*, Pb?*, Fe3*, Ag!*, Crl*, Cr?*, Cr3*, Ca?*and Cd?*) were dissolved in
distilled water. Paper strips were immersed in the corresponding solutions for one hour,

dried at 80 °C for one hour and characterized by UV-Vis.

General procedure for the calibration curve representing the color coordinates of the
paper strips as a function of Cu(ll) concentration.

The samples were placed on a white background to maintain the same environmental
light and photographic conditions. Detail camera set up is shown in Table 1. Digital
images were transferred to a computer without any specific software. Colors were
obtained from a representative square region of approximately 900 pixels located in
each sample images. The average RGB values were measured with GIMP tool color
picker. The RGB data codes were converted to HSL data code by an online software (see

following link http://www.rapidtables.com/convert/color/rgb-to-hsl.htm).
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Digital camera

Canon EOS 400D DIGITAL

Camera maximum resolution

10.1 megapixels

Camera sensor

CMOS 22.2 x 14.8 mm

Exposition time 1/100 s
Focal length 34 mm
White balance Automatic

Image format

JPEG 3888 X 2592 pixels

Color representation

SRGB (standard RGB)

RGB color measurement

Gimp

Table S1. Digital camera characteristics for Cu(ll) determinations.>!

Code RGB Code HSL
[c] / mM R G B H S L 2H+L | log (2H+L) | log [Cu?]

20 106 | 96.0 | 91.0 | 20.0 | 7.6 | 38.6 | 78.6 1.98 -1.70
10 114 | 102 | 95.0| 220 | 9.1 |41.0 | 85.0 2.01 -2.00

5 132 | 116 | 105 | 24.0 | 11.4 | 46.5 | 94.5 2.06 -2.30

1 153 | 137 | 121 | 30.0 | 13.6 | 57.3 117 2.14 -3
0,5 165 | 150 | 134 | 31.0 | 14.7 | 58.6 121 2.18 -3.30
0,3 173 | 158 | 141 | 32.0 | 16.3 | 61.6 | 126 2.20 -3.52
0,1 193 | 183 | 166 | 38.0 | 17.9 | 70.4 | 146 2.26 -4.00

Table S2. Average RGB and HSL color values for various concentrations of Cu(ll).

Reference

S1 M. L. Firdaus, W. Alwi, F. Trinoveldi, |. Rahayu, L. Rahmidar and K. Warsito,

Procedia Environ. Sci., 2014, 20, 298-304.
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IV Harnessing the dual properties of thiol-grafted cellulose paper

for click reactions: powerful reducing agent and adsorbent for

Cu

An unprecedented concept exploiting the dual properties of thiol-grafted cellulose
paper for promoting copper-catalyzed [3+2]-cycloadditions of organic azides with
alkynes and adsorbing residual copper species in solution has been discovered. The
thiol-grafted cellulose paper, used as a paper strip, allows the reduction of Cu(ll) to
catalytically active Cu(l) and acts as a powerful adsorbent for copper, facilitating the
work-up process and leaving the crude mixture almost free of copper residues after a

single filtration.

The copper-catalyzed [3+2] cycloaddition of an organic azide with a terminal alkyne
leading to the corresponding 1,4-disubstituted triazole is one of the most powerful and
thoroughly studied ligation tools falling in the family of click reactions.l' While the
thermal-promoted [3+2] cycloaddition, initially discovered by Huisgen,?! suffers from
generating both 1,4- and 1,5-disubstituted triazoles with a poor regiocontrol, the
copper-catalyzed version independently pioneered by Meldal® and Sharpless* has
become an indispensable tool in chemical-biology®! and material science® due to its
compatibility to aqueous conditions, good tolerance to steric hindrance and functional

groups, and excellent regioselectivity for 1,4-triazoles.

Two main experimental protocols emerged from the hundreds of publications reporting
the use of this click reaction catalyzed by Cu(l)-species. The first one involves the direct
use of Cu(l) salts with a strict exclusion of oxygen due to the high susceptibility of Cu(l)
toward oxidation. This approach usually lacks of robustness due to complicating side
reactions and copper instability. The use of nitrogen-type ligands greatly enhances both
reaction yields and rates since they prevent the degradation of Cu(l) by oxidation or
disproportionation.”! The second procedure involves the in-situ reduction of Cu(ll) salts
such as CuS04.5H,0, to Cu(l) with a 3- to 10-fold excess of a reducing agent. Sodium

ascorbate is indisputably the most frequently used reducing agent, but hydrazinel®! and
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tris(2-carboxyethyl)phosphinel® have been occasionally used as well. This second
strategy is by far the preferred procedure since it does not require inert atmosphere,
can be carried out in water, gives more reliable results and is accessible to non-experts
such as biologists. However, using sodium ascorbate as a reducing agent can be
complicated by both the over reduction of Cu(ll) to Cu(0) and formation of radical
oxygen species.'®) Moreover, strongly electrophilic by-products of dehydroascorbate
have been reported to react with protein chains, altering the chemical structure of
DNA.1M |t must be noted that alternative procedures involving the photo-induced

reduction of Cu(ll) to Cu(l) showed interesting performances.*?

Environmental concerns as well as toxicity issues from copper species in compounds of
biological interest, have led to the development of immobilized catalytic systems,
allowing an efficient copper removal by a simple filtration. Copper catalysts have been
immobilized as molecular complexes and nanoparticles on a variety of supports!3
including polymers,* silica,!*! zeolite,[*®! and carbon-based material.l'”! By contrast, the
use of immobilized reducing agents is unprecedented, though it could simplify the
removal of reducing agent byproducts, especially for biological materials, and increase

the selectivity for Cu(l) with regard to Cu(0).

We recently developed a biomimetic reducing agent immobilized on cellulose paper for
the highly selective reduction of Cu(ll) to Cu(l) with the simultaneous detection of
copper by colorimetric and optical tools.[8 Our heterogeneous reducing system consists
in a cellulose filter paper covalently grafted with thioglycolic acid (Cell-SH). Upon contact
with aqueous CuS04.5H,0O solutions, a piece of paper reduces Cu(ll) to Cu(l)
nanoparticles in a couple of seconds with the simultaneous oxidation of thiols to
disulfide compounds. The effectiveness of the reduction can be easily followed by naked

eyes since the white paper strip rapidly turns black due to high S = Cu charge transfer.

Herein, we report how this unprecedented reducing agent can be used for the copper-
catalyzed Huisgen 1,3-dipolar cycloaddition of organic azides with terminal alkynes.
Particularly, we demonstrate how a simple piece of paper functionalized with thiol

functions can act as an unprecedented dual tool, promoting the Cu-catalyzed Huisgen
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synthesis of 1,4-disubstituted triazoles through the reduction of CuS04.5H,0 to Cu(l)
species and allowing an efficient copper remediation. This bifunctional material leaves
the crude product almost free of copper residues and reducing agent by-products after a
single filtration.

Pursuing this groundbreaking strategy, we initially focused on a model reaction involving
the cycloaddition of benzyl azide 1 with propargyl alcohol 2 in the presence of
CuS04.5H,0 as catalyst in a mixture of t-BuOH/H,0 (Table 1). The cellulose filter paper
covalently grafted with thioglycolic acid used in this work was prepared by esterification
of Whatman® paper #6 with thioglycolic acid using PTSA as catalyst following our

recently described procedure (Scheme 1).[18-201

NIl oH |
| I PTSA, PhMe |
' reflux, 12 h /

s
SH SH
Od OH oy HO)]\/ \, (|) - -~

‘ |

Cellulose paper Cell-SH

Scheme 1. Preparation of Cell-SH.

At room temperature, we observed a sluggish cycloaddition, requiring a high copper
loading, up to 10 mol% Cu, to reach a modest yield of 3 (entries 1-3), using a piece of
paper equivalent to 16 mol% of SH functions. Fortunately, working at 70 °C significantly
increased the reaction rates without affecting the Cell-SH efficiency since an excellent
yield (87%, entry 5) was attained with only 2 mol% Cu. Decreasing the loading of thiol
functions to 8 mol% significantly eroded the reaction yield (43%, entry 6), while the
reaction background revealed that the use of a piece of paper as reducing agent was
essential for promoting the reaction since less than 5% of 3 was obtained in the absence

of paper (entry 7).
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Table 1. Optimization studies.

CuS0,.5H,0

©/\N3 +\ Cell-SH ©/\N/N“N
OH t-BuOH/H,O \QQ\
1 2 14 hours 3 OH
Cu loading SH loading Temp. Yield
Entry?
(mol%) (mol%) (°C) (%)?
1 1 16 25 34
2 16 25 36
3 10 16 25 61
4 1 16 70 85
5 2 16 70 87
6 2 8 70 43
7 2 0 70 <5

[a] Reaction conditions: benzyl azide 1 (1 mmol), propargyl alcohol 2 (1.5 mmol),
CuS04.5H20 and Cell-SH were stirred in 5 mL of t-BuOH/H20 (1/1) for 14 hours

at the specified temperature. [b] Isolated yield.

The optimized conditions of the benchmark reaction were translated to the formation of
diversely decorated triazoles (Table 2). In a first set of examples we studied the use of
simple ligation partners. We learned from these studies that aromatic and aliphatic
alkynes reacted with a similar efficiency and the increase of the steric hindrance of the
carbon atom bearing the azide function resulted in diminished reactivities, requiring an
increase of copper loading (4 mol%) when switching ethyl azidoacetate for more
sterically hindered ethyl 2-azidopropanoate (compounds 8, 10, 12, vs 7, 9, 11). The
usefulness of Cell-SH as a powerful reducing agent for CuS04.5H,0 was highlighted on
two examples showing that almost no conversion occurred when Cell-SH was omitted

from reaction mixture (compounds 3, 5, yields in bracket).
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Having validated our concept on a set of simple triazoles, we pushed further our studies
with the use of densely decorated coupling partners in order to evaluate the robustness
and make a balanced analysis of the usefulness of the methodology. As we reasoned
that our practical Cell-SH device could be useful for biologists and analytical chemists,
we used azides and alkynes bearing sugar, rhodamine, coumarin and cholesterol
moieties that are often used in cell recognition, sensing or labelling.[?l The scope of the
reaction proved to be quite broad with no obvious limitations since the cycloaddition
proceeded with both highly complex alkynes and azides. Impressively, free-
carbohydrates also reacted smoothly either as azide or alkyne derivatives (18-19),

showing the high tolerance of this process.

Actually, the main limitation of this process is related to solubility issues of highly
lipophilic substrates, significantly altering the reaction rate. In order to increase the
dispersion of structurally complex and poorly soluble partners such as alkynes bearing
cholesterol and rhodamine moieties and attain reasonable rates, the cycloaddition was
performed with 4 mol% Cu and in ternary mixtures of solvents using either THF, MeOH
or CHCl, as additional solvents (compounds 15-16, 21-23). As expected, the
cycloaddition occurs regioselectively in favor of the 1,4-disubtituted triazoles, though
the 1,5-disubstituted regioisomer was detected in a small amount on two occasions for
compounds 10 and 16. In summary, we mention that our catalytic system allows
working with highly complex partners having either lipophilic or chelating properties,
even those bearing a pyridine group (compound 20), provided that experimental

conditions, e.g., solvent and/or time, are adapted.
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Table 2. Scope of the reaction.

CuS04.5H,0 (2 mol%) R2
R2 Cell-SH (15 mol% SH) 1 ’Q N
RNt s TN
t-BuOH/H,0 3-23 \\<
14 hours, 70 °C@ R3
oy G O
\ o
3,87% <5% 4, 98%\\%% 5, 81% <5% F 6, 96%°¢
R R
EtOZC)\N’NvN EtOzc)\N/No EtOQC N E0,c7 NNy

~_ i %
7,R=H80% ©OH 9 R=H, gom 11,R=H, 88% Q 13, 92%

f s 4
8, R = Me, 73%° 10, R = Me, 74%° 12, R = Me, 65%° FQ
F

F O F
<CozEt
NN
BocHN gEN
14,70% 15, 86°/ o
16, 75%
OH
OACOAC 08
o HO5
o~y
% Ty o
17, 79%° 18, 71%" 19, 82%"
EtZN
NN Et2 E10,0 >
\N .
S / N NEt, 21, 0% -
20, 70%"
EtN

oj(\}N'N oﬁN N, O
22, 79%° ‘\& 23, 91%9 ‘\& /N 3
' OH ’ Jd N

© OO NEt,

[a] Reaction conditions: azide (1 mmol), alkyne (1.5 mmol), CuSO4.5H20 (2 mol%) and Cell-SH (16
mol%) were stirred in 5 mL of t-BuOH/H20 (1/1) at 70 °C for 14 h. [b] Yield without Cell-SH in bracket.
[c] CuSO4.5H20 (4 mol%). [d] Reaction time: 72 hours. [e] t-BuOH/H20O/THF (1/1/2) as solvent
mixture, CuSO4.5H20 (4 mol%) and 14 hours of stirring. [f] CuSO4.5H20 (4 mol%) and 48 hours of
stirring [g] MeOH/H20/CH2CI2 (1/1/3) as solvent mixture, CuSO4.5H20 (4 mol%) and 48 hours of

stirring.

102



Having demonstrated the powerful reducing properties of Cell-SH for copper sulfate,
promoting the [3+2]-cycloaddition of organic azides with alkynes, we explored the
adsorption properties of this unusual material (Table 3). In order to accurately
determine the level of copper removal, we analyzed the crude solution by inductively
coupled plasma mass spectrometry (ICP-MS) after the paper strip has been removed by
filtration. We calculated the percentage of copper removal with respect to the initial
amount introduced for the reaction (2 mol% Cu). The use of a slight excess of Cell-SH
was inefficient in promoting the cycloaddition and removing copper species in solution
since only a marginal amount of copper species was adsorbed on the material while the
reaction yield was disappointingly low (entry 2). Using a four-fold molar excess of Cell-SH
with respect to copper greatly increased the copper remediation to ca. 60%, but
unfortunately the reaction yield remained unchanged (entry 3). By contrast, 94% of
copper species in solution were removed when a piece of paper corresponding to 16
mol% SH was used, while the reaction yield for obtaining triazole 3 reached 87% (entry
4). Upon increasing the loading of thiol functions to 24 and 32 mol%, the copper removal
marginally increased to ca. 97% while the reaction yield reached a plateau at ca. 90%
(entries 5-6). These results reveals that the use of an eight-fold molar excess of SH
functions with respect to copper constitutes the best compromise regarding the copper

removal efficiency and the atom economy.

Table 3. Adsorption properties of Cell-SH.
CuS0,.5H,0 (2 mol%)

) _N
©/\N3 +\ Cell-SH N ©/\N N
OH t-BUOH/H,0 %
3 OH

1 2 70 °C, 14 hours
SH loading Cu adsorbed Yield
Entryl

(mol%) (%) (%))

1 0 0 <5

2 3.2 4 41

3 8 58 43

4 16 94 87

5 24 97 88

6 32 97.5 91
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[a] Reaction conditions: azide (1 mmol), alkyne (1.5 mmol), CuSO4.5H20 (2 mol%) and Cell-SH
(see table) were stirred in 5 mL of tBuOH/H20 (1/1) at 70 °C for 14 h. [b] Isolated yield.

While we demonstrated that Cell-SH enabled the adsorption of ca. 95% of Cu initially
introduced, we wondered if the paper strip removed after completion of the reaction
could be reused in a second run without requiring additional Cu. The reuse of Cell-SH
was explored for the cycloaddition of benzyl azide 1 with propargyl alcohol 2. An
identical yield was observed for the 2™ run (88%) while a sharp decrease occurred on
the third reuse (ca. 50%) due to the fragility of paper upon successive reuses, leading to

the loss of its physical integrity.

We also analyzed the nature of copper species adsorbed onto Cell-SH after one cycle.
Scanning electron microscopy showed the formation of spherical copper nanoparticles

(Cu NPs) with an average diameter of ca. 36 nm (Figure 1).

Figure 1. SEM image of copper nanoparticles deposited onto cellulose fibers after one

cycle.
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X-ray photoelectron spectroscopy of Cu NPs in the Cu2p region shows the absence of
satellite peaks near 938-945 eV while the peaks at 932.5 and 952.3 eV accounting for

Cu2ps/2 and Cu2pi/; spin-orbit components suggest the formation of Cu,O NPs (Figure 2).

Cu2ps,
N

™~
.

™.
Absence of satellite ™
peaks characteristic
of Cu(ll)

.

Counts/s

965 960 955 8950 945 940 935 930 925
Binding energy (eV)

Figure 2. High resolution Cu2p XPS spectrum characteristic of Cu;0.

Since a similar behavior was observed for Cu in the absence of coupling partners,8 we
deduce from these results that Cell-SH rapidly adsorbs and reduces CuS04.5H,0 to Cu,0

NPs that act as catalyst for the transformation.

In summary, we unveiled a new concept for the [3+2]-cycloaddition of organic azides
with alkynes using a heterogeneous reducing agent also acting has a powerful adsorbent
for copper species in solution, leaving the crude product almost free of both copper
residues and reducing agent. This technology consists in the use of cellulose paper as a
heterogeneous biopolymer for supporting covalently thiol functions and was inspired
from living systems that reduce Cu(ll) to Cu(l) with cysteine residues from proteins. The
robustness of our catalytic system was highlighted through the preparation of highly
complex substrates. Inspiration from nature to uncover more sustainable methodologies
is a field of research deserving huge attention and we believe that this work is a leading

contribution that will be of great interest for synthetic chemists and biologists.
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V Partie expérimentale

Materials
All commercial solvents and reagents were used as received without further purification
from Sigma-Aldrich, Fischer Scientific Ltd, Alfa Aesar. Whatman® grade 6 filter paper

(42.5 mm @) was used as cellulose source.

Analytical methods

All reactions were carried out under an atmosphere of nitrogen in dry glassware with
magnetic stirring. Extra pure solvents were used without further purification.
Purification of products was carried out by column chromatography using silica gel (40-
30 @m). Analytical thin layer chromatography (TLC) was performed on 0.25 mm silica gel
60-F254 plates. Visualization was accomplished with UV lamp (254 nm) or using
ammonium phosphomolybdate. 'H and '3C NMR spectra were recorded at 400 MHz and
100 MHz, respectively, and they are reported as 6 values (ppm) relative to residual CDCls
8 H (7.26 ppm) and CD30D (3.31 ppm), CDCl3 6 13C (77.16 ppm) and CDs0D (49.00 ppm)

as internal standards.

Experimental procedures

Procedures for the preparation of starting materials

4-Methyl-7-(propargyloxy)coumarin
Anhydrous potassium carbonate (4.71 g, 34.1 mmol) was added
o o in a solution of 7-hydroxy-4-methylcoumarin (400 mg, 2.28
\\\ O mmol) in CH3CN (25 mlL) under inert atmosphere. Then,
© propargyl bromide (80% in toluene, 305 mL, 2.72 mmol) was

added to the solution and stirred for 12 h at 60 °C. After the completion of the reaction

108



the solution was filtered and washed twice with CH3CN (2 x 10 mL). The solvent was
evaporated under reduced pressure, diluted in CH,Cl, (50 mL) and sequentially washed
with an NH4Cl saturated aqueous solution (10 mL) and brine (10 mL). The organic layer
was dried over anhydrous MgSQs, filtered and the solvent evaporated under reduced
pressure, obtaining a pale yellow solid (463 mg, 97% yield) used in the next step without
further purification. mp 130-131 °C, [Lit.2! 130-134 °C]. '"H NMR (400 MHz, CDClz, ppm):
51 7.49 (d, 1H, J = 8.9 Hz,), 6.89-6.91 (m, 2H), 6.11 (d, 1H, J= 1.1 Hz,), 4.73 (d, 2H, J = 2.4
Hz), 2.56 (t, 1H, J = 2.4 Hz), 2.36 (d, J = 1.2 Hz, 3H). 13C NMR (100 MHz, CDCls, ppm): &c¢
161.1, 160.4, 155.1, 152.5, 125.7, 114.3, 112.7, 112.4, 102.3, 77.5, 76.6, 56.3, 18.7.
HRMS (ESI) calcd for C13H1003Na [M+Na]* 237.0528; found: 237.0531.

1,2,3,4,5-Pentafluorophenyl propargyl etherf2!

\\\ A mixture of pentafluorophenol (1.27 g, 6.90 mmol), propargyl bromide

0 F (80% in toluene, 769 mL, 6.90 mmol), and anhydrous potassium

F carbonate (1.20 g, 6.90 mmol) in dry acetone (30 ml) was heated under
F

reflux for 6 h, filtered and the solvent was removed under vacuum at

room temperature. The residue was diluted with diethyl ether (30 mL),
washed with aqueous 4 N NaOH (10 mL). The organic phase was dried over MgS04 and
evaporated under reduced pressure to give the titled compound as a pale yellow oil
(1.46 g, 95% vyield). *H NMR (400 MHz, CDCls, ppm): 4.80 (app t, 2H, J = 2.4 Hz), 2.53-
2.55 (m, 1H). 13C NMR (100 MHz, CDCls, ppm): ¢ 162.6, 142.5 (m, 2C, 1J = 249.5 Hz),
138.1 (m, 2C, 1J = 250.5 Hz), 131.9 (m, 1C), 77.4, 76.8, 62.0.

3-(Prop-2-yn-1-yloxy)cholester!3!

A solution of cholesterol (1.98 g, 4.90 mmol) in THF (27 mL) under nitrogen was treated
with NaH (60% in mineral oil, 294 mg, 7.35 mmol) at room temperature. After the
suspension was stirred for 30 min, propargyl bromide (80% in toluene, 727 mL, 6.13
mmol) was added and the reaction mixture was stirred at 50 °C for 24 h. Then, the
solution was quenched by methanol (10 mL) and the solvent was removed by
evaporation under reduced pressure. The residual solid was dissolved in CH,Cl, (50 mL)

and washed with water (2 x 20 mL) and brine (20 mL). The organic phase was dried over
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MgSQ,, filtrated and concentrated under reduced
pressure. The crude product was further purified by
flash chromatography on silica gel (100% petroleum

ether) to give a white solid (1.98 g, 95% yield). mp

104-106 °C. 'H NMR (400 MHz, CDCls, ppm): &u
5.36-5.37 (m, 1H), 4.19 (d, 2H, J = 2.4 Hz), 3.35-3.43 (m, 1H), 2.68-2.76 (m, 1H), 2.36-2.41
(ddd, 1H, J = 2.3 Hz, 4.8 Hz, 13.1 Hz), 2.40 (t, 1H, J = 2.4 Hz), 2.20-2.26 (m, 1H), 1.79-2.05
(m, 5H), 1.44-1.61 (m, 7H), 1.26-1.40 (m, 4H), 1.00-1.21 (m, 9H), 1.01 (s, 3H), 0.93 (d, 3H,
J=6.5 Hz), 0.88 (dd, 6H, J = 1.7 Hz, 6.6 Hz), 0.69 (s, 3H).13C NMR (100 MHz, CDCls, ppm):
¢ 140.7, 122.0, 80.6, 78.3, 73.9, 56.9, 56.3, 55.2, 50.3, 42.5, 39.9, 39.7, 38.9, 37.3, 36.9,
36.3,35.9, 32.1, 32.0, 28.4, 28.2, 28.1, 24.4, 24.0, 22.9, 22.7, 21.2, 19.5, 18.9, 12.0.

a-Propargyl fucose (27)

A suspension of SiO; (2.00 g) in dry diethyl ether (10 mL) was treated with concentrated
H2SO4 (0.60 mL) and shaken with an orbital stirrer during 10 min. The solvent was
evaporated under reduced pressure and the resulting H,SOs—silica was dried at 110 °C
for 3 h. a-p-fucose triacetate (2.70 g, 15 mmol) was suspended in a solution of propargyl
alcohol (4.35 mL, 75 mmol) in CH3CN (15 mL). Then, H,SOs—silica (100 mg) was added
and the resulting mixture was stirred at 65 °C for 6 h. After cooling at room temperature,
the solvent was evaporated under reduced pressure and the crude product was purified
by flash chromatography on silica gel (100% CH.Cl; to 5% MeOH-CH,Cl;) affording a
viscous oil (3.35 g, 65% yield). *H NMR (400 MHz, CDCls, ppm): &4 5.37 (dd, 1H, J = 3.3
Hz, 10.9 Hz), 5.26-5.27 (m, 1H), 5.22 (d, 1H, J = 3.8 Hz), 5.12 (dd, 1H, J = 3.3 Hz, 10.9 Hz),
4.23(d, 1H,J=2.4 Hz), 4.17 (q, 1H,J=6.6 Hz), 2.41 (t, 1H, J = 2.4 Hz), 2.13 (s, 3H), 2.05(s,
3H), 1.95 (s, 3H), 1.11 (d, 3H, J = 6.6 Hz). 3C NMR (100 MHz, CDCls, ppm): &¢c 170.6,
170.5, 170.0, 95.2, 78.7, 74.9, 71.2, 67.9, 67.9, 65.1, 55.3, 20.8, 20.7, 20.7, 15.8. MS (El)
m/z = 346 (M+NHa)*.

Ethynyl pyridine rhodamine!
2-Amino-6-bromopyridine (500 mg, 2.90 mmol),
Pd(PPhs),Cl; (60.0 mg, 0.09 mmol) and Cul (5 mg, 0.028
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mmol, 5 mol %) were added to dry THF (40 mL) and the mixture was purged by argon for
30 min. The reaction mixture was cooled at 0 °C and triethylamine (10 mL) was added
and stirred for 5 min. Then, ethynyltrimethylsilane (500 pL, 3.45 mmol) was
subsequently added and stirred at room temperature. After 12 h, the reaction mixture
was filtered through a short pad of alumina and washed with THF (50 mL). The solvent
was removed under reduced pressure, and the obtained crude product was purified by
flash chromatography on silica gel (10% THF-CH,Cl,) giving 2-amino-6-[(trimethylsilyl)-
ethynyl]pyridine as a white solid (450 mg, 82% vyield). Subsequently, 2-amino-6-
[(trimethylsilyl)-ethynyl]pyridine (450 mg, 2.35 mmol) was stirred in MeOH (30 mL)
containing 20% KOH (6.00 g). After 1 h, water (40 mL) was added to dilute the mixture,
which was extracted with EtAcO (3 x 50 mL). The combined organic phases were dried
over anhydrous MgS04 and the solvent was removed under reduced pressure to afford
2-amino-6-ethynylpyridine as a pale brown solid (253 mg, 91% vyield). The last step
consisted in the reaction of Rhodamine B (844 mg, 1.77 mmol) with 2-amino-6-
ethynylpyridine (253 mg, 2.13 mmol) at reflux with a catalytic amount of POCIs (2 drops)
in CH3CN (40 mL). After 1 h of stirring, the reaction mixture was cooled to room
temperature and volatiles were removed under reduced pressure. The crude product
was purified by flash chromatography on basic Al,03 (100% CH.Cl,), furnishing the titled
compound as an orange solid (676 mg, 71% yield). mp 115-118 °C. *H NMR (400 MHz,
CDCl3, ppm): 61 8.39 (d, 1H, J = 8.5 Hz), 8.01 (dd, 1H, J = 1.2 Hz, 6.2 Hz), 7.42-7.54 (m,
4H), 7.17 (d, 1H, J = 6.7 Hz), 6.96 (d, 1H, J = 7.4 Hz), 6.38-6.42 (m, 4H), 6.14 (dd, 2H, J =
2.5 Hz, 8.8 Hz), 3.24-3.36 (m, 8H), 3.00 (s, 1H), 1.13 (t, 12H, J = 7.0 Hz); 3C NMR (100
MHz, CDCls, ppm): 6¢c 168.3, 154.3, 153.3, 150.5, 148.6, 139.5, 137.1, 133.8, 130.8,
128.3,127.9,124.7,123.3,122.9, 115.6, 108.4, 107.1, 98.1, 82.7, 75.4, 66.8, 44.5, 12.8.

Rhodamine propargyl etherl3!

Rhodamine B (1.87 g, 4.2 mmol) was dissolved in 30 mL of ethanol and ethanolamine
(3.50 mL, 56.6 mmol) was added dropwise with vigorous stirring at room temperature
and refluxed overnight. Then, the solution was cooled to room temperature and the
solvent was removed under reduced pressure. The residue was dissolved in CHCls (50
mL) and washed with water (10 mL). The organic extract was dried with MgS0O4 and the

crude product was purified on a short flash column chromatography (30% EtOAc-
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Eun o NEt, petroleum ether), to give N-(hydroxyethyl)rhodamine as a
O O colorless solid (1.15 g, 68% yield). To a suspension of NaH
N (60% in mineral oil, 1.70 g, 42.5 mmol) in THF (15 mL) at 0
Q\/g\o O °C was added a solution of N-(hydroxyethyl)rhodamine
(1.15 g, 2.38 mmol) in THF (30 mL). After 10 min of
stirring, propargyl bromide (80% in toluene, 1.15 mL, 11.3 mmol,) was added and the
resulting mixture was stirred at room temperature for 12 h. Then, the reaction was
guenched with water (30 mL) and extracted with CHxCl; (2 x 50 mL). The collected
organic extracts were washed with water (20 mL) and brine (20 mL) and dried over
MgSQO4. Volatiles were removed under reduced pressure and the crude product was
purified by flash chromatography on silica gel (30% EtAcO-petroleum ether) to give the
titled compound as a rosy solid (1.07 g, yield 86%). mp 154-157 °C. 'H NMR (400 MHz,
CDCl3, ppm): 61 7.87-7.89 (m, 1H), 7.38-7.40 (m, 2H), 7.03-7.06 (m, 1H), 6.43 (d, 2H, J =
8.9 Hz), 6.37 (d, 2H, J = 2.6 Hz), 6.26 (dd, 1H, J = 2.6 Hz, 8.9 Hz), 3.87 (d, 2H, J = 4.8 Hz),
3.35(t, 2H,/=7.4 Hz), 3.31 (q, 8H, /= 7.1 Hz), 3.21 (t, 2H, J=6.6 Hz), 2.26 (t, 1H,/=2.4
Hz), 3.20 (t, 2H, J = 6.8 Hz), 2.41 (t, 2H, J = 7.0 Hz), 1.14 (t, 12H, J = 7.0 Hz). 13C NMR (100
MHz, CDCls, ppm): &c 168.2, 153.7, 153.3, 148.8, 132.4, 131.0, 128.9, 127.9, 123.8,
122.8, 108.2, 105.6, 97.9, 79.7, 74.2, 66.7, 64.8, 57.7, 44.4, 39.1, 12.6. HRMS (ESI) calcd
for CasHagN303 [M+H]* 524.2913; found: 524.2919.

7-(3-Azidopropyloxy)coumarin(€!
_ A mixture of potassium carbonate (30.8 g, 222 mmol) and 1,3-
OLO\/Q\OQNT) dibromopropane (30.8 g, 154 mmol) was mixed in acetone (50
mL) and stirred under reflux during 10 min. To this resulting
mixture was slowly added 7-hydroxycoumarin (2.50 g, 15.4 mmol) and the reaction was
stirred for 2 h under reflux. Acetone was removed under reduced pressure and the
crude was diluted in CHyCl; (50 mL) and water (50 mL). The organic layer was separated,
the water phase was extracted twice with CH,Cl; (100 mL) and the combined organic
layers were dried over MgSQa. The crude product was purified by flash chromatography
on silica gel (100% petroleum ether, then 100% CH)Cl;) to give 7-(3-

bromopropyloxy)coumarin as a white solid (3.21 g, 78% vyield). A solution of 7-(3-

bromopropyloxy)coumarin (2.10 g, 7.35 mmol) and sodium azide (1.75 g, 26.3 mmol) in
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DMF (30 mL) was stirred at 60 °C for 1 h. The mixture was cooled to room temperature
and diluted with diethyl ether (50 mL). The organic phase was washed with 5% aqueous
LiCl (3 x 20 mL), the organic extract was dried over MgS0O4 and evaporated to give the
pure titled compound as yellow solid (1.69 g, 100%). mp = 82 °C. 'H NMR (400 MHz,
CDCls, ppm): 61 7.59 (dd, 1H, J = 2.6 Hz, 9.4 Hz), 7.33 (dd, 1H, J = 3.0 Hz, 8.5 Hz), 6.80 (dt,
1H, J = 2.6 Hz, 8.5 Hz), 6.75-6.76 (m, 1H), 6.19 (dd, 1H, J = 4.6 Hz, 9.4 Hz), 4.05-4.08 (m,
2H), 3.47-3.51 (m, 2H), 3.35-3.39 (m, 2H), 2.03-2.06 (m, 2H), 1.77-1.81 (m, 1H). 13C NMR
(100 MHz, CDCls, ppm): éc 161.8, 161.0, 155.8, 143.3, 128.8, 113.1, 112.7, 112.7, 101.5,
65.2, 48.4, 48.0, 28.5, 28.3. HRMS (ESI) calcd for Ci2H11N3OsNa [M+Na]* 268.0698;
found: 268.0709.

General procedure for the 1,3-dipolar cycloaddition

In a 25 mL pressure tube equipped with a magnetic stirring bar were sequentially added
the azide (1 mmol) and the terminal alkyne (1.5 mmol) in a solution of t-BuOH (2.5 mL).
To this mixture, was added an aqueous solution of CuSO4.5H,0 (2 mol%, 2.5 mlL)
followed by the addition of fresh thioglycolic-grafted paper (16 mol% SH). The reaction
mixture was heated at 70 °C and kept under stirring for 14 hours. After completion, the
solution was diluted with water (5 mL) and extracted with CH,Cl> (3 x 10 mL). The
organic layers were dried over MgSQs, filtered and evaporated under reduced pressure.
The crude product was purified by flash chromatography or isolated as pure compound

after removal of volatiles.

1-(benzyl-1H-1,2,3-triazol-4-yl)methanol (3)
©/\N/N‘\N Triazole 3 was isolated as a white solid (164 mg, 87%) after
R\ removal of propargyl alcohol in excess under reduced pressure.
’ © mp 75-78 °C [Lit.Z) 76-78 °C]. *H NMR (400 MHz, CDCls, ppm): x
7.45 (s, 1H), 7.30-7.33 (m, 3H), 7.21-7.24 (m, 2H), 5.45 (s, 2H), 4.70 (s, 2H), 3.88 (br s,

1H). 3C NMR (100 MHz, CDCls, ppm): &c 148.4, 134.6, 129.2, 128.8, 128.2, 121.9, 56.2,
54.2. IR (ATR): 3246, 3138, 3086, 3033, 2936, 2883, 1495, 1455, 1220, 1130, 1062, 1036,
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1011, 839, 789, 763, 717, 688, 648 cm™. HRMS (ESI) calculated for CioH12N3O [M+H]*
190.0975; found: 190.0971.

4-Pentyl-1-(phenylmethyl)-1H-1,2,3-triazole (4)
©/\N/N\ Triazole 4 was isolated as a white solid (224 mg, 98%) after removal

N
&E\?\ of 1-heptyne in excess under reduced pressure. mp 70 °C. 'H NMR
4

4 (400 MHz, CDCls, ppm): 61 7.34-7.36 (m, 3H), 7.23-7.26 (m, 2H), 7.18
(s, 1H), 5.48 (s, 2H), 2.67 (t, 2H, J = 7.6 Hz), 1.62-1.66 (m, 2H), 1.30-1.33 (m, 4H), 0.87 (t,
3H, J = 6.9 Hz). 13C NMR (100 MHz, CDCls, ppm): 8¢ 149.2, 135.2, 129.2, 128.7, 128.1,
120.6, 54.1, 31.6, 29.2, 25.8, 22.5, 14.1. IR (ATR): 3.113, 3064, 3039, 2957, 2926, 2856,
1605, 1551, 1493, 1456, 1435, 1336, 1213, 1182, 1132, 1051, 1029, 861, 822, 797, 698,

653, 578 cmL. HRMS (ESI) calculated for C14H20N3 [M+H]* 230.1652; found: 230.1645.

1-benzyl-5-((perfluorophenoxy)methyl)-1H-1,2,3-triazole (5)
©/\N/N“N Triazole 5 was isolated as a white solid (288 mg, 81%) after
\i& removal of 1,2,3,4,5-pentafluoro-6-(prop-2-yn-1-
Q F yloxy)benzene in excess under reduced pressure (75 °C, 10
F F mm Hg). mp 77 °C. *H NMR (400 MHz, CDCl3, ppm): éx 7.58
FF (s, 1H), 7.37-7.38 (m, 3H), 7.22-7.24 (m, 2H), 5.54 (s, 2H),
5.28 (s, 2H). 13C NMR (100 MHz, CDCls, ppm): &c 143.1, 142.3 (m, 2C, J = 248.9 Hz),
138.0 (m, 2C, I = 250.9 Hz), 134.5, 132.5 (m, 1C), 129.3, 129.0, 128.1, 123.6, 67.9, 54.4.
IR (ATR, cm™): 3088, 2961, 1518, 1463, 1384, 1338, 1305, 1228, 1157, 1125, 1032, 992,

940, 863, 811, 718, 694. HRMS (ESI) calcd for CigH11FsN3O [M+H]* 356.0817; found:
356.0813.

4-methyl-7-[[1-(phenylmethyl)-1H-1,2,3-triazol-4-yl]methoxy]-2H-1-Benzopyran-2-one
(6)

The reaction was carried out following the general

©/\N/N‘\N \o o experimental procedure with an extended reaction
6 \\Q\O time (72 hours). Triazole 6 was isolated as a white

solid (333 mg, 96%) after purification by flash
chromatography on silica gel (5% MeOH-CH,Cl,). mp 134-137 °C. *H NMR (400 MHz,
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CDCls, ppm): 61 7.52 (s, 1H), 7.40 (d, 1H, J = 8.8 Hz), 7.27-7.29 (m, 3H), 7.19-7.21 (m, 2H),
6.82 (dd, 1H, J = 2.5, 8.8 Hz), 6.78 (d, 1H, J = 2.5 Hz), 6.03 (d, 1H, J = 1.2 Hz), 5.46 (s, 2H),
5.13 (s, 2H), 2.29 (d, 3H, J = 1.2 Hz). 3C NMR (100 MHz, CDCl3, ppm): 6c 161.2, 161.1,
155.2,152.5, 143.5, 134.5, 129.2, 128.9, 128.2, 125.8, 123.0, 114.1, 112.5, 112.3, 102.2,
62.4, 54.4, 18.7. IR (KBr pellet, cm™): 3136, 3071, 2948, 2931, 1718, 1609, 1505, 1457,
1390, 1368, 1341, 1274, 1200, 1157, 1070, 1000, 984, 858, 827, 726, 709. HRMS (ESI)
calculated for C0H1sN303 [M+H]* 348.1343; found: 348.1338.

1-ethoxycarbonylmethyl-4-hydroxymethyl-1,2,3-triazole (7)

E A~ -N Triazole 7 was isolated as a white solid (148 mg, 80% vyield) after
t0,C7 TNy

; = removal of propargyl alcohol in excess under reduced pressure.
OH
mp 70-75 °C. 'H NMR (400 MHz, CDCls, ppm): &4 7.65 (s, 1H), 5.12

(s, 2H), 4.74 (s, 2H), 4.23 (q, 2H, J = 7.2 Hz), 3.56 (br s, 1H), 1.27 (t, 3H, J = 7.2 Hz). 13C
NMR (100 MHz, CDCls, ppm): 6¢c 166.5, 148.3, 123.5, 62.5, 56.3, 51.0, 14.1. IR (KBr pellet,
cm™): 3261, 2992, 2867, 1745, 1459, 1422, 1380, 1345, 1237, 1173, 1021, 877, 836, 707,
681. HRMS (ESI) calcd for C7H12N303 [M+H]* 186.0872; found: 186.0873.

Ethyl 2-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propanoate (8)

Me The reaction was carried out following the general experimental
EtOZCJ\N’N\‘N procedure with a higher loading of CuS04.5H,0 (4 mol%). Triazole
8 oH 8 was isolated as a white solid (145 mg, 73%) after removal of

propargyl alcohol in excess under reduced pressure. mp 79-80 °C. *H NMR (400 MHz,
CDCls, ppm): 6w 7.71 (s, 1H), 5.39 (dq, 1H, J = 1.5 Hz, 7.4 Hz), 4.73 (d, 2H, J= 2.1 Hz), 4.18
(dg, 2H,J=1.5Hz, 7.4 Hz), 3.62 (brs, 1H), 1.78 (dd, 3H, /= 1.5 Hz, 7.4 Hz), 1.22 (dt, 3H, J
= 1.5 Hz, 7.4 Hz). 3C NMR (100 MHz, CDCls, ppm): &¢c 169.3, 148.1, 121.3, 62.4, 58.3,
56.2, 18.1, 14.0. IR (ATR, cm™): 3337, 2986, 2944, 1740, 1450, 1382, 1302, 1192, 1159,
1097, 1042, 1014, 860, 821, 767, 689, 613. HRMS (ESI) calcd for CsH14N3Os [M+H]*
200.1030; found: 200.1024.
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ethyl 2-(4-pentyl-1H-1,2,3-triazol-1-yl)acetate (9)
~. _N Triazole 9 was isolated as a pale yellow oil (202 mg, 90%) after

EtO,C7 "Ny
= removal of hept-1-yne in excess under reduced pressure. *H NMR

o (400 MHz, CDCls, ppm): 6u 7.40 (s, 1H), 5.10 (s, 2H), 4.24 (q, 2H, J =

A
7.2 Hz), 2.72 (t, 2H, J = 7.6 Hz), 1.65-1.69 (m, 2H), 1.31-1.34 (t, 3H, J = 7.1 Hz), 1.27 (m,
4H), 0.88 (t, 3H, J = 6.9 Hz). 13C NMR (100 MHz, CDCls, ppm): 6c 166.6, 149.0, 122.1, 62.4,
50.9, 31.5, 29.1, 25.7, 22.5, 14.1, 14.1. IR (ATR, cm!): 3136, 3088, 2956, 2922, 2862,
1742, 1554, 1462, 1403, 1371, 1340, 1224, 1139, 1050, 1025, 881, 838, 796, 753, 713.

HRMS (ESI) calcd for C11H20N30; [M+H]* 226.1550; found: 226.1546.

Ethyl 2-(4-pentyl-1H-1,2,3-triazol-1-yl)propanoate (10)
Me The reaction was carried out following the general experimental

AN

EtO,C7 "N™"%y procedure with a higher loading of CuS04.5H,0 (4 mol%). Triazole 10
10 = was isolated as a pale yellow oil (177 mg, 74%) as an inseparable
mixture of 1,4- and 1,5-regioisomers in a 95/05 ratio respectively

after after removal of hept-1-yne in excess under reduced pressure. 'H NMR (400 MHz,
CDCls, ppm): 61 7.44 (s, 1H), 5.46 (g, 1H x 0.05, J = 7.4 Hz), 5.40 (g, 1H x 0.95, J = 7.4 Hz),
4.22 (q, 2H x 0.05,J=7.2 Hz), 4.20 (q, 2H x 0.95, J = 7.2 Hz), 3.10 (t, 2H x 0.05, J = 7.5 Hz),
2.71 (t,2H x 0.95,J=7.6 Hz), 1.83 (d, 3H x 0.05, J = 7.4 Hz) 1.79 (d, 3H x 0.95, J = 7.4 Hz),
1.63-1.71 (m, 2H), 1.31-1.35 (m, 4H), 1.26 (t, 3H x 0.05, / = 7.2 Hz), 1.24 (t, 3H x 0.95, J =
7.1 Hz), 0.88 (t, 3H, J = 7.0 Hz). 13C NMR (100 MHz, CDCls, ppm, major regioisomer): &c
169.6, 148.9, 119.8, 62.3, 58.2, 31.5, 29.1, 25.8, 22.5, 18.3, 14.1, 14.1. IR (ATR, cm):
2955, 2931, 2861, 1748, 1553, 1457, 1379, 1303, 1224, 1197, 1099, 1072, 1046, 1023,

861. HRMS (ESI) calcd for C12H22N30, [M+H]* 240.1707; found: 240.1700.

1-ethoxycarbonylmethyl-5-((perfluorophenoxy)methyl)-1H-1,2,3-triazole (11)

~..N Triazole 11 was isolated as a white solid (309 mg, 88%) after
Et0,C7 "Ny
= removal of 1,2,3,4,5-pentafluoro-6-(prop-2-yn-1-
O F
11 ] F
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yloxy)benzene in excess under reduced pressure (75 °C, 10 mm Hg). mp 113-117 °C. H
NMR (400 MHz, CDCls, ppm): 61 7.83 (s, 1H), 5.33 (s, 2H), 5.16 (s, 2H), 4.26 (q, 2H, J=7.2
Hz), 1.29 (t, 2H, J = 7.2 Hz) . 3C NMR (100 MHz, CDCl3, ppm): 6c 166.1, 143.1, 142.2 (m,
2C, 1J = 249.0 Hz), 138.2 (m, 2C, 1J = 250.1 Hz), 132.5 (m, 1C), 125.1, 67.8, 62.7, 51.1,
14.1. IR (KBr pellet, cm™): 3125, 3082, 3003, 2960, 2661, 2455, 1745, 1649, 1516, 1427,
1421, 1384, 1345, 1313, 1227, 1183, 1151, 1115, 1034, 990, 919, 864, 809, 775, 714,
645. HRMS (ESI) calcd for C13H11FsN3Os [M+H]* 352.0715; found: 352.0710.

Ethyl 2-(4-((perfluorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)propanoate (12)

Me The reaction was carried out following the general
EtOzC)\N/N\‘N experimental procedure with a higher loading of
= CuS04.5H,0 (4 mol%). Triazole 12 was isolated as a pale

A F yellow solid (237 mg, 65%) after removal of 1,2,3,4,5-

12 F F  pentafluoro-6-(prop-2-yn-1-yloxy)benzene in excess under

F F reduced pressure (75 °C, 10 mm Hg). mp 70 °C. 'H NMR
(400 MHz, CDCls, ppm): &1 7.87 (s, 1H), 5.45 (q, J = 7.4 Hz, 1H), 5.32 (s, 2H), 4.22 (q, 2H, J
= 7.2 Hz), 1.83 (d, 3H, J = 7.4 Hz), 1.26 (t, 3H, J = 7.1 Hz) . 13C NMR (100 MHz, CDCls,
ppm): éc 169.1, 143.5, 142.9, 141.0, 139.3, 136.7, 132.5, 123.0, 67.9, 62.6, 58.5, 18.3,
14.0. IR (ATR, cm™): 2995, 2978, 2908, 1731, 1511, 1466, 1382, 1305, 1247, 1213, 1150,
1116, 1085, 1016, 989, 931, 866, 804, 770, 699, 680. HRMS (ESI) calcd for C14H13FsN3Os
[M+H]* 366.0872; found: 366.0868.

4-Phenyl-(1,2,3-triazole-1-yl)-acetic acid ethyl ester (13).

~,.-N Triazole 13 was isolated as a pale yellow solid (213 mg, 92%) after
EtOZC N \‘N

= removal of phenylacetylene in excess under reduced pressure. mp

13 100-102 °C [Lit.'¥) 100-101 °C]. *H NMR (400 MHz, CDCl3, ppm): 6n

7.91 (s, 1H), 7.82-7.85 (m, 2H), 7.41 (t, J = 7.2 Hz, 2H), 7.30-7.34 (m,
2H), 5.18 (s, 2H), 4.26 (q, 2H, J = 7.2 Hz), 1.29 (t, 3H, J = 7.2 Hz). 13C NMR (100 MHz,
CDCls, ppm): 8¢ 166.4, 148.3, 130.5, 128.9, 128.3, 125.9, 121.1, 62.5, 51.0, 14.1. IR (KBr
pellet, cm™): 3135, 3079, 2985, 2960, 2901, 1748, 1558, 1470, 1448, 1418, 1374, 1225,
1119, 1077, 1049, 1023, 970, 917, 878, 814, 767, 721, 698. HRMS (ESI) calcd for
C12H1aN30; [M+H]* 232.1081; found: 232.1081.
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(25)-(1-(4-Phenyl-1H-1,2,3-triazole-1-yl))-N-Boc-propan-2-amine (14).
N The reaction was carried out following the general procedure with

BocHN N\ N CuS04.5H,0 (4 mol%) for 48 hours at 70 °C. Triazole 14 was
14 obtained as a white solid (211 mg, 70% yield) after purification by

flash chromatography on silica gel (50% EtOAc-petroleum ether).

mp 146-147 °C. *H NMR (300 MHz, CDCls, ppm): 61 7.79-7.83 (m, 3H), 7.39-7.44 (m, 2H),
7.29-7.35 (m, 1H), 4.78 (d, 1H, J = 6.2 Hz), 3.38-4.56 (m, 2H) 4.10 (sept, 1H, J = 6.6 Hz),
1.40 (s, 9H), 1.19 (d, 3H, J = 6.9 Hz); 13C NMR (75 MHz, CDCls, ppm): &¢ 155.1, 147.7,
130.4, 128.8, 128.1, 125.6, 120.6, 79.9, 54.4, 46.7, 28.3, 18.0. HRMS (ESI) calcd for

C16H23N40; [M+H]* 303.1819; found: 303.1820.
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2-(1-Benzyl-1H-1,2,3-triazol-5-yl)methoxy-cholesterol (15)

Oy
%KN
15 0

The reaction was carried out in a mixture
of  t-BuOH/H,O/THF  (1:1:2)  with
CuS04.5H20 (4 mol%) for 14 hours at 70

°C. Triazole 15 was obtained as a white

solid (480 mg, 86%) after purification by
flash chromatography on silica gel (20% EtOAc-petroleum ether). mp 125-126 °C [Lit.[2!
121 °C]. *H NMR (400 MHz, CDCls, ppm): x 7.37 (s, 1H), 7.28-7.30 (m, 3H), 7.19-7.21 (m,
2H), 5.43 (s, 2H), 5.25-5.26 (m, 1H), 4.58 (s, 2H), 3.19-3.26 (m, 1H), 2.28-2.33 (m, 1H),
2.11-2.18 (m, 1H), 1.65-1.94 (m, 6H), 1.17-1.48 (m, 11H), 0.91-1.10 (m, 8H), 0.91 (s,
3H), 0.84 (d, 3H, J = 6.5 Hz), 0.79 (dd, 6H, J = 1.5 Hz, 6.5 Hz), 0.60 (s, 3H). 1*C NMR (100
MHz, CDCls, ppm): 6¢c 146.6, 140.8, 134.8, 129.2, 128.9, 128.3, 122.3, 121.9, 79.1, 61.9,
56.9, 56.3, 54.3, 50.3, 42.5, 39.9, 39.7, 39.2, 37.3, 37.0, 36.3, 35.9, 32.1, 32.0, 28.4, 28.3,
28.1,24.4,24.0,23.0,22.7,21.2,19.5, 18.9, 12.0. IR (KBr pellet, cm™): 2935, 2866, 1460,
1372, 1086, 1054, 780, 724. HRMS (ESI) calcd for C37HseN3O [M+H]* 558.4418; found:
558.4413.

Ethyl 2-(1H-1,2,3-triazol-5-yl)methoxyacetate-cholesterol (16)

The reaction was carried out in a mixture
of  t-BuOH/H,O/THF  (1:1:2)  with
CuS04.5H,0 (4 mol%) for 14 hours at 70

°C. Triazole 16 was obtained as a white

solid (415 mg, 75%) as an inseparable
mixture of 1,4- and 1,5-regioisomers in a 9/1 ratio respectively after purification by flash
chromatography on silica gel (15% EtOAc-petroleum ether). mp 128-130 °C. 'H NMR
(400 MHz, CDCls, ppm): 61 7.67 (s, 1H x 0.9), 7.59 (s, 1H x 0.1), 5.34-5.35 (m,1H), 5.24 (s,
2H x 0.1), 5.13 (s, 2H x 0.9), 4.71 (s, 2H x 0.9), 4.63 (s, 2H x 0.1), 4.26 (g, 2H x 0.9, J = 7.2
Hz), 4.24 (q, 2H x 0.1, J = 7.2 Hz), 3.28-3.36 (m, 1H x 0.9), 3.16-3.24 (m, 1H x 0.1), 2.40
(ddd, 1H, J = 2.3 Hz, 4.7 Hz, 13.2 Hz), 2.20-2.30 (m, 1H), 1.92-2.03 (m, 3H), 1.78-1.88 (m,
3H), 1.42-1.63 (m, 8H), 1.25-1.40 (m, 5H), 1.30 (t, 3H x 0.9, J = 7.2 Hz), 1.29 (t, 3H x 0.1, J
= 7.1 Hz), 0.97-1.19 (m, 10H), 1.00 (s, 3H), 0.91 (d, 3H, J = 6.6 Hz), 0.86 (dd, 6H, J = 1.8
Hz, 6.6 Hz), 0.67 (s, 3H).13C NMR (100 MHz, CDCls, ppm, major regioisomer): &c 166.4,
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146.7, 140.8, 123.7, 121.9, 79.0, 62.5, 61.8, 56.9, 56.3, 51.0, 50.3, 42.5, 40.0, 39.7, 39.2,
37.3,37.0,36.3,35.9,32.1, 32.1, 28.5, 28.4, 28.2, 24.4, 24.0, 22.9, 22.7, 21.2, 19.5, 18.9,
14.2, 12.0. IR (KBr pellet, cm™): 2935, 2903, 2867, 2849, 1746, 1469, 1375, 1341, 1273,
1253, 1139, 1026, 845. HRMS (ESI) calcd for C3sHseN3Os [M+H]* 554.4316; found:
554.4318.

(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl-a-p-tetraacetate fucopyranoside (17)
OAcpopc The reaction was carried out following the general
experimental procedure with a higher loading of CuS0O4.5H,0
\\Qico (4 mol%). Triazole 17 was obtained as a colorless oil (364
mg, 79%) after purification by flash chromatography on silica
gel (40% EtOAc-petroleum ether). 'H NMR (400 MHz, CDCls, ppm): én 7.33 (s, 1H), 7.26-
7.28 (m, 3H), 7.17-7.19 (m, 2H), 5.42 (d, 2H, J = 3.5 Hz), 5.21 (dd, 1H, J = 3.4 Hz, 10.7 Hz),
5.15-5.16 (m, 1H), 5.04 (d, 1H, J = 3.8 Hz), 5.00 (dd, 1H, J = 3.6 Hz, 10.7 Hz), 4.69 (d, 1H, J
=12.7 Hz), 4.53 (d, 1H, J = 12.7 Hz), 4.05 (q, 1H, J = 6.4 Hz), 2.04 (s, 3H), 1.85 (d, 6H, J =
2.3 Hz). 13C NMR (100 MHz, CDCl3, ppm): 8¢ 170.6, 170.4, 170.0, 144.5, 134.6, 129.3,
128.9, 128.2, 122.6, 95.8, 71.2, 68.1, 68.0, 64.8, 61.5, 54.3, 20.8, 20.7, 20.7, 15.9. IR

(ATR, cm): 2985, 2940, 1739, 1497, 1454, 1435, 1369, 1220, 1165, 1130, 1048, 1013,
973,928, 909, 821, 726, 671, 649.

(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl-a-p-mannopyranoside (18)
The reaction was carried out following the general
©/\N/N“N \oHOH procedure with CuSO4.5H,0 (4 mol%) for 48 hours at 70
= °C. Triazole 18 was obtained as a white foam (249 mg, 71%
yield) after purification by flash chromatography on silica
gel (2% H,0-acetone). *H NMR (300 MHz, MeOD, ppm): éx 7.99 (s, 1H), 7.30-7.41 (m
5H), 5.59 (s, 2H), 4.83 (d, 1H, J = 1.6 Hz), 4.78 (d, 1H, J = 12.4 Hz), 4.63 (d, 1H, J = 12.4
Hz), 3.82 (dd, 1H, J = 2.1 Hz, 11.8 Hz), 3.77 (dd, 1H, J = 1.7 Hz, 3.1 Hz), 3.51-3.71 (m, 4H);
13C NMR (75 MHz, MeOD, ppm): 6¢c 145.7, 136.7, 130.1, 129.6, 129.2, 125.3, 100.8, 75.0,
72.5, 72.0, 68.6, 62.9, 60.7, 55.0. HRMS (ESI) calcd for CisH22N30s [M+H]* 352.1505;
found: 352.1508.
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4-Hydroxymethyl-1H-1,2,3-triazol-1-yl)ethoxy-a-pD-mannopyranoside (19)

OH The reaction was carried out following the general
Hﬁoﬁ)i\ procedure with CuSO4.5H,0 (4 mol%) for 48 hours at 70
O\/\N/N“N °C. Triazole 19 was obtained as a white foam (250 mg,
19 \Qﬂ» 82% vyield) after purification by flash chromatography

OH

on silica gel (5% H,0O-acetone). 'H NMR (300 MHz,
DMSO, ppm): én 7.92 (s, 1H), 5.17 (t, 1H, J=5.7 Hz), 4.74 (app t, 1H, J = 4.3 Hz), 4.62 (d,
1H, J = 1.5 Hz), 4.44-4.59 (m, 5H), 3.89-3.97 (m, 1H), 3.74-3.81 (m, 1H), 3.61 (dd, 1H, J =
2.0 Hz, 11.6 Hz), 3.52-3.53 (m, 1H), 3.31-3.41 (m, 5H°, 3.13 (app t, 1H, J = 6.9 Hz); 13C
NMR (75 MHz, DMSO, ppm): é6c 147.9, 123.0, 99.8, 74.1, 70.7, 70.0, 66.7, 65.0, 61.1,
55.0, 49.2. HRMS (ESI) calcd for C11H19N307 [M+H]* 305.1220; found: 305.1224.

2-((1-Benzyl-1H-1,2,3-triazol-5-yl)methyl)-rhodamine (20)

The reaction was carried out following the general procedure with CuSO4.5H,0 (4 mol%)
for 48 hours at 70 °C. Triazole 20 was obtained as a white solid (473 mg, 70% yield) after
purification by flash chromatography on silica gel (1% EtsN-9% EtOAc-petroleum ether).
mp > 250 °C (dec.). 'H NMR (400 MHz, CDCls, ppm): 8y 8.55 (dd, 1H, J = 0.9 Hz, 8.4 Hz),
8.12 (s, 1H), 7.98-8.00 (m, 1H), 7.74 (dd, J = 7.7 Hz, J = 0.9 Hz, 1H), 7.63 (dd, 1H, J = 7.7
Hz, 8.4 Hz), 7.42-7.54 (m, 7H), 7.03-7.05 (m, 1H), 6.47 (dm, 2H, J = 8.4 Hz), 6.13 (d, 1H, J
= 2.6 Hz), 6.10 (m, 3H), 5.58 (s, 2H), 3.16-3.26 (m, 8H), 1.08 (t, 12H, J = 7.0 Hz); 3C NMR
(100 MHz, CDCls, ppm): 6¢c 168.8, 154.4, 152.5, 150.5, 148.9, 148.3, 147.9, 137.9, 135.0,
133.7, 129.6, 129.3, 128.9, 128.4, 128.1, 127.8, 124.2, 123.4, 122.7, 115.4, 115.0, 108.7,
107.8, 97.5, 65.9, 54.3, 44.3, 12.8. IR (KBr pellet, cm™): 2971, 2929, 2891, 2868, 1695,
1636, 1615, 1575, 1549, 1518, 1464, 1427, 1400, 1374, 1353, 1325, 1272, 1219, 1151,
1118, 1090, 1078, 1039, 1020, 946, 909, 860, 814, 787, 757, 734, 727, 705, 630, 608,
592. HRMS (ESI) calcd for Ca2Ha2N702 [M+H]* 676.3400; found: 676.3400.

Ethyl 2-(1H-1,2,3-triazol-5-yl)acetate-rhodamine (21)

Et,N The reaction was carried out in a mixture of
EtO2C/\N/N\\N O MeOH/H,0/CH,Cl; (1:1:3) with CuS04.5H,0
= . (0]

(0] N
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(4 mol%) for 48 hours at 70 °C. Triazole 21 was obtained as a white solid (639 mg, 98%)
after purification by flash chromatography on silica gel (4% MeOH-CHCl;). mp 98-100
°C. 'H NMR (400 MHz, CDCls, ppm): &1 7.87-7.89 (m, 1H), 7.61 (s, 1H), 7.39-7.43 (m, 2H),
7.05-7.07 (m, 1H), 6.42 (d, 2H, J = 8.8 Hz), 6.37 (d, 2H, J = 2.6 Hz), 6.25 (dd, 2H, J = 2.6 Hz,
8.8 Hz), 5.09 (s, 2H), 4.40 (s, 2H), 4.23 (q, 2H, J = 7.0 Hz), 3.38 (t, 2H, J = 7.2 Hz), 3.32 (q,
8H, J = 7.1 Hz), 3.20 (t, 2H, J = 7.1 Hz), 1.27 (t, 3H, J = 7.0 Hz), 1.15 (t, 12H, J = 7.0 Hz). 13C
NMR (100 MHz, CDCls, ppm): 6¢c 168.4, 168.3, 153.9, 153.4, 149.0, 146.1, 132.5, 131.1,
128.9, 128.0, 123.9, 123.8, 122.8, 108.3, 105.7, 98.0, 67.6, 64.9, 64.5, 62.4, 50.9, 44.5,
39.4, 14.2, 12.7. IR (KBr pellet, cm™): 2972, 2931, 2899, 2871, 1754, 1690, 1615, 1546,
1515, 1466, 1425, 1379, 1330, 1304, 1267, 1220, 1117, 1093, 1047, 1020, 915, 870, 819,
790, 759, 729, 702. HRMS (ESI) calcd for C37HasNeOs [M+H]* 653.3446; found: 653.3450.

7-(3-(4-(Hydroxymethyl)-1H-1,2,3-triazol-1-yl)propoxy)-2H-chromen-2-one (22)
Z The reaction was carried out following the general
OIO\/Q\OQN/N\‘N procedure with a higher loading of CuSO45H,0 (4
\§<\ mol%). Triazole 22 was obtained as a white solid (256
# mg, 79%) after purification by flash chromatography on
silica gel (9% MeOH-EtOAc). mp 130-134 °C. 'H NMR (400 MHz, CD30D, ppm): éx 7.93 (s,
1H), 7.85 (d, 1H, J = 9.5 Hz), 7.51 (d, 1H, J = 8.6 Hz), 6.90 (dd, 1H, J = 2.4 Hz, 8.6 Hz,), 6.85
(d, 1H,J=2.4 Hz,), 6.23 (d, 1H, J=9.4 Hz), 4.67 (s, 2H), 4.63 (t, 2H, J = 6.8 Hz), 4.60 (t, 2H,
J=5.9 Hz), 4.10 (t, 2H, J = 6.0 Hz), 2.42 (qt, 2H, J = 6.1 Hz). 3C NMR (100 MHz, CDs0D,
ppm): 6¢c 163.5, 163.2, 157.0, 149.2, 145.7, 130.5, 124.4, 114.2, 114.1, 113.5, 102.4, 66.5,
56.5, 48.3, 30.8. IR (KBr pellet, cm™): 3393, 3128, 3083, 3067, 2943, 2868, 1724, 1710,
1694, 1616, 1507, 1398, 1354, 1280, 1235, 1205, 1159, 1127, 1049, 1038, 995, 838, 791,
755. HRMS (ESI) calcd for CisH1sN3OsNa [M+Na]* 324.0960; found: 324.0966.

Ethyl 2-(1H-1,2,3-triazol-5-yl)propapoate-rhodamine (23)

m Et,N The reaction was carried out in a
o O%\ZN/N\\N O mixture  of  MeOH/H,0/CHCl,
\Q& — 0 (1:1:3) with CuSO45H,0 (4 mol%)

23 o N ,
0] O for 48 hours at 70 °C. Triazole 23
O NEt,
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was obtained as a white solid (699 mg, 91% vyield) after purification by flash
chromatography on silica gel (9% MeOH-CH,Cl,). mp 85-90 °C. *H NMR (400 MHz, CDCls,
ppm): 61 7.86-7.89 (m, 1H), 7.60 (d, 1H, J = 9.5 Hz), 7.51 (d, 1H, J = 5.8 Hz), 7.40-7.42 (m,
2H), 7.34 (d, 1H, J = 8.5 Hz), 7.04-7.08 (m, 1H), 6.80 (dd, 1H, J = 2.4 Hz, 8.5 Hz,), 6.77 (d,
1H, J = 2.4 Hz), 6.41 (dd, 2H, J = 4.5, 8.8 Hz), 6.37 (d, 2H, J = 2.5 Hz), 6.22-6.26 (m, 3H),
4.54 (t, 2H, J = 6.8 Hz), 4.38 (s, 2H), 4.02 (t, 2H, J = 5.8 Hz), 3.29-3.38 (m, 10H), 3.19 (t,
2H, J = 6.8 Hz), 5.09 (s, 2H), 4.40 (s, 2H), 4.23 (g, 2H, J = 7.0 Hz), 3.30-3.40 (m, 10H), 3.20
(t, 2H, J = 6.8 Hz), 2.41 (qt, J = 7.0 Hz, 2H), 1.15 (t, J = 7.0 Hz, 12H). 3C NMR (100 MHz,
CDCl3, ppm): éc 168.4, 161.7, 161.1, 155.9, 153.8, 153.4, 149.0, 145.8, 143.4, 132.5,
131.1, 129.0, 128.9, 128.1, 123.9, 122.8, 122.7, 113.5, 113.0, 112.7, 108.2, 105.6, 101.8,
98.0, 67.6, 64.9, 64.5, 47.0, 44.5, 39.4, 29.8, 12.7. IR (KBr pellet, cm™): 2970, 2930, 2871,
2242, 2099, 1735, 1687, 1614, 1547, 1514, 1466, 1427, 1394, 1355, 1329, 1300, 1268,
1225, 1120, 1093, 1045, 1019, 913, 826, 789, 759, 729, 639. HRMS (ESI) calcd for
CasHagN6Oes [M+H]* 769.3709; found: 769.3714.
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Chapitre 5 Préparation d’'un nouveau matériau

pour I’élimination de métaux dans I’eau
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| Introduction

La derniére partie de cette theése concerne la préparation d’'une membrane de filtration
capable de décontaminer des solutions aqueuses contenant des métaux lourds.

Inspiré par les travaux récents de Sakairi portant sur la préparation d’un agent floculant
a base de chitosan fonctionnalisé par de I'acide éthyléne diamine tétraacétique (EDTA),
nous avons décidé d’appliquer une stratégie similaire afin de préparer une membrane a

base de papier capable de chélater les métaux.

La préparation de ce dispositif se fait via une réaction d’estérification entre la cellulose
et le dianhydride de 'EDTA. Le matériau ainsi obtenu a par la suite été immergé dans
des solutions aqueuses contenant différents métaux a une concentration initiale de 100
ppm, puis aprés un certain temps de contact, la solution est analysée par spectroscopie
d’absorption atomique (AAS) ou par spectrométrie a plasma a couplage inductif (ICP)
selon la nature du métal. Les analyses ont montré que ce matériau est capable de
chélater de nombreux métaux offrant ainsi un dispositif universel pour la dépollution

des eaux contaminées par des métaux lourds (Figure 1).
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Figure 1 Capacité d’adsorption de la « membrane EDTA » vis-a-vis de différents métaux

Ce travail a fait 'objet d’'une publication dans le journal ACS Sustainable Chemistry &

Engineering?.
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Il Chemically modified cellulose filter paper for universal heavy

metal remediation

ABSTRACT

A chemically modified cellulose filter paper with ethylenediaminetetraacetic acid (EDTA)
is described as a universal device for metal remediation. This new material was prepared
by esterification of the paper with EDTA dianhydride. The high hydrophilicity of cellulose
paper associated to the strong chelating properties of the EDTA moieties for metals
allow the treatment of water samples containing various metal cations, including Ag(l),
Ni(ll), Zn(ll), Cd(l1), Pb(ll), Sn(ll) and Cu(ll), with 90-95% removal efficiency. The
mechanism of adsorption was deeply studied with the support of kinetic experiments
and adsorption isotherms. As practical feature, one can note that the cellulose-EDTA
material works on a wide range of pH and can be used either as a solid adsorbent or a

membrane for continuous wastewater treatment.

Introduction

Being at the end of the food chain, humans are highly exposed to bio-accumulating
contaminants such as heavy metals. From the 10 majors chemical concerns for public
health identified by the World Health Organization (WHO), four of them are heavy
metals, including cadmium and lead. Upon repeated exposures to pollutants including
heavy metals, mainly through water supply and seafood, humans can be affected by
severe disorders. For instance, in 2013, UNICEF reported that ca. 2000 children below
five years die every day of diarrheal diseases due to unsafe drinking water. Therefore,
the natural or anthropogenic contamination of the aquatic environment by heavy metals

is a severe environmental concern for humans, animals and plants.

Physically and chemically removing heavy metals from contaminated water has been an
obvious preoccupation for chemists, driven by environmental concerns and legislative
pressures. In occupational settings, heavy metals have been removed from waste
stream by a variety of methods including adsorption, flocculation, membrane

separation, ion-exchange, precipitation, evaporation, and electrolysis.12
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Adsorption has been regarded as one of the most cost-effective and operationally
flexible techniques for metal removal and can be used together with filtration to
increase remediation efficiency. These last years, biosorption techniques involving the
use of sorbents derived from renewable resources such as agricultural waste, biological
materials and biopolymers, have been acknowledged as promising alternatives to
conventional methods.41l As environmentally-friendly, biocompatible and
biodegradable resources, biopolymers constitute very appealing materials for metal
remediation. Chitin, consisting of N-acetyl-d-glucosamine residues, and chitosan, its N-
deacetylated derivative, have been studied for heavy metal remediation since they
display inherent metal coordination properties that can be increased by chemical
modifications.1%1 By contrast, cellulose consisting of repeating B-d-glucose units, do not
form stable coordination complexes with metals and has therefore a low adsorption
capacity. Yet cellulose is the most abundant biopolymer on earth and transforming this
inexpensive and renewable raw material to an efficient bioadsorbent is an exciting
challenge of environmental sciences. Three different approaches have been proposed
for increasing the adsorption capacity of cellulose for heavy metal ions.2 The first one
involves graft copolymerization on the cellulose backbone with side chainsi’ either
having metal binding capacity or allowing further functionalization with chelating
moieties.2822 The second approach focuses on the preparation of cellulose-based
composites with either organic polymersi213 2324 or inorganic materials.2> The last
strategy consists in a direct chemical modification of the cellulose backbone, mainly
through the functionalization of hydroxyl groups with moieties having strong metal

affinities.26-28

While the above approaches involve wood pulp, micro- and nanocellulose, the use of
chemically modified cellulose filter paper for metal removing has been overlooked.
Advantage of using bulk cellulose paper is twice since it can be used as either an
adsorbent when immersed in solution or a membrane for purification of liquid streams.
Many available evidences demonstrate that the strong chelating agent
ethylenediaminetetraacetic acid (EDTA) immobilized on biopolymers acts as an efficient
metal binding for water purification.2-32 Following our interest for using covalently

modified cellulose paper as analytical devices for pollutant detection,332 we report
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herein the development of a chemically modified cellulose filter paper with EDTA acting
as a universal device for metal remediation. We show how the same device can be used
as either an immersed adsorbent or a filtration membrane allowing an unprecedented

flexibility for metal remediation.

Material and methods

General remarks. All commercial solvents and reagents were used as received from
Sigma-Aldrich, Fischer Scientific Ltd, Alfa Aesar. Whatman® grade 6 filter paper (42.5
mm @) was used as cellulose source. *H and 3C NMR, recorded at 400 MHz and 100
MHz respectively, were performed on a Bruker Advance 400. Proton chemical shifts
were internally referenced to the residual proton resonance in DMSO (2.50 ppm).
Carbon chemical shifts were internally referenced to the deuterated solvent signals in
DMSO (39.52 ppm). Melting points were recorded on a Stuart Scientific 7SMP3
apparatus. FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer with ATR
technic. Scanning electron microscopy (SEM) images were recorded with a JEOL 7600 F.
X-ray photoelectron spectroscopy was performed on a Thermo Fisher Scientific K-ALPHA
spectrometer was used for disk surface analysis with a monochromatized AlKa source
(hv = 1486.6 eV) and a 200 micron spot size. A pressure of 1077 Pa was maintained in the
chamber during analysis. The full spectra (0—1150eV) were obtained at a constant pass
energy of 200 eV and high resolution spectra at a constant pass energy of 40 eV. Charge
neutralization was required for all insulating samples. High resolution spectra were
fitted and quantified using the AVANTAGE software provided by Thermo Fisher
Scientific. Atomic absorption spectroscopy analyses were carried out on a THERMO
SCIENTIFIC ICE 3300. ICP-AES analyses were carried out on a Thermo Fischer ICAP 6300.
Elemental analyses were performed on a Thermo Fisher Scientific Flash 2000 CHNS

organic elemental analyzer.

Preparation of ethylenediaminetetraacetic acid dianhydride (EDTA dianhydride) (1).
Ethylenediaminetetraacetic acid dianhydride was prepared following the literature
procedure.32 To a suspension of ethylenediaminetetraacetic acid (EDTA, 30.0 g, 102.6
mmol) in pyridine (50 mL) under N, was added Ac;0 (40 mL). The mixture was stirred at

65 °C for 24 h and then cooled to room temperature, and filtered under a N, stream. The
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collected solid was washed with Ac;O (100 mL) and diethyl ether (250 mL) and dried
under high vacuum to give 1 as a white solid (24 g, 91%). mp. 194-196 °C [lit.32 194-195
°C]. 'H NMR (400 MHz, DMSO,) & 3.70 (s, 8H), 2.67 (s, 4H). 3C NMR (100 MHz, DMSO) &
165.7, 52.2, 51.2. IR (ATR) v 2995, 2962, 2908, 2859, 1805, 1750, 1465, 1421, 1368,
1344, 1320, 1287, 1248, 1133, 1111, 1060, 998, 961, 925, 882, 818, 783, 656, 607, 550,
499, 482, 435 cm™.

General procedure for the pre-treatment of cellulose paper. Five pieces of cellulose
filter papers (approx. 750 mg) were dispersed in 250 ml of a freshly prepared 10% (w/w)
NaOH aqueous solution. This mixture was then shacked 24 h on an orbital agitator. The
cellulose samples were washed 6 times with 50 ml of EtOH and stored in EtOH.

General procedure for the preparation of cell-EDTA. After being washed 2 times with 20
ml of DMSO, 5 pieces of pretreated cellulose papers (approx. 750 mg, 4.5 mmol) were
immersed in 100 ml of dry DMSO and a solution of EDTA dianhydride 2 (3.46 g, 13.5
mmol) in dry pyridine (5 ml) was added. The mixture was shacked 20 h at 60 °C under N3
on an orbital agitator. The pieces of paper were sonicated in EtOH, MilliQ water, acetone
and CHxCl, before being dried under vacuum. The samples were analyzed by elemental
analysis giving N% 2.10-2.20.

General procedure for metal adsorption. Metal solutions were freshly prepared by
dissolving the desired amount of metal salt in MilliQ water in a plastic capped vial and a
piece of EDTA-modified filter paper was immersed. The vial was then shacked on an
orbital agitator for the required time. The piece of filter paper was then removed from
the solution; the latter was analyzed either by ICP-AES or AAS. If required, the sample

was diluted in order to reach the linearity of the calibration curves.

Results and discussion

Preparation of the cellulose filter paper-grafted EDTA. The covalent grafting of EDTA
onto the surface of paper requires the esterification of one carboxylic function of the
EDTA moieties with the hydroxyl groups of the (B1 = 4) linked d-glucose units
constituting the cellulose chains. The dense intra- and intermolecular hydrogen bond

networks occurring in cellulose chains associated to the bulk nature of paper make
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hydroxyl functions of glucose units weakly reactive. For instance, esterification
processes under acidic conditions or using traditional coupling agents such as
DCC/DMAP usually fail to give good degree of functionalization of cellulose paper and
the use of more reactive acid chlorides or anhydrides are required.2* Moreover, in order
to break the hydrogen bond network and increase both the surface area of cellulose
fibers and the reactivity of alcohols functions, the cellulose filter paper was soaked for
24 hours in 10% NaOH aqueous solution prior chemical modification.2> The activated
cellulose paper was functionalized with the highly reactive ethylenediaminetetraacetic
acid dianhydride 1, easily obtained by treatment of commercially available EDTA with
Ac0 in pyridine (Scheme 1). The cellulose filter paper functionalized with EDTA (cell-
EDTA) was copiously washed with EtOH, MilliQ water, acetone and CH,Cl, to remove all
trace of adsorbed compounds. The degree of functionalization was estimated to be ca.
0.2 by elemental analysis. In other words, it can be estimated that two alcohol functions
were esterified with EDTA moieties every ten glucose units. We stress that all attempts
to functionalize the cellulose filter paper with ethylenediaminetetraacetic acid chloride,

instead of EDTA anhydride 2, failed to give a good degree of functionalization.

O

I o)
Ac,0, pyridine

Ay ~-N_COH 22, Py @) /\/N\/g

HO,C N @)

N
P 65 °C, 24 h
HO,C EDTA 071)

o}
d OH
20 DMSO %o =0 g
60°C,20h o 0
Pristine paper HO,C—\ //§
N o)
_ N_
HO,C COH
cell-EDTA

Scheme 1. Preparation of the cell-EDTA material.

Characterisation of the cellulose cell-EDTA. The chemical functionalization of the

cellulose paper with EDTA moieties was followed by FT-IR as depicted in Figure 1. Both
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spectra of pristine and chemically modified papers exhibit characteristic absorption
bands of the cellulose backbone in the region of 3400, 2900 and 1100 cm™ accounting
for the stretching vibrations of O-H, C-H and C-O-C bonds respectively. In pristine
cellulose, the band at 1641 cm™ is assigned to the bending mode of adsorbed water. FT-
IR spectrum of the chemically modified cellulose paper reveals a new band at 1726 cm?
corresponding to the stretching vibration of the carbonyl group of the newly formed
ester linkage between cellulose and EDTA and providing evidence that the grafting had
successfully occurred. The two absorption bands at 1591 and 1421 cm™ are
characteristic of the asymmetric and symmetric OCO stretching modes of the
carboxylate group, respectively, giving an additional evidence for the successful

incorporation of EDTA in the cellulose backbone.

Arbitrary Units (A.U.)

3400 2400 1400 400

Wavenumber (cm-)

Figure 1. FT-IR spectra of (a) pristine cellulose paper and (b) cell-EDTA.

X-ray photoelectron spectroscopy analyses of both the pristine and functionalized
papers give important information on the evolution of the surface composition
occurring upon immobilization of the EDTA backbone (Figure 2). The high resolution
spectrum of the Cls region of cell-EDTA reveals a new peak at 289.9 eV arising from the

C=0 photoemissions (Figure 2d). The survey scan spectra of cell-EDTA showed a peak at
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399.7 eV attributed to the nitrogen atom of the EDTA moieties (Figure 2c).
Photoemissions from the 1s core level nitrogen environment result in two shifted peak
components, furnishing further structural insights (Figure 2e). While the peak at 399.6
eV can be attributed to the neutral form of the EDTA moieties, the peak shifted by 2.2
eV at a higher binding energy (401.8 eV) is ascribed to the protonated nitrogen atom of

the zwitterionic intermediate, in good agreement with previous observations on amino

acids.2®
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Figure 2 Survey scan spectra of (a) pristine paper, (c) cell-EDTA. High resolution C1s
spectra of (b) pristine paper, (d) cell-EDTA. (d) High resolution N1s spectrum of cell-
EDTA.
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One of the potential issue with the chemical grafting of cellulose paper is the
modification of the fibers structure resulting in altered physical properties such as
resistance and structure integrity in aqueous and organic solvents. Scanning electron
microscopy images depicted in Figure 3 reveal that the size of the fibers is not affected,
being in the range of 10-20 uM both the pristine and functionalized materials. This
observation explains why the modified paper is not wrinkled nor weaken after the EDTA
grafting. The peripheral filamentous aspect of the fibers surface can be explain by a
marginal break of the hydrogen bond network upon chemical grafting but without

consequence on the paper integrity.

Figure 3. SEM images of (a) pristine cellulose paper and (b) cell-EDTA.

Adsorption studies. Effect of pH. The heavy metal remediation efficiency from aqueous
solution by adsorption strongly depends on the pH value of the solution as the
concentration of protons affects the adsorbent surface charge and the degree of
ionization of the metal. The adsorption capacities of the cell-EDTA paper with respect to
the pH of the solution was studied for Pb(ll) and Cd(Il) two highly toxic heavy metals.
Two solutions containing 100 ppm of Pb(Il) and Cd(ll) respectively, were shacked with
the cell-EDTA paper (5g/L) at room temperature for 90 min. After removal of cell-EDTA,
the metal content of the solutions was analyzed by atomic absorption spectroscopy
(AAS) or inductively coupled plasma atomic emission spectroscopy (ICP-AES). The results
depicted in Figure 4 reveals important features. For the two metals, the maximum
adsorption capacities are observed at pH ranging from 4 to 9. At higher pH values the
increase of the concentration of hydroxide anions leads to the formation of metal

hydroxide species precipitating in water. The adsorption capacities of the modified
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paper rapidly decrease upon lowering the pH values below 4. At pH < 4, the protons
compete with metal cations for binding active sites as their concentration increases.
Moreover, at high proton concentration the surface of cellulose becomes positively
charged and the approach of metal cations is disfavored due to electrostatic repulsions.
In the conditions of this study, less than 5 ppm of Pb(ll) and Cd(ll) remain in solution
after 90 min at pH ranging from 5 to 9 which means that ca. 95% of metal cations were
adsorbed by cell-EDTA while in the presence of the unmodified cellulose paper more
than 90% of metals (93% for Pb and 90% for Cd) still remain in solution at pH 7. In order
to simulate real environmental conditions where the pH of water is usually in the range

of 6.5-7.5, our further studies were carried out at pH 7.
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Figure 4. Effect of pH on metal adsorption by cell-EDTA.

Effect of contact time. The contact time-adsorption efficiency relationship is an
important parameter as it determines the time required for the maximum removal of
metals from the solution and may assess the adsorbent lifetime. As depicted in Figure 5,
the static remediation of a solution containing 100 ppm of Pb(ll) was fast and reached a
plateau within 50 min with ca. 94% of metal adsorbed. A similar behavior was observed
for the remediation of a solution containing 100 ppm of Cd(ll) but the plateau was
reached within 120 min with ca. 95% of metal adsorbed. For both metals a break slope
was observed at 15 min, indicating that two different binding sites participate to the
adsorption mechanism. Since the break slope occurred for the two metals after 15 min,
it can be suggested that the cell-EDTA properties change upon extended stirring due to

the swelling of fibers in water, opening regions to metal adsorption.
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Figure 5. Effect of contact time on metal adsorption by cell-EDTA.

In order to better understand the adsorption process and predict the rate of metal
removal from aqueous solutions, kinetics investigations were carried out through the
evaluation of the pseudo-first-order and pseudo-second-order kinetic models.3? We
found that the pseudo-first-order kinetics for Cd(ll) and Pb(ll) failed to properly explain
the adsorption process. By contrast, the pseudo-second-order kinetics represented by
the linear plot of t/q: versus t describes accurately the adsorption process considering
the very good correlation coefficient (R? >> 0.99) and the theoretical gevalues are in very
good agreement with the experimental values (Figure 6).

The linear form of the pseudo-second-order kinetic model can be written as3Z:

t 1

1
= + —t 2
dc k203 qe (2)

where ge and gt (mg/g) are the adsorption capacities at equilibrium and at time t (min)
respectively and k2 (g/mg min) is the pseudo-second-order rate constant of the
adsorption. From these results we can deduce that the rate of the adsorption process
was controlled by chemisorption through sharing or exchange of electrons between the

adsorbent and the adsorbate as covalent forces.
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Figure 6. Pseudo-second-order plot (a) for Cd(ll) and (b) for Pb(ll) adsorption onto cell-

EDTA (pH = 7, concentration of metal ions = 100 ppm, adsorbent dose = 5g/L).

Adsorption isotherms. Adsorption isotherms are used to understand the relationship
between the amount of adsorbate on the adsorbent and the adsorbate remaining in
solution at the equilibrium. Many models have been reported in the literature and their
validity strongly depends on the nature of both the adsorbent and adsorbate. With the
objective of describing accurately the adsorption isotherm of our cell-EDTA paper, we
deeply examined the Langmuir, Freundlich and Temkin isotherms which represent the
three most frequently used models.

The Langmuir model describes the formation of a saturated monolayer of adsorbate at
the surface of the adsorbent. This model assumes that binding sites are energetically
equivalents, each of them accommodating only one molecule of adsorbate, and
interaction between adsorbed molecules are neglected. Therefore, the Langmuir model
fits with adsorption processes leading to the formation of a monolayer of adsorbates
onto an adsorbent containing a finite number of identical binding sites. The Langmuir

isotherm model can be expressed as:

Ce _ Ce 1

@ am | bam @

where Ce (mg/L) is the equilibrium concentration of metal remaining in solution, ge
(mg/g) is the amount of metal adsorbed at the equilibrium, gm is the maximum
adsorption capacity of the adsorbent and b (L/mg) is the Langmuir constant.

The Freundlich isotherm is commonly used to describe adsorption phenomena on
heterogeneous adsorbent surfaces since it assumes that a multilayer adsorption on a

heterogeneous surface can be expressed with the following empirical equation:

Qe = K:C,M" 2)
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Linearizing equation (2) results in the following equation:
Inge = InKy +=InC, (3)

where C. (mg/L) is the metal concentration remaining in solution at the equilibrium, ge
(mg/g) is the equilibrium adsorption capacity and Kf and 1/n are empirical Freundlich
constant related to the adsorption capacity and intensity of adsorption respectively.
With the Temkin isotherm, adsorbate-adsorbent interactions are considered and it is
assumed that the energy of adsorption is a linear function of the surface coverage. The
equation implies a uniform distribution of binding energies onto the adsorbent surface

and is expressed as follow:

RT
qe = (5-) In(4rC.) (4)
Linearizing equation (4) results in the following equation:
RT RT
qe = (57) InCAp) + (5)In(C)  (5)
where qe (mg/g) is the equilibrium adsorption capacity, Ce (mg/L) is the metal
concentration remaining in solution at the equilibrium, Ar (L/g) is the Temkin isotherm

equilibrium constant, br (J/mol) is the Temkin constant related to heat of adsorption, R

(8.314 J/mol/K) is the universal gas constant and T (K) is the absolute temperature.

The regression curves were plotted for the three models and the correlation coefficients
(R?) were determined (Figure 7). As shown in Table 1, the three models correctly fit with
the adsorption process of Pb(ll) and Cd(Il) with the cell-EDTA as good to high correlation
coefficients (R?) were calculated. The Freundlich model is the less suitable to properly
describe the adsorption process, though good correlation coefficients of 0.93 and 0.92
were determined for Cd(Il) and Pb(ll) respectively. The Langmuir model gave very good
R2 (0.98) for Cd(Il) and good correlation coefficients for Pb(Il). Since the Langmuir model
describes a homogeneous adsorption processes, the good R? calculated for the two
metals indicate that the adsorption mainly occurred on adsorption sites energetically
equivalents and located at the outer surface of the fibers and not inside the porous
network. The linear plot of Ce/qge versus Ce allows determining the maximum absorption
capacities (gm) for Cd(ll) and Pb(ll) with values of 102.04 and 227.27 mg/g respectively.

These large absorption capacities are in good agreement with the experimental values
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and are consistent with the Freundlich constant Kr which indicates a good adsorption

capacity of the cell-EDTA for the two metals.

In the Langmuir model, the dimensionless separation factor for equilibrium parameters
(R), predicting the affinity between the adsorbate and the adsorbent can be defined as
R. = 1/(1+bCo), where Co (mg/L) is the initial concentration of metal ions. The value of R,
indicates whether the adsorption isotherm is either irreversible (R, = 0), favorable (0 < R,
< 1) or unfavorable (R, > 1). The values calculated for R, are 0.032-0.4 for Cd(ll) and
0.048-0.5 for Pb(ll), indicating a favorable adsorption process. This is consistent with the
results of the Freundlich model for which the n parameter in the range of 1 to 10 also
indicates a favorable adsorption process. The Temkin isotherm is a very suitable model
to accurately describe the adsorption of Cd(Il) and Pb(ll) since high R? values of 0.98 and
0.96 respectively were determined from linear plot of ge versus In Ce suggesting strong

adsorbate-adsorbent interactions.
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Figure 7. (a) Langmuir isotherms, (b) Freundlich isotherms and (c) Temkin isotherms for

Cd(Il) and Pb(ll) adsorption onto cell-EDTA (pH = 7, time = 180 min, adsorbent dose =
5g/L).
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Table 1. Isotherm parameters and regression data for Cd(Il) and Pb(ll).

Isotherm Parameter Cd(ll) Pb(ll)
Langmuir gm (mMg/g) 102.04 227.27
b (L/mg) 0.03 0.02
Rt 0.032-0.4 0.048-0.5
R? 0.98 0.93
Freundlich Kr 6.54 6.07
n 2.08 1.43
R? 0.93 0.92
Temkin Br 15.58 38.92
br 0.16 0.064
Ar 0.65 0.33
R? 0.98 0.96

Adsorption of other metals. The ability of the cell-EDTA material to act as a universal
adsorbent for the remediation of various heavy metals was evaluated (Figure 8). For the
sake of argument, the metal ions considered in this study are recurrent environmental
water pollutants damaging living systems and include Ag(l), Cd(ll), Pb(ll), Ni(ll), Zn(ll),
Sn(ll), Cu(ll), Cr(ll) and Fe(ll). In order to compare the adsorption capacity of the cell-
EDTA adsorbent, we used standard conditions consisting of the remediation of solutions
containing 100 ppm of metal ions with 5g/L of cell-EDTA. The level of remediation was
determined by atomic absorption spectroscopy or inductively coupled plasma atomic
emission spectroscopy analyses of the solutions after removal of the cell-EDTA
adsorbent. This study revealed the very good performance of the cell-EDTA adsorbent
for Ag(l), Ni(ll), Zn(l1), Cd(ll), Pb(ll), Sn(Il) and Cu(ll) since more than 90% of metal ions
initially introduced was adsorbed after 1h30 of soaking. The cell-EDTA material displayed
a lower but still useful adsorption capacity for Cr(ll) and Fe(ll) with 76% and 66% of
removal respectively. These results illustrate the powerful capacity of the cell-EDTA

material to act as a universal adsorbent for water decontamination.
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Figure 8. Adsorption efficiency of cell-EDTA for various heavy metals.

Use of cell-EDTA as membrane vs adsorbent. All the studies described above were
carried out for the remediation of metal ions in water using cell-EDTA as an adsorbent.
In other words, the modified cellulose paper was soaked into the contaminated solution
during the required time. However, proceeding with a continuous remediation using the
EDTA-grafted filter paper as a membrane would be of great interest in the industrial
environment where large volumes of aqueous effluents have to be treated. With this
objective in mind, we studied the purification of an aqueous solution containing 100
ppm of Cd(ll) ions. After a careful flow rate optimization, we were able to remove 94%
of the initial amount of Cd(ll) ions with a flow rate of 4 mL/h using a small membrane of
only 60 mg for the treatment of 12 mL of wastewater. This very promising result open

the way for further scale-up in the industrial environment using larger membranes.
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Conclusion

In summary, by exploiting the high hydrophilicity of cellulose filter paper and the
excellent chelating properties of EDTA for many metal ions, we have designed a
universal material for metal remediation that can be used as an adsorbent or as a simple
membrane of filtration operating over a wide range of pH values. This new device for
water purification was prepared by the covalent grafting of the EDTA backbone to the
surface of cellulose filter paper. The properties of this very robust material were deeply
evaluated through adsorption kinetic and adsorption isotherm studies. The high
hydrophilicity, disposability and low toxicity of cellulose paper constitute key parameters
for the design of new generations of cellulose-based adsorbents and membranes for
addressing the complex issue of wastewater treatment. We believe that this work is a
solid contribution in this area that will profit to a large panel of scientists working in

analytical and environmental sciences.
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Les objectifs de cette thése ont été de développer de nouveaux matériaux a base de

papier grace a des méthodes de fonctionnalisations covalentes de ce dernier.

La premiére partie de ce travail a été consacrée au développement d’'une nouvelle
méthode d’écriture a la surface du papier permettant le stockage d’information a la
surface de celui-ci via le greffage covalent et la photodimérisation spatialement résolue
de coumarines. Cette méthodologie a permis d’inscrire a la surface du papier des motifs
complexes tel que des QRCodes. Les informations ainsi stockées a la surface du matériau

sont invisibles a I’ceil nu mais peuvent étre révélées grace a I'utilisation d’une lampe UV.

Par la suite, nous nous sommes intéressés a la préparation de nouvelles sondes
moléculaires greffées a la surface du papier permettant ainsi de préparer des dispositifs
de détection de polluants tel que les ions HSO4™ et Cu®*. De maniére analogue au papier
pH, ces outils peuvent étre utilisés pour détecter de maniere colorimétrique la présence
du polluant aprés immersion d’une bandelette de papier modifié dans une solution
aqueuse. Des analyses par spectrométrie UV-Visible permettent de déterminer la
concentration en analyte dans la solution analysée (aprés réalisation d’'une courbe
d’étalonnage) avec des limites de détection de 11,6 ppm (HSO4) et 2 ppm (Cu?*). Ce type
d’outil facile d’utilisation, transportable et ne nécessitant pas de compétences pointues
pourront certainement trouver une utilité dans le domaine des sciences

environnementales.

A la suite du travail sur la détection du Cu(ll) dans I'eau, nous nous sommes rendus
compte qu’outre la capacité de réduire le Cu (Il) en Cu (1), cet outil permet également de
séquestrer le cuivre a la surface du matériau. Ces capacités ont été mises a profit dans la
réaction click de Huisgen ol notre dispositif a été utilisé comme agent réducteur et
séquestrant du cuivre. Cette stratégie sans précédent dans la littérature apporte un
nouvel outil pour la synthése organique et permet d’obtenir des produits de réactions
quasiment exempts de cuivre ce qui est un atout majeur dans le cas par exemple de
synthése de principes actifs pour la chimie pharmaceutique ou les taux de contaminants

métalliques sont tres réglementés.
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La derniere partie de ce travail a porté sur la préparation d'une membrane pour la
décontamination des eaux contenant des métaux lourds. Cet outil a été préparé en
greffant a la surface du papier de I'acide éthylene diamine tétraacétique (EDTA). Les
tests réalisés par la suite ont montré que cette membrane a la capacité d’éliminer de
nombreux métaux comme I’Ag(l), le Ni(ll), le Zn(ll), le Cd(ll), le Pb(ll), I'Sn(ll) ou encore le

Cu(ll) avec une efficacité supérieure a 90%.

Ces différents travaux ouvrent de nombreuses perspectives pour le développement de
nouveaux matériaux a base de cellulose fonctionnalisée de maniére covalente. La
preuve de concept que nous avons apportée au sujet de la photoimpression peut
certainement étre améliorée en utilisant d’autres types de molécules et pourquoi pas un
mélange de plusieurs molécules. La préparation de sondes moléculaires greffées a la
surface du papier offre des outils de détection des polluants pratiques et simples
d’utilisation. Afin de pouvoir analyser la présence d’autres polluants dans I'eau (métaux
ou polluants organiques) il est nécessaire de développer de nouvelles sondes. Enfin, la
préparation d’une membrane pour la dépollution de I'eau a montré de bons résultats
pour les métaux lourds, il est possible d’envisager la préparation de membranes capable

d’éliminer d’autres types de polluants notamment des composés organiques.
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En annexes, se trouvent des travaux réalisés aux cours de ma premiére année thése qui
ont porté sur la multicatalyse hétérogene en flux continu. L'objectif initial de ces travaux
était de développer en flux une méthodologie d’arylation des pyrroles basée sur la
réaction de Meerwein précédemment étudiée au sein de I'équipe!. Cependant, nous
nous sommes retrouvés confrontés a divers problémes lors du passage de cette réaction
en flux avec notamment des problemes de stabilité du catalyseur et d’autres problémes
techniques inhérents a I'appareillage de flux continu. Ces différentes raisons nous ont

poussés a réorienter le sujet de cette thése aprés un an de travail.

Ce travail de premiére année n’a pour autant pas été infructueux puisqu’avec 'aide d’un
stagiaire de Master 1 au laboratoire, nous avons développé un nouveau catalyseur a
base de nanoparticules de cuivre supporté sur du graphite qui a été employé dans la

réaction de Huisgen et la réaction d’arylation de Meerwein du pyrrole?.

Enfin, au cours de cette premiére année nous avons rédigé au sein de I'équipe une revue
portant sur l'utilisation plus slre des sels de diazonium en synthése pallado-catalysée
avec notamment I'apport des méthodologies en flux continu et la génération in situ des

espéces réactives a partir de précurseurs stables3.
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A convenient preparation of graphite-supported ultra-small copper nanoparticles (Cu NPs)
has been developed. Ultra-small Cu NPs, generated by reduction of Cu(OAc), with H,, were
well dispersed onto the graphite support and possess a very narrow distribution in size,
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Cu NPs was evaluated for the Meerwein arylation of pyrroles and the multicomponent
synthesis of 1,2,3-triazoles via click reaction.
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1. Introduction

Metallic nanoparticles (NPs) at the nanometer scale can be
seen as a bridge between atomic and bulk metal, exhibiting
unique physical, electronic and chemical properties. The
peculiar profile of metallic nano-objects has been exploited
for many applications in various scientific areas including
catalysis [1]. The challenges associated with NPs, used as cat-
alysts, concern the preparation of highly reactive nano-object
having a size in the range of 1-2 nm and their removal from
the reaction mixture in an efficient way in order to avoid
unwanted contaminations. In the vast family of metallic
NPs, Cu NPs have attracted considerable attention from the
chemical community as efficient nanocatalysts in a myriad

of important chemical transformations [2,3]. For the clean
removal of Cu NPs from the reaction mixture, nanofiltration
has proven to be useful for specific applications [4-6], but
the adsorption of Cu NPs on a support is certainly the
preferred approach to efficiently address this issue through
filtration or magnetic separation [7,8]. While metal oxides
are arguably the most common support for Cu NPs [9-16],
the use of polymers [17-19], silica [20-22] and graphene
[23-28] have also been reported.

By contrast, inexpensive carbon materials such as acti-
vated charcoal and graphite have been much less used as
support for Cu NPs [29-35], while they have been widely used
with other transition metals because of their chemical inert-
ness and commercial availability at low cost [36]. For instance,

* Corresponding author at: Université de Nantes; UFR des Sciences et des Techniques, CNRS UMR 6230, CEISAM, 2 rue de la Houssiniére,

44322 Nantes Cedex 3, France.
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activated charcoal has been widely used as an adsorbent and
a support for palladium NPs because of its high surface area
(up to 1500m?g), low cost and weak toxicity [37-41].
Amongst others [42], we have contributed to this area for
the preparation of activated charcoal-supported Pd, Pd-Au
and Pd-Cu catalysts for cross-coupling reactions [43-51].
However, one of the recurrent inconvenience regarding the
use of commercially available activated charcoal is the com-
plexity of its textural properties that are characterized by a
disorganized porous structure containing aromatic sheets
and strips having three different groups of pores: micropores
(up to 2 nm), mesopores (2-50 nm) and macropores (>50 nm).
The pore distribution as well as the chemical composition of
the carbon surface (mainly oxygen, hydrogen and mineral
matter) depend on the nature of the pyrolyzed material
(mainly wood, coconut shell or fruit pets), the carbonization
process and various chemical treatments. The texture of acti-
vated charcoal strongly influences the metal-support interac-
tion and thereby, reproducibility issues are frequently
observed in catalysis applications [49]. The confusion
between charcoal-supported Cu NPs and Cu molecular spe-
cies has also been recently pointed out by Buckley et al. [52].

By contrast, graphite is a highly ordered and crystalline
material composed of aromatic sheets with a constant inter-
layer spacing of 0.335 nm. Graphite is an essentially non por-
ous material having a low active surface area (~10 m?/g), but
atoms and small molecules can slip between the layers,
resulting in a confinement effect. Surprisingly, graphite has
been nearly unexplored as support for Cu NPs and the only
studies reported so far showed the formation of Cu NPs of
uncontrolled size [53]. The low active surface area could be
detrimental for catalytic applications due to a poor dispersion
of NPs, however, we believe that this issue could be circum-
vented by preparing ultra-small NPs.

Therefore, efficient procedures for preparing graphite-
supported ultra-small Cu NPs are clearly appealing for
applications in catalysis. In this paper we report successful
applications for the Meerwein arylation of pyrroles and
1,3-dipolar cycloadditions of azides with alkynes catalyzed
by ultra-small Cu NPs supported on graphite.

2. Experimental
2.1, Apparatus and reagents

All commercial solvents and reagents were used as received
from Sigma-Aldrich, Fischer Scientific Ltd, Alfa Aesar and
TCI Europe companies and were degased with argon before
use. Silica gel (40-63 ym) used in flash column chromatogra-
phy was obtained from Merck. Analytical thin-layer chro-
matography (TLC) was performed on silica gel plates (TLC
silica gel 60 F254 purchased from Merck), visualized with a
Spectroline UV254 lamp, and stained with a basic solution
of KMnO,. 'H and *C, recorded at 400 MHz or 300 MHz,
100 MHz or 75 MHz, respectively, were performed on Bruker
Advance 400 and Bruker Advance 300 spectrometers. Proton
chemical shifts were internally referenced to the residual pro-
ton resonance in CDCl; (7.26 ppm) or DMSO (2.50 ppm).
Carbon chemical shifts were internally referenced to the
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deuterated solvent signals in CDCl; (77.2 ppm) or DMSO
(39.52 ppm). Melting point were recorded on a Stuart
Scientific 7SMP3 apparatus. FT-IR spectra were recorded on
a Bruker Tensor 27 spectrometer with ATR technic or KBr
plates. HRMS in ESI mode were recorded on a LTQ-Orbitrap
(ThermoFisher Scientific) at the ENV of Nantes.
Transmission electron microscopy (TEM) images were
recorded on a Hitachi HF-2000 FEG-TEM. X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 Advance X-ray
Diffractometer. The X-ray photoelectron spectra were
recorded on a Kratos Nova using an monochromatic X-ray
source at 20 mA 15 kV (300 W) to confirm the chemical state
of Cu. The surface analyzed was about 700 pm by 300 pm.
High resolution spectrum were done with a 0.1eV step at
Pass energy 10 eV corresponding to an overall instrument res-
olution of 0.33+0.02eV on Silver Fermi edge. All samples
were maintained on conductive adhesive double side tape.

2.2.  Preparation of graphite-supported ultra-small Cu NPs
(5% CuNPs/Gr)

Copper acetate monohydrate (0.1 g, 0.5 mmol) was dissolved
in degased methanol (60mL) at 25°C. Graphite (0.5g,
<20 um particle size, Aldrich 282863) was added and the solu-
tion was degased 5 min with H,. The solution was stirred for
16 h under H, atmosphere at 25 °C. The solid was collected by
filtration, washed with distilled methanol (3 x5 mL), deion-
ized water (3 x 5 mL), acetone (3 x 5 mL) then dried under vac-
uum overnight to give a black solid. ICP-MS analysis
determined that the content of copper onto graphite was ca.
4.8-5 wt.%.

2.3.  General procedure for the C-H arylation of N-Boc
pyrrole

To a mixture of aniline and MeSO;H (65 uL, 1.0 mmol) in H,0
(1 mL) at 25°C was added t-BuONO (180 L, 1.35 mmol, 90%
purity). The reaction mixture was stirred for 30 min at 25 °C.
Then, CaCO; (100 mg, 1.0 mmol), N-Boc pyrrole 2 (0.67 mL,
4.0 mmol), 5% Cu NPs/Gr (130mg, 10mol%) and acetone
(2.5 mL) were successively added. After being stirred for the
required time the crude was purified by flash chromatography
on silica gel to give the pure product.

2.3.1. N-tert-butoxycarbonyl-2-(4-nitrophenyl)-1H-
pyrrole 3a

Yellow solid (208 mg, 72%). mp 122-123 °C [lit. [54] 120-121 °C];
'H NMR (400 MHz, CDCl,,) 88.21 (d, 2H, J = 8.9 Hz), 7.51 (d, 2H,
J=89Hz), 7.40 (dd, 1H, J=3.3Hz, J=1.7Hz), 6.32 (dd, 1H,
J=3.3Hz, J=1.7 Hz), 6.27 (app t, 1H, J = 3.3Hz), 1.43 (s, 9H);
3C NMR (100 MHz, CDCl;) $149.1, 146.9, 140.9, 133, 129.7
(2C), 124.5, 123.1 (2C), 116.7, 111.3, 84.7, 27.9 (3C); IR (KBr) v
3147, 2982, 1742, 1596, 1506, 1331, 1304, 1142 cm '; HRMS
(ESI) caled for C;sH3604N,Na [M+Na*]: 311.1002, found:
311.0996.

2.3.2. N-tert-butoxycarbonyl-2-(2-methoxy-4-nitrophenyl)-
1H-pyrrole 3b

Yellow oil (182 mg, 57%). 'H NMR (300 MHz, CDCl,) §7.88 (dd,
1H,J = 2.1,8.4 Hz), 7.72 (d, 1H,) = 2.1 Hz), 7.42 (d, 1H, ] = 8.4 Hz),
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7.38 (dd, 1H, ] = 1.8, 3.3 Hz), 6.29-6.23 (m, 2H), 3.86 (s, 3H), 1.40
(s, 9H). >C NMR (75 MHz, CDCl,) §157.7, 149.1, 148.3, 131.2,
130.1, 129.1, 123.2, 116, 115.5, 110.9, 105.1, 83.8, 56, 27.8 (3C).
IR (neat) v 2977, 1740, 1526, 1320, 1148 cm™". HRMS (ES]) caled
for C16H190sN, [M+H*]: 319.1288, found: 319.1285.

2.4.  General procedure for the “click” reaction with
phenylacetylene

A 15mL sealed tube was charged with benzyl bromide 4
(171 mg, 1.0 mmol), sodium azide (65 mg, 1.0 mmol), pheny-
lacetylene (153 mg, 1.5 mmol), Cu NPs/Gr (65mg, 5mol%)
and 2.5 mL of H,0/MeOH (4/1). The mixture is degased for
2 min with N,, then the tube is sealed and the reaction mix-
ture is heated at 70 °C for 12 h. After this time, the mixture
was diluted with EtOAc (10 mL) and H,O (5 mL). The aqueous
phase was extracted with EtOAc (3x10ml). The collected
organic extracts were dried on Na,S0O,, filtered and evapo-
rated to dryness. The crude was purified either by flash chro-
matography on silica gel or by precipitation to give the pure
product.

2.4.1. 1-Benzyl-4-phenyl-1H-1,2,3-triazole 6a

White solid (213 mg, 91%). mp 129-130 °C [lit. [S5] 132-133 °C];
'H NMR (400 MHz, CDCls,) $7.81-7.79 (m, 2H), 7.66 (s, 1H),
7.42-7.30 (m, 8H), 5.58 (s, 2H); *C NMR (100 MHz, CDCl,)
5148.4, 134.8, 130.7, 129.4, 129, 128.4, 128.3, 125.9, 119.7, 54.5.
IR (neat) v 3145, 1495, 1469, 1452, 1428, 1362, 1354, 1222,
1140, 1075, 1046, 973, 808, 768, 729, 696 cm ™ *. HRMS (ESI) calcd
for CysH14N3 [M+H*]: 236.1182, found: 236.1174.

2.4.2. 1-Cinnamyl-4-phenyl-1H-1,2,3-triazole 6b

White solid (214 mg, 82%). mp 132-134 °C [lit. [56] 134 °C]; "H
NMR (400 MHz, CDCls,) 67.85-7.82 (m, 3H), 7.44-7.40 (m, 4H),
7.37-7.27 (m, 4H), 6.72 (d, 1H, j=15.8Hz), 6.40 (dt, 1H,
J=6.7 Hz, ] =15.8 Hz), 6.19 (dd, 2H, ] = 1.3 Hz, J = 6.7 Hz); 1°C
NMR (100 MHz, CDCls) §148.3, 135.7, 135.6, 130.7, 129, 128.9,
128.8, 128.4, 126.9, 125.9, 122, 119.5, 52.7. IR (neat) v 3052,
1465, 1440, 1355, 1222, 1190, 1138, 1075, 1043, 980, 913, 805,
760, 730, 694 cm™". HRMS (ESI) caled for Cy;H;6Na [M+H']:
262.1338, found: 262.1332.

243.
one 6¢
White solid (195 mg, 74%). mp 166-169 °C [lit. [57] 172-175 °C];
'H NMR (400 MHz, CDCls,) $8.02 (t, 2H, ] = 7.7 Hz), 7.95 (s, 1H),
7.86 (d, 2H, J=7.7Hz), 7.68 (t, 1H, J=7.4Hz), 7.55 (t, 2H,
]=7.7Hz), 7.43 (t, 2H, J=7.7 Hz), 7.34 (t, 1H, ] = 7.4 Hz), 5.89
(s, 2H); *C NMR (100 MHz, CDCl3) $190.4, 148.4, 134.8, 134.1,
130.7, 129.4, 129, 128.4, 126, 55.7. IR (neat) v 3091, 2933, 1703,
1582, 1484, 1447, 1352, 1227, 1050, 980, 768, 752, 688,
641 cm . HRMS (ESI) caled for CygH;40N5 [M+H*]: 264.1131,
found: 264.1123.

1-Phenyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethan-1-

2.4.4. Ethyl 2-(4-phenyl-1H-1,2,3-triazol-1-yl)acetate 6d

White solid (210 mg, 91%). mp 100-101 °C [lit. [S5] 94-95 °C]; 'H
NMR (400 MHz, CDCls) $7.90 (s, 1H), 7.86-7.84 (m, 2H),
7.45-7.41 (m, 2H), 7.36-7.32 (m, 1H), 5.20 (s, 2H), 4.29 (q, 2H,
J=7.1Hz), 1.32 (t, 3H, J = 7.1 Hz); *C NMR (100 MHz, CDCl)
5166.4, 148.5, 130.6, 129, 128.5, 126, 121, 62.7, 51.2, 14.3. IR
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(neat) v 3137, 3000, 2949, 1755, 1473, 1445, 1348, 1218, 1198,
1079, 1019, 766, 695 cm . HRMS (ESI) calcd for Ci,Hy40,N5
[M+H?*): 232.1080, found: 232.1075.

2.4.5.
6e
White solid (142 mg, 54%). mp 124-125 °C [lit. [33] 125-127 °C];
'H NMR (400 MHz, DMSO) $8.79 (s, 1H), 7.88-7.85 (m, 2H),
7.47-7.31 (m, 8H), 5.83 (dd, 1H, J=4.9Hz, J=9.2Hz), 533
(t, 1H, J =5.4 Hz), 4.36-4.29 (m, 1H), 4.05 (dt, 1H, J=4.9 Hz,
J=11.6 Hz); *C NMR (100 MHz, DMSO) $146.1, 137.3, 130.8,
128.8,128.6,128.2,127.7,127.1, 125.1, 120.8, 66.4, 63.1. IR (neat)
v 3388, 3125, 3098, 3027, 2973, 2932, 1492, 1463, 1428, 1227,
1188, 1077, 1050, 1028, 762, 727, 695 cm™*. HRMS (ESI) caled
for C16H160N3 [M+H']: 266.1287, found: 266.1283.

2-Phenyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethan-1-ol

3; Discussion

A number of preparative procedures have been described for
the synthesis of supported-transition-metal NPs [58-60]. The
most common procedures require a succession of steps
which can be roughly described as: (1) impregnation, copre-
cipitation or deposition-precipitation of the metal precursor
as a molecular complex onto the support; (2) calcination or
drying; (3) formation of NPs by reduction. Another widespread
approach consists in preparing metal NPs in solution before
adsorbing them on the support.

While coprecipitation and deposition-precipitation meth-
ods are well-suited with metal oxides as supports, they are
mostly unsuitable with carbon support due to the formation
of large aggregates [61]; the hydrophobic nature of carbons
and the low density of surface hydroxyl groups being respon-
sible of this behavior. On the other hand, the preparation of
metal NPs in solution before adsorption on the support
requires the use of stabilizers covering NPs as a protecting
barrier to prevent aggregation and control the crystallite
growth. In the absence of stabilizers, small NPs are thermody-
namically unstable with respect to agglomeration and the
adsorption step on the support can dramatically modify their
size, shape and properties.

As previously mentioned, activated charcoal has not been
extensively used as support for copper NPs. Yus and co-
workers prepared CuNPs (size distribution of ca.
3.0 £ 1.5 nm) by reduction of CuCl, with lithium metal and
4,4'-di-tert-butylbiphenyl (DTBB) as electron carrier in THF
[30]. Addition of activated charcoal to the suspension of Cu
NPs, furnished the copper-on-activated charcoal catalyst (Cu
NPs/C). Extensive characterization showed that particle size
increased to 6 + 2 nm and Cu(0) NPs were oxidized into a mix-
ture of Cu,0 and CuO NPs. Sharghi et al. developed a simple
method to prepare Cu NPs/C by refluxing Cul in EtOH in the
presence of activated charcoal [30]. However, this procedure
generated large Cu NPs with a wide particle size distribution
of ca. 80-300 nm. Similarly, graphite has been mostly over-
looked as a support for Cu NPs. Lopez-Ruiz et al. described
the synthesis of graphite-supported copper(l) oxide NPs by
reduction of CuSO,;5H,0 in water. However, this procedure
led to a wide range of nanoparticles size distribution, up to
200 nm [53].
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3.1.  Catalyst preparation

With these literature precedents in hand, we embarked in an
evaluation of several strategies for the synthesis of Cu NPs/Gr.
The goal of this study was to design a robust and reproducible
procedure leading to size-controlled Cu NPs supported on gra-
phite. In order to avoid the use of organic stabilizers, we antic-
ipated that the NPs formation should occur in the presence of
graphite. To this end, we roughly designed a standard proce-
dure whereby an inexpensive molecular source of Cu was
transformed into Cu NPs that were simultaneously adsorbed
on graphite. To fill these specifications we selected water
and MeOH as solvent, NaBH,, hydrazine and H, as reducing
agent, and Cu(OAc), as copper source. Concerning the sup-
port, graphite (<20 um particle size) was used as received
without any pre-treatment step. By taking advantage of trans-
mission electron microscopy (TEM), we determined the influ-
ence of the reaction conditions on the nanoparticles size.

We started our study with water as solvent and studied the
formation of Cu NPs from a suspension of Cu(OAc), and gra-
phite in the presence of NaBH,, hydrazine and H; (Fig. 1). The
concentration of Cu was adjusted in order to prepare catalysts
with ~5wt.% of Cu on graphite. The use of NaBH, led to
grapes of poorly dispersed aggregated Cu NPs (Fig. 1a), while
with hydrazine, polydisperse cubic NPs having a size ranging
from 100 to 400 nm were observed (Fig. 1b). On the other
hand, TEM analysis revealed that with H, as reducing agent,
an uncontrolled growth of nanoparticles occurred on the sur-
face of graphite (Fig. 1c). These disappointing results, leading
to poorly dispersed crystallites having a wide distribution in
size, were attributed to the hydrophobic nature of graphite
which readily agglomerated in water. Thereby, the very low
dispersion of graphite in water, led to a random growth of
Cu NPs.

In order to address this issue, we changed water for MeOH
as solvent since graphite readily dispersed in alcoholic sol-
vents upon vigorous stirring. Surprisingly, the reduction of
copper(ll) acetate in MeOH with NaBH,, led to the formation
of needle-like Cu NPs (Fig. 2a). This unexpected observation
could result from the combination of the low concentration
of copper species solubilized in MeOH and the strong reduc-
tive properties of NaBH,; leading to a fast crystal growth.
This hypothesis was reinforced by the observation of a mix-
ture of needle-like and spherical nanoparticles at a 4-fold
higher concentration of copper. With hydrazine in MeOH,

significantly smaller spherical Cu NPs were observed com-
pared to those obtained in water, but the wide distribution
in the diameter of the crystallites, ranging from 50 to
150 nm, was still unsatisfactory (Fig. 2b).

By contrast, small spherical Cu NPs with a crystallite size
<3.8 nm were obtained using H,/MeOH as reaction conditions.
The NPs were well-dispersed onto the graphite support.
Despite a high local concentration of Cu NPs, no aggregate
was observed and a closest analysis on more than 200 NPs
revealed a very narrow distribution in size with 80% of NPs
ranging from 1.6 to 2.6nm and an average diameter of
21nm (Fig. 3). Importantly, the concentration of the
copper(ll) acetate significantly influenced the NPs growth
since a twofold more concentrated solution gave 50% larger
graphite-supported Cu NPs with an average size of 3.1 nm.

Cu 2p, O 1s, C 1s, Cu 3p photoemission peaks have been
studied by X-ray photoelectron spectroscopy (XPS). Unlike
traditional XPS spectra fitting procedures using purely syn-
thetic spectral components, we used XPS data processing
method based on vector analysis that allows creating XPS
spectral components by incorporating key information,
obtained experimentally [62]. The nanocrystal surface com-
position, investigated by XPS analysis on the Cu 2p region,
revealed the presence of Cu?* as major species with the char-
acteristic binding energies for CuO and Cu(OH), at respec-
tively 933.7eV and 934.4eV, and the satellite shake-up
detected near 938-946 eV, along with a smaller amount of
Cu,0 with the Cu 2p;/, peak at 932.3 eV (Fig. 4, top). This result
indicates that the catalyst mainly consisted of graphite-
supported Cu(OH), and CuO NPs. While the data from the
Cu 2p region offer obvious shape differences between the oxi-
dation states, the relatively low kinetic energy for emission of
Cu 2p electrons and the wide range of energies required to
obtain the full doublet coupled with the proximity of the oxy-
gen KLL Auger peaks represents a source for uncertainty in
the true XPS background signal to these doublet data. While
invaluable when interpreting copper spectra, the Cu 2p dou-
blet adds to the complexity when attempting to measure rel-
ative proportions of distinct oxidation states. For these
reasons, we also studied the Cu 3p doublet to measure the rel-
ative proportions of copper species using background sub-
tracted components derived from Cu 3p (Fig. 4, bottom).
Both Cu 2p and Cu 3p data in Fig. 4 are derived simultaneously
by vector transformations of raw spectra. These components
are fully constrained in terms of position and shape, allowing

Fig. 1 - TEM micrographs of Cu NPs/graphite from (a) NaBH,/H,0, (b) NH,NH,/H,0, (c) H/H,0 systems.
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Fig. 2 - TEM micrographs of Cu NPs/graphite from (a) NaBH,/MeOH, (b) NH,NH,/MeOH, (c) H,/MeOH systems.
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Fig. 3 - Distribution of the crystallite size on 200 NPs. (A
color version of this figure can be viewed online.)

the component area as the only adjustable parameter for fit-
ting these data. A two-parameter universal cross-section was
defined and consistently applied to all data considered [63].
When repeatedly measured, the sample resulted in a reduc-
tion of Cu(ll) to Cu(l). Thereby, the initial state of the sample
and all subsequence measurements could be fitted using
the same component model, validated against a small library
of eight graphite-supported Cu NPs catalysts, and provided
logically correct trends for the Cu(ll) and Cu(l) intensities.
The component model in Fig. 4 was capable of reproducing
all Cu 3p spectra from a total of twenty-seven measurements
without relaxation of any fitting constrains. From these stud-
ies we determined that the catalyst mainly consisted of Cu(ll)
species (c.a. 96%) as CuO and Cu(OH), NPs in a 1/3 ratio, with
the corresponding binding energies at respectively 76.7 and
79.0 eV, along with Cu,0 NPs (c.a. 4%) with the Cu 3p peak
at 74.9 eV. Importantly, our data processing method allowed
us to differentiate between Cu(l) and Cu(0) using Cu 2p and
Cu 3p core level data, while using standard XPS spectra fitting
procedures in limited energy windows render impossible this
task [64]. Both Auger and valence band spectra were mea-
sured from the twenty-seven samples. The valence bands,
in particular, were used to construct Cu 3p lineshapes and,
more importantly, confirmed the correlation of the Cu 3p line-
shapes with Cu(l) as the valence band spectra for Cu(l) and Cu
(0) are very different in position and shape [65]. From these
studies, it is clear that no Cu(0) contributed to the Cu 2p
and Cu 3p spectra depicted in Fig. 4. The presence of residual
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Cu(OAc),'H,0 that could be impregnated onto the surface of
graphite was discarded due to absence of ester peaks. To
explain the formation of Cu,0 and CuO NPs in the H,/MeOH
reducing mixture, it was assumed that Cu(OAc),;H,0 was
reduced to Cu(0) or Cu,0 which rapidly oxidized to CuO and
Cu(OH), during the catalyst treatment upon exposition to
air and moisture. This assumption was supported by the dras-
tic change of the surface composition showing crystals of
copper(ll) acetate in the pm range, when H, was omitted.

The X-ray diffraction (XRD) pattern of the solid did not
show signal for Cu species, confirming the presence of highly
dispersed ultra-small Cu NPs [15]. The textural properties of
the 5% Cu NPs/Gr catalyst, provided by low temperature
(77 K) nitrogen adsorption-desorption isotherms, revealed
the weak influence of Cu NPs since low Langmuir and BET
surface area of respectively 13 and 8 m%g were calculated.
The material is weakly porous with pore volume of
0.026 cm®/g and pore size distribution of 12.8 nm.

3.2.  Catalyst activity

The catalytic activity of Cu NPs/Gr was evaluated for the
Meerwein arylation of N-Boc-pyrrole 2 with anilines, via in-
situ generated diazonium salts (Fig. 5). This copper-
catalyzed reaction was recently optimized in our laboratory
using copper(ll) acetate as a homogeneous catalyst and ace-
tone/water as solvent system [66]. We were pleased to find
that the use of Cu NPs/Gr indeed promoted the coupling of
4-nitroaniline 1a and 2-methoxy-4-nitroaniline 1b with N-
Boc-pyrrole 2 at room temperature in synthetically useful
yields. Although the yields recorded for these examples
dropped by ~10% compared to the homogeneous version, this
work constitutes a remarkable example of the Meerwein ary-
lation catalyzed by a heterogeneous catalyst. To the best of
our knowledge, this is the first example of the Meerwein ary-
lation of heterocycles using a heterogeneous catalyst. The
advantage of graphite compared to other carbon-material
such as activated charcoal and graphene oxide, is its high
inertness with aryl radicals generated for diazonium salts.
Indeed, aryl radicals extensively react with activated charcoal
and graphene oxide, leading to unwanted covalently grafted
and modified material.

Furthermore, the catalytic performances of 5% Cu NPs/Gr
catalyst were investigated for the Huisgen 1,3-dipolar
cycloaddition of organic azides with alkynes [67,68],
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Fig. 4 - X-ray photoelectron spectra of Cu NPs/Gr catalyst showing the Cu 2p (top) and Cu 3p (bottom) regions. (A color version
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Fig. 5 - Meerwein arylation of N-Boc-pyrrole. (A color
version of this figure can be viewed online.)

independently discovered by Medal and Sharpless [69,70].
This reaction is a leading transformation in the arsenal of
synthetic chemists that found numerous applications in
chemical-biology [71] and material chemistry [72]. Owing to
its synthetic prevalence, especially for the synthesis of biolog-
ically active compounds, several strategies have been devoted
to the immobilization of the copper catalyst allowing an easy
recovery by a simple filtration. Several materials including
zeolite (73,74, silica [75], guar-gum [76], iron oxides [77-79],
acetylene black [80] and charcoal [29-34,53,81] have been suc-
cessfully used as support. One of the drawbacks of this reac-
tion concerns the use of hazardous organic azides which are
thermally sensitive compounds. To circumvent this issue, the
multicomponent synthesis of 1,2,3-triazoles involving the
generation of organic azides in situ from organic halides and
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sodium azide has been first proposed by Fokin and Van der
Eycken [82,83]. In continuation of our research interest in
the development of methodologies involving very reactive
intermediates in safe conditions [84,85], we investigated the
multicomponent synthesis of 1,2,3-triazoles using Cu
NPs/Gr as catalyst (Table 1). Initially, the reaction of benzyl
bromide 4, sodium azide and phenylacetylene 5 was opti-
mized with regard to the solvent system and the catalyst
loading. We initially selected water as solvent for the multi-
component reaction carried out at 70 °C with 0.5 mol% Cu.
The modest yield obtained in these conditions (40%)
prompted us to increase threefold the catalyst loading at
1.5mol% Cu. As expected a significant improved yield (68%)
was obtained for the expected triazole 6a. However, in these
conditions, we observed a poor dispersion of the catalyst
due to the high hydrophobicity of graphite. The use of
H,0O/MeOH (4/1) as solvent system significantly enhanced
the catalyst dispersion, resulting in an improved yield (85%)
for the triazole 6a. Eventually, the catalyst loading could be
increased to S mol% in order to reach an excellent yield for
6a (91%).

This optimized procedure was further applied to other
electrophiles as depicted in Table 2. The multicomponent
reaction allowed the use of various bromides, leading to tria-
zoles 6a-e in good to excellent yields (74-91%). Remarkably,
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Table 1 - Optimization studies.
A Cu NPs/Gr, NaN3 ©/\
Br 4+
©/\ solvent, 70 °C, 12 h
4a 5

Entry Solvent Catalyst loading (mol%) Yield (%)"
1 H,0 0.5 40
2 H,0 1.5 68
3 H,0/MeOH (4/1) 15 85
4 H,0/MeOH (4/1) 5 91

* Isolated yield.

the mild conditions developed in this study were compatible
with hydrolysable ester functions (compound 6d). The use
of styrene oxide 7 as electrophile was also investigated and
we were pleased to find that the opening of epoxide by
NaNj selectively occurred at the benzylic carbon to give the
corresponding B-hydroxy-1,4-disubstituted triazole 6e in
54% yield. The regioselectivity of this reaction was deter-
mined by "H NMR carried out in DMSO-dé whereby the signal
for the OH group appeared as a triplet, indicating the forma-
tion of a primary alcohol. This result is in agreement with the
extensive study provided by the group of Yus [33]. It must be
noted that no other regioisomer was detected in the crude
mixture. The heterogeneous 5% Cu NPs/Gr catalyst was easily
recovered from the crude mixture by filtration over a nylon

able 2 - Multicomponent synthesis of 1,2,3-triazoles.

Cu NPs/Gr (5 mol%)
NaNs (1 equiv) d
H,0/MeOH (4/1) \_b
1 5 equiv

70 °C,12 h

1 equiv

1% 6b, 82%

6¢c, 74% 6d, 91%

HO

6e, 54%
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membrane. ICP-MS analysis of the crude mixture containing
triazole 6a, revealed only 6 ppb of solubilized copper species
after a single filtration. This very low contamination is
remarkable since triazoles are usually considered as good
ligands for Cu, leading to extensive leaching phenomena.
The high affinity of Cu NPs for graphite likely explains this
very low leaching that qualifies our catalyst for applications
requiring low Cu contamination, for instance in medicinal
chemistry [71].

4, Conclusion

In summary, we have developed a very convenient synthesis
of graphite-supported ultra-small Cu NPs under mild condi-
tions by reduction of copper(ll) acetate in MeOH at room tem-
perature, under an atmosphere of hydrogen. The procedure
developed does not require specific equipment nor extensive
knowledge in material chemistry. This very simple procedure
furnished well dispersed ultra-small Cu NPs with a very nar-
row distribution in size, ranging from 1.6 to 2.6 nm. This
heterogeneous catalyst was successfully evaluated for the
copper-catalyzed arylation of pyrroles with aryl diazonium
salts and the 1,3-dipolar cycloaddition of organic azides with
phenylacetylene. A three-component click procedure was
developed in aqueous condition allowing the generation of
hazardous organic azides in situ. The catalyst was easily
recovered by filtration leaving the crude mixture virtually free
of copper residues, as evidenced by ICP-MS analyses. We
believe that this work provides significant insights for hetero-
geneous copper catalysis that should be of interest for syn-
thetic chemists concerned by the metallic contamination of
their products.
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ABSTRACT: In this review, we give a concise but complete overview of methods describing the use of aryl diazonium salts in
palladium-catalyzed reactions under safe conditions from a laboratory scale to a multikilogram scale. The approaches summarized
herein are critically discussed, highlighting strengths and weaknesses.

B INTRODUCTION

Aryl diazonium salts are a class of very reactive electrophiles
displaying a large spectrum of reactivities from free-radical
chemistry” to organometallic synthesis.” They have been widely
used in industry in colour chemicals and in the manufacture of
intermediates.® More specifically, they have proved to be efficient
and more reactive aryl halide and aryl sulfonate surrogates in
palladium-catalyzed coupling reactions.” The “superelectrophile”
properties of aryl diazonium salts have been successfully
exploited for Suzuki- and Heck-type reactions, ultimately
allowing processes at room temperature in hydro‘philic solvents
(alcohols and water) and without ligand or base.

With this picture, one could imagine that aryl diazonium salts
are ideal electrophilic partners for palladium-catalyzed coupling
reactions. Unfortunately, the high nucleofugic properties of the
diazonium function, giving N, release, make these compounds
rather unstable and potentially explosive.’ The hazardous
behavior of aryl diazonium salts can be largely controlled
through the nature of the counterion. While chloride and
carboxylate counterions usually give very unstable diazonium
salts, very good stability of diazonium salts bearing tetrafluor-
oborate, sulfonate,” or disulfonimide® anions has been reported.
As an illustration of this, Filimonov et al.” reported the
preparation of aryl diazonium tosylates displaying high thermal
stability (up to 600 °C). Moreover, the stability of the salts is also
governed by the nature of the substituents decorating the
aromatic ring. For instance, strongly electron-withdrawing
groups enhance the redox potential of the salts, leading to
uncontrolled homolytic dediazonization pathways. While most
palladium-catalyzed coupling reactions involve the use of purified
crystalline salts, safer strategies are still appealing, especially when
working on multigram or even multikilogram scales.

In this review, we aim to get an overview of strategies that do
not involve the use of isolated salts in palladium-catalyzed
reactions. Each approach is presented and critically discussed
with the support of selected relevant examples. Ultimately, we
anticipate that this contribution will serve as a textbook for
synthetic chemists, engineers, and process chemists designing
chemical pathways involving palladium-catalyzed reactions using
aryl diazonium salts as aryl halide surrogates. Importantly, we
stress that this review does not address safety investigations of
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diazonium salts, since they largely depend on their structure; we
have focused the discussion only on ways to generate and react
these species under safer conditions. This review does not cover
the general use of aryl diazonium salts in organic processes, and
the reader can further refer to recently published reviews.'>**'°

B DIAZONIUM SALTS GENERATED IN SITU FROM
ANILINES

The diazotization of readily available anilines in situ is an obvious
and straightforward way to generate aryl diazonium salts under
safe conditions. In their pioneering studies, Matsuda and co-
workers already noticed that the palladium-catalyzed arylation of
olefins they discovered in the late 1970s was limited by the
instability of diazonium salts even at room temperature.'" In this

Table 1. Pioneering studies by Matsuda et al.

N R? (2 equiv)
~NH, Pd(dba); (5 moi%) R’\\ -
e
@/ -BUONO (1.1 equiv) l = R?
R’ ACOH/CICH,CO,H (1/1)
50 °C, 30 min
©/\/Ph /(D/\/Ph /@/\/Ph
Me’ Br
97% 84% 61%
/©/\/Ph /@/\/Pn : T\\ Ph
cl ON NO,
84% 79% 73%
CO;Et Q NN PY
SAENOAE®
ON N
81% 67% 69%
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Table 2. Arylation of ethylene with aryl diazonium salts

generated in situ

R

Ethylene (1 bar)
NH, Pd(OAc)z (5 mol%)

|// IBuONO (1.1 equiv)
R! AcOH/CH,CI, (1/1)
20-30°C, 18 h

el
72%
70%

event, they showed that the use of acetic acid and chloroacetic
acid as solvents and proton donors for the diazonium formation
in combination with +-BuONO as the nitrosating agent resulted
in a safer procedure for the (hetero)arylation of styrene, eth?'l
acrylate, and aliphatic alkenes on a multigram scale (Table 1).
Interestingly, this methodology allowed the olefination of
pyridine at C3, which was unattainable otherwise since the 3-
pyridine diazonium salt is highly unstable even at room
temperature and cannot be isolated.

The low cost and weakly corrosive properties of acetic acid
prompted other research groups to adapt such an approach to
various palladlum catalyzed coupling reactions. For instance,
Beller et al.'"* described, on only four examples, a tandem
diazotization/palladium-catalyzed olefination of anilines with
ethylene, working on a multigram scale (Table 2). The reaction
proceeded in a mixture of acetic acid and CH,Cl, in the presence
of +-BuONO as the diazotizing agent and Pd(OAc), as the
catalyst. Remarkably, the coupling was carried out at room

temperature under ethylene at atmospheric pressure and was not
sensitive to the electronic nature of the aromatic substrate.

The studies by Matsuda and Beller showed that an excess of
acetic acid as a proton donor is required to efficiently promote
Heck-type reactions. Although the reason for this behavior still
remains unclear, it is likely related to the low pK; of acetic acid,
slowing the formation of the diazonium salt. A solution
addressing this issue consisted of using a highly polar solvent
such as DMF or DMSO, in which the rate of the diazonium salt
formation is considerably enhanced. This strategy has been
applied by Wang and co-workers for the one-pot diazotization/
Suzuki cross-coupling of anilines with aryl boronic acids (Table

3). !* Thanks to the use of DMF as the solvent, the coupling
proceeded with only 1 equiv of acetic acid in the presence of t-
BuONO as the diazotizing agent and Pd,(dba),/P(2-furyl); as
the catalyst system. The cross-coupling proceeded in modest to
good yields with a variety of substrates and was relatively
insensitive to the electronic nature of both the boronic acid and
the aniline.

A very similar catalytic system was simultaneously reported by
Beller and co-workers for the copper-free alkynylation of anilines
near room temperature (Table 4)." Extensive optimization
studies resulted in the development of a very efficient coupling of
both aliphatic and aromatic alkynes with diazonium salts
generated from anilines and a stoichiometric amount of
CH;CO,H/t-BuONO as diazotizing agents. For this Sonoga-
shira coupling, Pd(OAc),/P(2-furyl); was used as the catalyst
and DMSO was preferred over DMF. The protocol proved to be
general since anilines bearing electron-releasing and electron-
withdrawing groups reacted with similar efficiencies with a very
large selection of both aromatic and aliphatic alkynes.

Interestingly, a carbonylative variant of this methodology was
subsequently developed that proceeds under similar conditions
in the presence of carbon monoxide (10 bar) (Table 5).'® For
some reasons, the carbonylative Sonogashira reaction proceeded
in higher yields in a mixture of DMSO and THF. As already

Table 3. Suzuki cross-coupling with aryl diazonium salts generated in situ

Pd,dbas (2.5 mol%)

70%

CO4Et

53% 45%

=z
NN (HORBS - P(2-furyl); (20 mol%) Sl
R'g + R 5
Z S t-BUONO (1.3 equiv) R'—- o
. o AcOH (1 equiv)
1 equiv 1.2 equiv DMF, 80°C, 8 h
Me Me Z OMe
Me 73% 52%

NHAc

s8¢ Oﬁ @p

! OMe

OAc

65%

1787

168
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Table 4. Selected examples of Sonogashira couplings with aryl diazonium salts generated in situ

ok

Pd(OAC); (2 mol%) N
ONHz \O _P(2-uryls (6 mol%) < <R3
P
l-BuONO (1.3 equiv) O 7z
1.3 equiv 1equiv Qﬁ;},“sg iy TS &9
‘/‘ @/ Py
58% 85% 86%
% NMe,

©/ 0 o

72%

Table 5. Carbonylative Sonogashira reaction with aryl diazonium salts generated in situ

2 equiv 10 bars 1 equiv

- Pd(OAc); (2 mol%)
~ - NH: N\~ . P(2-furyl)s (6 mol%)
R'-F +CO + —+-R?
F S t-BUONO (2 equiv)
AcOH (2 equiv)

THF/DMSO, 32°C, 16 h

,
’)\‘ E@,c

62%

(o]
d\@
91%

o
X
N /I
X
90%

X
S
55%

observed for the Sonogashira reaction, this very convenient
carbonylative variant was rather insensitive to the electronic
nature of the partners, and excellent yields were consistently
obtained.

However, the intrinsic low stability of aryl diazonium acetate
salts sometimes led to degradation products, especially upon
heating, decreasing the reaction yields. By contrast, aryl
diazonium cations involved in an ion pair with tetrafluoroborate
anions are usually very stable salts. Isolated crystalline diazonium
tetrafluoroborate salts are usually prepared by diazotization of
the corresponding aromatic amines with NaNO, in 40-50%
aqueous fluoroboric acid followed by precipitation in aqueous
media."” However, this procedure, which requires an excess of
HBF,, is not convenient for tandem diazotization/Pd-catalyzed
coupling reactions with acid-sensitive compounds. Moreover, the
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presence of large amount of water can be problematic with
substrates prone to hydrolysis. Therefore, the anhydrous
preparation of aryl diazonium tetrafluoroborate salts in ethereal
solvents (THF, Et,0) or CH,Cl, by diazotization of the
corresponding anilines with an alkyl nitrite and boron trifluoride
through the transient formation of nitrosyl fluoride as a
diazotating reactive mtermednate, described in the 1970s by
Doyle and Bryker," was preferred in palladium-catalyzed
reactions.

Andrus and co-workers adapted this Jarocedure to }Jalladmm—
imidazolium carbene-catalyzed Heck'® and Suzuki”® reactions
with diazonium ions formed in situ. In this event, they developed
very convenient one-pot sequential procedures in which the
diazonium salts were initially formed from the corresponding
anilines with equimolar amounts of +-BuONO and BF;-Et,0O in
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Table 6. Heck and Suzuki couplings with aryl diazonium salts

generated in situ®
NH,
T
AP 1 equiv
R? 1. -BUONO (1.1 equiv)
0.85 equiv BF3.Et;0 (1 equiv)
THF, 0 °C, 30 min
or A

(HO)B 2. P4(OAc); (2 mol%) \
|
1®

R’\‘

N

Imidazolium (2 mol%) R
25°C,5-7h

51% (78%) 61% (86%)

21% (88%) 58% (77%)

! OMe Z |
o a0t
Me

58% (81%) 62% (80%)

61% (91%) 57% (93%)

61% (87%) 53% (84%)

70% (93%)

MeO’

66% (93%) 62% (89%)

61% (94%)

“Yields in parentheses correspond to couplings carried out with
isolated diazonium tetrafluoroborate salts.

THE at 0 °C (Table 6). Upon completion of the diazotization,
the palladium acetate—imidazolium catalyst system and the
coupling partner (styrene or boronic acid) were added dropwise,
and the reaction was continued until completion at room
temperature. Although these procedures were very convenient
from an experimental point of view, they suffered from much
lower yields, typically 20—30% lower than analogous couplings
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Scheme 1. Key Heck—Matsuda reaction toward the total
synthesis of ecteinascidin 743

1 (1.5 equiv)

1. t-BUONO (1.8 equiv)
BF3.E;0 (2.2 equiv)
THF,-15°C,1h

2. Pd,(dba); (15 mol%)
NaOAc (4 equiv)

H
CHiCN, 25°C. 1h QOO
BnO
o) 3

Me >90% yield

carried out using isolated diazonium salts (see the yields in
parentheses in Table 6).

A spectacular application of sequential diazotization/Heck—
Matsuda coupling reactions for the construction of an advanced
intermediate of ectemascndm 743 was described by the group of
Fukuyama (Scheme 1).?' The treatment of the highly decorated
aniline 1 with +-BuONO and BF;-Et,O in THF at —15 °C
produced the expected diazonium salt, which was reacted with a
solution of cyclic enamide 2 in CH;CN in the presence of
Pd,(dba); and NaOAc. The coupling occurred regio- and
stereoselectively from the less hindered face of the enamide,
producing the desired compound 3 in high yield. The Heck—
Matsuda reaction is particularly well suited for such an
application in the total synthesis of complex natural products
since the mild conditions and short reaction times allow one to
work with architectures bearing sensitive functional groups. This
example is an impressive testimony to the efficient introduction
of diazonium chemistry into the field of highly complex molecule
synthesis and would serve as a model for medicinal chemists.

Doyle’s procedure for generating dry diazonium salts in situ
from the t-BuONO/BF;-Et,O couple has also been successfully
implemented in Sonogashira cross-coupling reactions. In this
event, Sarkar and co-workers reported Sonogashira-type cross-
couplings of aryl diazonium salts with terminal alkynes using an
unusual Pd—Au dual catalytic system (Table 7).”* The dry
diazonium salt, prepared at 0 °C in THF for 1 h, was reacted with
phenylacetylene as the coupling partner in the presence of PdCl,
and AuCl as catalysts, IPr NHC as the ligand, and 2,6-di-tert-
butyl-4-methylpyridine as the base. The coupling proceeded at
room temperature in half an hour with correct yields. However,
as already observed by Andrus et al., much greater yields were
obtained with a procedure starting from isolated aryl diazonium
salts (see the yields in parentheses in Table 7). Cacchi and co-
workers also contributed to this area for the Sonogashira reaction
with a one-pot diazotization/coupling sequence. However, the
solvent used for the diazotizing step (THF) was unsuitable for
the subsequent coupling and had to be hazardously removed in
vacuo and replaced by MeCN.*

Interestingly, dry aryl diazonium salts can also be generated in
protic solvents such as methanol. This approach has been
explored by Sun, Jiang, and co-workers for the Suzuki coupling of
diazonium salts with boronic acids in the presence of magnetic
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Table 7. Dual catalytic Sonogashira reaction with aryl diazonium salts generated in situ®

1.2 equiv 1 equiv

1. -BuONO (1.1 equiv)

i s BF3.E6,0 (1 equiv) (\__ Re
N NH2 Z THF,0°C,1h S
Ssatine’ .
Z X 2. PdCl; (4 mol%) RNy
AuCI (1 mol%) R

IPr NHC (5 mol%)
DBMP, CHyCN, 25 °C, 12 h

56% (70%)

66% (75%)

o &

64% (80%)

66% (76%)

61% (72%)

67% (78%)

“Yields in parentheses correspond to couplings carried out with isolated diazonium tetrafluoroborate salts.

Table 8. Tandem diazotization/Suzuki cross-coupling of anilines with arylboronic acids

A NH,  (HO.B. .
R'-7 - + - -R?

1. t-BuONO, BF3.E,0
MeOH, 0 °C, 30 min

2. PdIFe;0,/graphene
(0.5 mol%), 60 °C, 5 h

1 equiv 2 equiv
EtO,C O;N
95%

.’ @;ﬁ .~
R

Scheme 2. Intramolecular Heck—Matsuda reaction onto an
a,f-unsaturated ester

NH,
(:(/\/\/COZE‘

4 1 equiv

CO,Et
1. NOBF (1.08 equiv)
CH4CN, -10 °C, 30 min

2. Pd(OAc), (10 mol%)
NaOAc (2 equiv),

CO (1 atm)
CH4CN,25°C, 16 h

5, 53-67% yield

palladium nanoparticles (Table 8).** Good to excellent yields
were usually obtained with a variety of unchallenging substrates,
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but the use of strongly electron-deficient arylboronic acids
severely compromised the reaction efficiency.

Acid-sensitive substrates usually do not tolerate the presence
of BF;-Et,O. In such cases, nitrosyl cations have been successfully
used. For instance, the group of Correia reported that the
diazotization of aniline 4 failed with standard protocols as a result
of extensive decomposition.”® Therefore, a neutral diazotization
of 4 using NOBF, was conducted, furnishing the required
diazonium tetrafluoroborate salt in solution in CH;CN, which
reacted in situ to give the targeted cyclized compound § in 53—
67% yield (Scheme 2). Importantly, the reaction was conducted
under an atmosphere of carbon monoxide to generate Pd(0)
from Pd(OAc),.

Sefkow and co-workers described an ingenious diastereose-
lective synthesis of trans-dihydrobenzofurans using a palladium-
catalyzed oxyarylation as a key step.”® In the optimization studies,
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Table 9. Tandem diazotization/oxyarylation for the synthesis

of trans-dihydrobenzofurans
N NH: NP
R + 5R?
C OH .
1.2 equiv

1 equiv
—_R?
0

translcis : >10/1

1. NOPFg (1 equiv)
CH;CN, 0 °C, 30 min

2. Pd,dbag (5 mol%)
ZnCO; (1 equiv)

25°C.20h
OH
CLoCyom
o
81%
OMe
@g OMe
o
70% OMe
o
O3
)
d
OMe
7%

Clm----@om;
79%

79%

Scheme 3. Heck—Matsuda reaction through a double catalytic
cycle
AN
R
Z A
+

t-BUONO

MeSO;H
H,0
t-BuOH

® e
@Nz MeSO;
Ry o
B

AR
Ry
=z
E

- o)

n i

AR, AP MesO;
R &

the authors observed that the formation of the diazonium salt
from 2-aminophenol occurred in low yields with standard
procedures. Accordingly, they opted for a one-pot diazotization/
oxyarylation sequence through the use of nitrosyl hexafluor-
ophosphate (NOPFy) as a neutral diazotizing agent (Table 9).
The whole process was developed in CH;CN as the solvent and

Nz
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required the use of ZnCOj as a base for the oxyarylation. After
the diazotization was achieved (30 min at 0 °C), the remaining
reactants, including Pd,(dba); as the catalyst, ZnCO;, and the
phenylpropene derivative as the coupling partner, were added to
the reaction mixture, providing the desired trans-dihydrobenzo-
furans. The methodology was compatible with electron-rich
phenylpropenes and a range of 2-aminophenols bearing electron-
withdrawing or electron-releasing groups. Unfortunately, heter-
oaromatic diazonium salts were incompatible with the process
and failed to give the desired products.

Our group recently introduced a new concept for handling
palladium-catalyzed Heck reactions involving aryl diazonium
salts under safer and greener conditions. In 2011, we reported an
unprecedented substoichiometric use of hazardous aryl diazo-
nium salts for the Heck—Matsuda reaction in MeOH as solvent
via a double catalytic cycle, as depicted in Scheme 3.*” The
treatment of a mixture of aniline A and t-BuONO with a catalytic
amount of MeSO;H produces a substoichiometric amount of
diazonium salt B with the simultaneous release of +-BuOH and
H,0. The introduction of Pd(OAc), to the reaction mixture
starts the cooperative catalysis, ultimately leading to the coupling
product E. Our cooperative bicatalysis features a number of key
advances: (1) at any time of the process, only a catalytic amount
of diazonium salt is produced in situ; (2) the reaction is
experimentally very simple without any ligand nor base; (3) t-
BuOH, N,, and H,O are the only benign byproducts produced;
and (4) MeOH acts as a solvent and as a potent reducing agent to
convert Pd(OAc), into Pd(0) species.

While our first-generation procedure was successful only with
anilines bearing electron-withdrawing substituents, we recently
reported an improved methodology covering the complete
electronic range of anilines.”® Indeed, with our first-generation
procedure, the use of electron-rich anilines quantitatively led to
triazenes, which rapidly degraded into a collection of unidentified
side-products. The triazene formation resulted from the
coexistence in the flask of the diazonium salts in catalytic
amounts with the unreacted nucleophilic free aniline. Therefore,
we devised an alternative procedure wherein the concentration of
the aniline was maintained low via slow addition to the reaction
mixture using a syringe pump (Table 10). With such an advanced
procedure, a large electronic range of anilines were successfully
coupled to methyl acrylate. Even 3,4,5-trimethoxyaniline, usually
a poor substrate for palladium catalysis, furnished the coupling
product in good yield (73%). Interestingly, the methodology was
also extended to other olefinic partners such as cyclopentene
derivatives and acrylonitrile.

Unfortunately, this double catalytic process could not be
extended to Suzuki cross-coupling because of a distinct
mechanism. However, we instead developed a new concept
that proceeds through the formation of an arylpalladium alkoxo
comzplex generated in situ from Pd(OAc), and a diazonium
salt.”” This concept was elaborated by taking into consideration
the impressive work of Jutand and Amatore on the mechanism of
the transmetalation step in the Suzuki—Miyaura reaction.*® The
major key feature is that the process was carried out under neutral
conditions with an acid-free diazonium salt formation and a base-
free transmetalation step. The concept was based on the
following catalytic cycle (Scheme 4). Our strategy started with
the observation by 'H NMR spectroscopy that treatment of
aniline F with -BuONO in MeOH led to the formation of a small
amount of the corresponding diazonium hydroxide (5%) along
with the remaining aniline. With this information in mind, we
elaborated a strategy wherein the diazonium hydroxide reacted
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Table 10. Heck—Matsuda reactions using a cooperative bicatalytic strategy

P ~NH:
-l

=
addition
R (22 equiv) over 24 h
2
Pd(OAC); (2.2 mol%) # R
t-BuONO (1.25 equiv.)

eSO 03 oqmy 2oLt st

MeOH, 25°C
mCOZMe mcone MeO. S CO;Me
Br ;
80% OMe  73%

\©/\/CO;M9 O,N \Q/\/COZMe O/\/COZMB

CO,Me
x-CO,Me \ i
NC MeO OzN
86% 76%

60%
EIZ :78/22

Scheme 4. Strategy for ligand-, base-, and acid-free Suzuki-type reactions. The catalytic cycle was reprinted with permission from
ref 29. Copyright 2013 John Wiley & Sons.

RE NH,
—( . 1BUONO
* MeOH
\%/ H,0 + -BuOH

7 \ No base! N /
R, ,'- No acid! Pd__
/ N No ligand ! = / L
Sy CG
NS o Re Ry G
Ar- -B(OH L = MeOH or AcOH
b )2 7 \
Ar—Pd---OMe R L
J _Pd{
cG OMe N,
A\ BOH) H i
R
Z
I CG : Coordinating group
L : Solvent
OCH;
OCH;3 OCH; HsC NO,
82% 62%
OCH;3 o]
°>
Br CO,Me MeO,C
74% 28%
with the palladium catalyst to give palladium alkoxo intermediate reductive elimination furnished the desired biphenyl compound
H. The latter was engaged in the transmetalation step with the K. We observed that in the absence of any ligand or additive the
boronic acid without any base to give complex J, which upon transmetalation step dramatically slowed down, leading to rapid
1792 dx.doi.0rg/10.1021/0p500299t | Org. Process Res. Dev. 2014, 18, 1786-1801
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Scheme 5. Synthesis of the herbicide Prosulfuron (10)

©  NaNO <3
©is°: ACOH. @503 2 CF,
N A——
?‘Hs pentan-1-ol ‘;"2 Pd(dba),
6 ° 7 &
Z CF3 charcoal CFs
8 9
OMe
4 steps )\
R I B ¢
H H
CF3
Prosulfuron 10

precipitation of the catalyst as palladium black. We addressed this
issue with the use of an ortho-coordinating group, leading to a
chelation-assisted cross-coupling reaction. With such a strategy,
we described the coupling of various ortho-substituted anilines
bearing both electron-releasing and electron-withdrawing groups
with aryl- or alkenylboronic acids. From a general perspective, a
large number of coordinating groups are compatible with this
process, including halogen, ether, nitro, and carbonyl functions.
In the absence of an ortho-coordinating group on the aniline, a
very poor yield of the corresponding biphenyl was obtained. The
formation of the palladium alkoxo complex was detected by ESI-
MS in the form of a trimeric palladium complex.

An impressive multiton-scale synthesis of an early inter-
mediate of Prosulfuron (10), a well-known herbicide, was
produced at Syngenta (formerly Ciba-Geigy) using a Heck—
Matsuda coupling as key step.”*' While a Friedel—Crafts
alkylation of benzenesulfonic acid was initially envisaged,

manufacturing costs and environmental concerns convinced
process chemists to develop a more efficient strategy. To this
end, they developed a diazotization/Heck—Matsuda coupling/
hydrogenation sequence starting with 2-aminobenzenesulfonic
acid (6) and ending with sodium 2-(3,3,3-trifluoropropyl)-
benzenesulfonate (9) (Scheme S). The process produces 2 kg of
waste/kg of product for the sequential three steps, corresponding
to an impressive E-factor of 2. Each chemical was carefully and
judiciously selected in order to make this integrated approach as
cost-effective as possible. Thus, pentan-1-ol was selected as the
solvent for its compatibility with the three steps and its harmless
nature, while Pd(dba), as the catalyst, generated in situ from
dibenzylideneacetone and PdCl,, proved to be the best
compromise between cost and efficiency. In this work, an
impressively efficient sequence was optimized, leading to an
overall yield of 93% over the three steps (i.e., an average yield of
98% per step). A rather low turnover number (100—200) was
achieved because of a rather high loading of palladium (0.5—1.5
mol %), but the addition of charcoal in the last hydrogenation
step allowed the complete recovery of palladium species with a
single filtration. This work, one of the few examples of a Pd-
catalyzed coupling reaction working on an industrial scale,”
highlights the power of diazonium chemistry for process
chemists.

The diazotization of aniline is usually a fast exothermic
reaction, rendering the precise temperature control required on
bulk scale extremely challenging. A modern and still-underused
strategy to enhance the safety of diazonium handling is the use of
continuous-flow reactors.”*** Indeed, the high surface-to-
volume ratio of the reactor considerably improves the heat
transfer, decreasing the risk of formation of hot spots. Moreover,
continuous-flow processes are usually much more reproducible
because of the precise control of the reaction parameters, and

Table 11. Flow setup described by Wirth and co-workers and selected examples

p Hydrocarbon

(22 equiv)

ERmtor B

O

AR
Ry
=z

Pd(OAC), (10 mol%)
g sz= (1 equiv.)

©/\/C02Me
MeO
54%

o c

/@/\/COQMB /@/\/COZMe
Cl I

27%

P

/@/\/cozm
90%

NO,
eO
33%

62%

18%

1793
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dx.doi.org/10.1021/0p500299t | Org. Process Res. Dev. 2014, 18, 1786-1801



Organic Process Research & Development

Table 12. Flow setup described by Organ and co-workers and selected examples

NS (equv) MeOH
Meoz(:/: (2.2 equiv.)
AN X -COMe
R
=
MeSO;H (1 equiv)
t-BUONO (2.2 equiv.)
Pd(OAc); (2 mol%)
Entry Product Flow rate Residence time | Yield
(uL/min) (min) (%)
1 NO, 12 96 90
@/\/COMe
2 : . COMe |6 192 87
O,N
3 OMe 12 96 92
/G/\/Cone
O,N
4 COH 12 96 80
x-COMe
Me
5 Br 12 96 92
©/\V002Me
6 Me 6 192 90
@,\/cozm
7 : 2. _-CO,Me 3 384 79

increasing the number or size of the flow reactors allow readily
achievable scale-up. All these features provide the workers with a
safe environment. For instance, o-difluorobenzene can be
produced on a multikilogram scale through a continuous-flow
Balz—Schiemann reaction.”

Wirth and co-workers developed a process for Heck—Matsuda
reactions working in a segmented flow.** The main difference
between laminar and segmented flow is the use of an immiscible
inert solvent segmenting the laminar flow. With such a flow
regime, more efficient mixing due to internal circulation in the
segments was expected. Thereby, sequential diazotization/
Heck—Matsuda reactions were carried out with a four-stream
flow device using syringe pumps, as depicted in Table 11. The
whole sequence was conducted in a mixture of DMF and AcOH
using a hydrocarbon such as heptane as the segmenting phase.
The diazonium salt was produced in a first microreactor (30 L)
immersed in an ice bath and then reacted with an alkene at 25 °C
(methyl acrylate or a styrene) in the presence of Pd(OAc), (10
mol %). This methodology gave arylated alkenes in moderate to
high yields (18—90%) in a short reaction time (total retention
time = 27 min). Interestingly, similar yields were obtained when
commercially available p-nitrobenzenediazonium tetrafluorobo-
rate was used, suggesting that the in situ production of diazonium
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salts under segmented flow is a promising approach for safer use
of such hazardous compounds.

Intrigued by the moderate yields obtained by Wirth and co-
workers with some anilines, the group of Organ hypothesized
that the diazonium salt underwent rapid hydrodediazotization
that competed with the coupling reaction.®® After extensive
optimization studies, Organ and co-workers provided evidence
that DMF indeed promoted unwanted hydrodediazotization and
that this reaction was suppressed in MeOH at 0 °C. This
observation was in line with our previous studies conducted in
batch, which showed that MeOH was the solvent of choice for
palladium-catalyzed reactions involving aryl diazonium salts.*®
With these preliminary results in hand, they subsequently
developed multicomponent diazotization/Heck—Matsuda reac-
tions using only one flow reactor. They anticipated that the
diazonium produced could be directly consumed in the coupling
reaction, thereby inhibiting the unwanted hydrodediazotization,
even at room temperature. The optimized flow setup was
established with a two-stream flow reactor (Table 12). The first
syringe pump was fed with a solution of the aniline and methyl
acrylate in MeOH, while the second syringe pump was fed with a
solution of t-BuONO, MeSO,H, and Pd(OAc), in DMF. The
two streams met at a mixing chamber and entered into an FEP
coil reactor (1152 L) at room temperature. According to their
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Scheme 6. Comparison of kinetics in two-step versus
multicomponent processes

Two-step one-pot process
NH2 MesOsH (2.3 equiv) | 205SMe
t-BUONO (1.5 equiv)
MeOD-d; 25 °C
Br 90 min Br
1 12

Pd(OAc); (2.2 mol%) /@/\/COZMe
Br

13, 91% (NMR yield)
total time : 120 min

Z>CoMe
(2.2 equiv)
30 min

Multicomponent process

MeSO3H
/@/\/COZMe
Br

(2.3 equiv)
13, 90% (NMR yield)

NHz  +-BuONO
total time : 18 h

(1.5 equiv)

Pd(OAc);
(2.2 mol%)

ZcoMe
(2.2 equiv)
MeOD-d, 25 °C

Br
1

electronic nature, the anilines were reacted at flow rates ranging
from 3 to 12 uL/min, corresponding to residence times of 6.4
and 1.6 h, respectively. With this methodology, the authors
obtained styrene compounds in good to excellent yields (S1—
98%), especially with anilines bearing electron-withdrawing
groups.

At the time Organ and co-workers published their results, we
were conducting independent studies that led to a significantly
different flow setup.®” Actually, while the reaction yields achieved
with Organ’s procedure were excellent, the very low flow rates led
to long residence times (up to 6.4 h) and consequently to rather
low throughput. In this event, we studied the coupling of 4-
bromoaniline (11) with methyl acrylate in order to determine
whether a two-step procedure involving sequential diazotiza-
tion/coupling or a multicomponent process wherein the
diazotization and the coupling occur in the same reaction
chamber is the most efficient way by considering reaction rates
(Scheme 6). Interestingly, we observed that the two-step
procedure required a total of 120 min to reach >91% 'H NMR
yield of 13, while a similar yield was obtained only after more
than 18 h in the case of a multicomponent process.

Although the reason for such a difference was uncertain, we
considered these preliminary results to develop a three-stream
flow setup that consisted of a first reactor for the diazonium salt
formation and a second for the coupling reaction (Table 13). The
first PEEK tubing reactor (100 L or S mL) was fed with a first
stream containing a solution of the anilinium in MeOH, obtained
from the corresponding aniline and MeSO;H, and a second
stream contained a solution of t-BuONO in MeOH. Then the
diazonium salt solution met a solution of methyl acrylate and
Pd(OAc), (0.5 mol %) in THF in a T-shaped mixer and entered
asecond PEEK tubing reactor (5 mL). We observed that the use
of THF as a cosolvent was required to avoid the MeOH-induced
precipitation of palladium, leading to issues with clogging of the
tubing reactor. Both reactors were placed in an oven to accurately
control the reaction temperature (40—60 °C). While anilines
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bearing electron-withdrawing groups were coupled to methyl
acrylate with a short total residence time (17.2 min), electron-
neutral and electron-rich anilines required longer residence times
(41.7-116.7 min).

With the aim of developing a more environmentally friendly
version of this process, we set up a new flow reactor working with
a heterogeneous palladium catalyst (Table 14). To this end, we
used Pd EnCat 30, which consists of palladium acetate
encapsulated in a polyurea matrix. While the reaction yields
were in the same range as those obtained with the homogeneous
process, a number of decisive improvements have to be
mentioned: (1) the residence times were significantly shortened
to 225 s with electron-deficient anilines; (2) the concentration of
reagents was increased 2-fold; (3) the palladium content in the
crude mixture was 100 times lower than under homogeneous
conditions; (4) a single green solvent (MeOH) was used
throughout the process. It should be noted that Heck—Matsuda
reactions catalyzed by heterogeneous palladium catalysts were
not known with flow reactors at the time we reported our studies,

although examples in batch had previously been reported.****

B ACETANILIDES AS LATENT DIAZONIUM SALTS

Although the methods described above proved to be successful,
the use of free anilines can occasionally be impractical because

Scheme 7. One-flask deacetylation/diazotization sequence

HCI, EtOH,
90°C,3h

then NaNO,,
NH;BF4,0°C,1h

- N N2BFs
— = R
Z

BF3.Et,0, MeOH, 65 °C
then t-BUONO, -15°C, 1 h

N NHAc

7

R|

they are sometimes prone to oxidation and need to be freshly
purified before use. Moreover, the nucleophilic amino groups of
anilines may also be problematic when the aromatic core needs
to be functionalized before generation of the diazonium salt.

Schmidt and co-workers judiciously addressed these issues by
the use of acetanilides, which can be easily deacetylated under
acidic conditions and converted into the corresponding
arenediazonium salts in the presence of a nitrite source by a
one-flask deacetylation/diazotization sequence (Scheme 7).%
According to the nature of the acetanilide substrate, the
deprotection step was preferably achieved with either BF;Et,O
or HCI/NH,BF, as the acid. However, they later privileged the
use of BF;-Et,O in more complex sequences (vide infra).

This strategy was extended to one-flask deacetylation/
diazotization/Heck—Matsuda reactions (Table 15).*’ The one-
pot process occurred sequentially and started with cleavage of the
acetanilide functions by BF;-Et,O in MeOH at 65 °C, followed
by the addition of +-BuONO at 0 °C to trigger the diazotization
step. The diazonium salt was then reacted in situ with acrylates or
styrenes in the presence of Pd(OAc), (S mol %). This three-step
one-flask sequential process proved to be particularly efficient
with methyl acrylate, while the use of styrenes gave more erratic
results, especially with electron-rich acetanilides. During this
work, Schmidt noticed the adverse effect of excess --BuONO on
certain substrates, likely due to its strong oxidizing properties.
Application of this strategy to a straightforward preparation of a
key fragment of aripiprazole,' an approved drug for the
treatment of psychotic disorders, demonstrated the usefulness
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Table 13. Flow setup described by Felpin and co-workers and selected examples”

N N2
Loop A R_:Cr
Z [04M]

MeSO;H [0.1M)

MeOH
0.1 mUmin

R Temperature

icontrol

(j/\/COIMB
RT
=

ZCo,Me [0.44 M)
Pd(OAc),  [5.10%M]

/©/\/C02Me
Br

t=41.7 min, 60 °C
78%

C(\/cone
NO,

t=17.2 min, 60 °C

%

/©/\/002Me /@/\/COZMG
ON MeO,C

t=17.2min, 40 °C

mcone
Me NO,

t=17.2 min, 40 °C

71% 75% 87%
)@(\Vcozm q\/COzMe . -CO;Me
I
ON OMe S CO,Me MeO'
=17.2 min, 40 °C t =41.7 min, 40 °C t=116.7 min,® 60 °C
74% 75%" 54%

t=17.2min, 40 °C
%

/@(\/COZMe
MeO NO,

t=17.2min, 40 °C

“Isolated yields (averages of at least two runs) are shown. “1 X 107> M Pd(OAc),. “Flow rate/stream: 0.025 mL min~". “4 x 107 M Pd(OAc),.

of this chemistry. A related strategy toward the preparation of the
same key intermediate was described by our group, but our
approach suffered from the use of an isolated diazonium salt.*?

Interestingly, acetanilide can serve as an ortho-directing group
for oxidative Heck reactions with methyl acrylate before
sequential deacetylation/diazotization/Heck—Matsuda reac-
tions (Table 16).”* The oxidative Heck step was rather
insensitive to the electronic nature of the acetanilide, although
the presence of halogens was detrimental to the reaction yield.
The subsequent three-step one-pot olefination of acetanilides
gave dienic arenes in modest to good yields (14—66%).

B ARYL TRIAZENES AS STABLE LATENT ARYL
DIAZONIUM SALTS

Another strategy that avoids the isolation and purification of
hazardous aryl diazonium salts consists of the use of aryl
triazenes. Indeed, the nucleophilic addition of secondary
aliphatic amines onto diazonium functions is reversible and
pH-dependent. As a consequence, aryl triazenes can be
considered as a latent source of aryl diazonium salts. Aryl
triazenes are stable toward many reagents, including aqueous
bases, alkoxides, and alkyllithium and Grignard reagents. By
contrast, they are unstable under acidic conditions and in the
presence of strong electrophiles such as Br,, Mel, and Me;Sil.**
Under neutral conditions, most triazenes are stable toward air,
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typically up to 140 °C, and can be stored for years in a
refrigerator. Moreover, aryl triazenes bearing electron-releasing
groups or bulky ortho substituents are usually less stable than
triazenes decorated with electron-withdrawing groups. This
trend can be explained by the less nucleophilic and therefore less
reactive nitrogen lone pair with electron-deficient triazenes.
Typically, aryl triazenes are prepared by in situ trapping of aryl
diazonium salts with secondary aliphatic amines such as
morpholine and pyrrolidine.*® They can be back-converted
into their corresponding diazonium salt congeners upon addition
of Bronsted or Lewis acids. This strategy was pioneered by the
group of Sengupta, who described palladium-catalyzed Heck
reactions with morpholinyl diazenes as latent aryl diazonium salts
that were unmasked in situ with a Bronsted acid (Table 17).*
While the use of acetic acid or acidic Dowex resins failed to give
the expected coupling products, a variety of acids including TFA,
HBF,, HF, HCIO,, and MeSO;H were compatible, with an
efficiency comparable to that when the process was carried out in
MeOH or EtOH as the solvent. Aryl triazenes decorated with
halogen, methoxy, and methyl substituents reacted smoothly in
refluxing EtOH or MeOH with acrylates, styrene, and cyclo-
pentene, leading to the coupling products in good yields (>73%).
However, very electron-deficient aryl triazenes, bearing for
instance a nitro group, failed to participate in the coupling
whatever the acid used. This behavior is the result of the strong
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Table 14. Flow setup with an immobilized palladium catalyst described by Felpin and co-workers and selected examples

Loop A

LS NH;
it 02M]

MeSO3H [0.2 M)

0.1 mUmin

Temperature
| control

. (j/\/co,m
A

Z>C0oMe (0.88 M)

(j/\/CO;Me
O,N MeO,

t=225sec,” 40 °C

66%?
ON OMe

t=225sec,” 40 °C
85%°

80%°

69%"

Q/\/co,m
C

t=225sec,” 40 °C

J CO,Me x-COMe
(I\/ /()/\/
on MeO

t =28 min,°

/@(\/cozm
Me NO,

t =225 sec,” 40 °C
67%°

t =28 min,® 50 °C
51%°

“Total residence time including reactor A and reactor B. “Isolated yield.

Table 15. One-flask deacetylation/diazotization/Heck—

Matsuda sequence
UNHAC MeOH 65°C Rl _N,BF4
men l-BuONO O/
X _-COMe

F’d(OAc)z (5 mol%), 20 °C

melhyl acrylate or styrenes

/(:,/\/cone

95%

/@/\/co,Me ON : N\ CO:Me

NC 87%

COzMe F;c©/\/cone
92%

deactivation of the nitrogen lone pair, which cannot be
protonated by the acid.

Even more impressively, the strategy worked for the double
Heck coupling on a bis(triazene) with styrene as the olefinic
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Scheme 8. Olefination of a bis(triazene) compound

Ney N\/'

OMe HX (4 equiv)
I/\ N MeOH, 0°C.
NaX
Zph (2.9 equiv)
6 i &

Pd(OAc); (2 mol%)
reflux, 45 min

OMe

®
XNy

OMe

HX = HCIO,, 70% yield
HX = HF, 65% yield
HX = HBF 4, 63% yield

partner, giving the expected compound in 63—-70% yield
according to the acid used (Scheme 8).

A similar strategy has also been described by the groups of
Tamao*” and Luo™ for Suzuki cross-coupling reactions. Both
groups studied the coupling of pyrrolidinyl diazene with
arylboronic acids, using BF;-Et,O as the Lewis acid to liberate
the diazonium tetrafluoroborate function. While Tamao and co-
workers privileged the use of Pd,(dba); and P(tBu); in DME as
the catalytic system, the group of Luo reported the use of a
polymer-supported NHC—Pd catalyst in dioxane. Both strat-
egies were successful with a variety of aryl triazenes and
arylboronic acids bearing either electron-poor or electron-

dx.doi.org/10.1021/0p500299t | Org. Process Res. Dev. 2014, 18, 1786-1801
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Table 16. Acetanilides as an ortho-directing group for
oxidative Heck reactions

R! R’
Pd(OAC) (5 mol%)
Rﬁ“*‘“ TFAICH,CI, (4/1) Rw
—————.
ko H  KS:0520°C  R? > co,Me
2 coMe Product A
R1
1.BF3ELO, MeOH, 65°C .
then -BUONO, -15°C,1h R R
JenET e
2. Pd(OAC), (5 mol%), 20 °C g2 A coMe
methyl acrylate or styrenes
One-flask sequence Product®
Entry| Product A Product B
1 Fscw Facmcowe
Z
COMe > coMe
72% 56%
Z
MeO o COMe |Meo ZCoMe
40%
Vol s oaun
Br > co,Me [Br 2> coMe
49% 49%
[oen J
3
> coMe O
89% > coMe
66%

Table 17. Selected examples from the work of Sengupta and

co-workers
(\o HX (2 equiv] N,X
Ney NI oqun) /@r A ‘
! O EOH,0°C [g
ZCO,EL (2 equiv) CO,EL
reflux, 45 min
Entry R HX Yield
(%)
1 Cl HCIO4 73
2 Cl HF 75
<] Cl HBF: 78
4 Cl CF;COH 83
5 Cl MeSOs;H 80
6 OMe HF 86
7 Me HCIO4 88
8 Br HCIO4 84
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Table 18. Selected examples from the groups of Tamao and
Luo

£ oo
N Non-N=— Pdydbas (2 moi%)
R'-- P(tBu); (8 mol%)
Z (1equiv) RIS
+ DME, it, <1 h L
BFLELO  — o
g lymer-supported
(1 equiv) NHC-Pd catalyst gz
+ =
N~ BOH):  dioxane, rt, 8-12 h
.l
Z (2 equiv) B
Entry | R’ R’ Yield A | Yield B
(%)* (%)
1 2-Me |[4-OMe |72 /
2 3-Me | 4-OMe |80 /
3 4-Me | 4-OMe |91 82
4 H 3NO; |/ 74
5 4-Cl | 4-OMe |68 7
6 4-Br |H / 71
7 3-NO, |H / 92 (78)°
8 4-NO, |[4-Me |/ 93
9 4-NO; |4-OMe |/ 96

“Isolated yields. “Yield after seven reuses.

Scheme 9. Sequential Sonogashira/Heck reactions on a
bifunctional iodotriazene

o

Ney NI
AL

1. Pd(OAc),
Cul, EtaN, rt
phenyl acetylene

2. HBF,, Pd(OAc),
MeOH, 60 °C
methyl acrylate

CO,Me

Me

V4

ol 40%

releasing substituents (Table 18). The catalytic system described
by Tamao exhibited good catalytic activity with short reaction
times (<1 h) at room temperature, while the heterogeneous
catalyst reported by Luo required longer reaction times (8—12 h)
but was recyclable on at least eight runs.

However, aryl triazenes are synthetically useful only if they
serve as a stable latent diazonium function in multistep syntheses.
In this event, Sengupta and Sadhukhan reported® a single
example of a Sonogashira/Heck reaction sequence on a
bifunctional iodotriazene, as depicted in Scheme 9. The
Sonogashira alkynylation proceeded first at the iodine atom,
while in a second reaction the latent diazonium function was
uncovered with 2 equiv of HBF, for the Heck coupling with
methyl acrylate in MeOH.

In a very elegant work, Knochel also exploited the high stability
of triazenes under basic conditions for the preparation of new
bifunctional coupling reagents bearing a boronic ester group and
a triazene function (Table 19)." These donor—acceptor
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Table 19. Orthogonal Suzuki cross-coupling reactions

N o N
2N 2N 1) B(Oi-Pr), =N
("‘j i-PrMgClI.LICI -30°C, 1h Y
—_— :
z z z
THF
2) neopentyl glycol |
7¢,\l 40°Cto-15°C 7\~,\|M i oo FG\/:’\B 5
I Li <
FG Stop 1 FG  MgCLLi S g 2
Ar-X (1.2 equiv)
X=Br, | N Ar-B(OH), (2 equiv)
Pd(PPh;), (3 mol%) N"N BF3.Et,0 (1.5 equiv)
K3PO, Pd(OAc), (10 mol%)
i i) R
dioxane, H,0 il MeOH, Et;,0, 0 °C il
100°C S S
Step 3 FG D Step 4 FG D
OMe OMe
o o &
CHO
CN CO,Et
spllie gul< agl e PN
CARCER GG
N
CN
Steps 1-2 : 83% Steps 1-2:78%  Steps 1-2: 86% Steps 1-2 : 65%
Step 3: 52% Step 3:89% Step 3:62% Step 3: 86%
Step4:72% Step 4:78% Step4:73% Step 4 :72%
Scheme 10. Solid-phase Heck coupling from tri as the solvent at 0 °C. Through this methodology, highly
decorated terphenyls were prepared in good overall yields with
QAC' complete chemo- and regioselectivity. This work perfectly
Merrifield resin illustrates the power of triazenes in masking on demand
Piperazine o hazardous .aryl dia?onium salts, esp.e?iaﬂy in mu.ltistep sequences.
‘ oM DMF, 48 h OH N The acid-mediated decomposition of triazenes into the
60°C. 95% corresponding diazonium salts generates an aliphatic secondary

(J , @ 2w

O

N—"\

Pd(OAC); TFA WN\N"\ND
40 °C, MeOH
95% HO

coupling reagents formed the central aromatic ring of new
dissymmetrical terphenyls. The triazene function proved to be
remarkably stable under basic conditions since the bifunctional
reagents were prepared from bromo- or iodotriazenes through
halogen—magnesium exchange followed by borylation. Several
donor—acceptor-substituted coupling reagents were prepared in
good overall yields and engaged in a first Suzuki coupling at the
boron atom. In the presence of Pd(PhyP), and K;PO, in
dioxane/water at 100 °C, all of the triazene-substituted
arylboronic esters underwent Suzuki cross-coupling reactions
with bromo- and iodo(hetero)arenes in good yields without
affecting the triazene function. The second Suzuki cross-
couplings were carried out through BF;-Et,0-mediated decom-
position of the triazene function in a mixture of MeOH and Et,0
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amine as a byproduct, contaminating the coupling product. In
order to facilitate the purification step, a solid-phase approach
with a piperazine bound to the Merrifield resin allowed the
linkage of the triazene to a solid support. Cleavage of this
traceless linker to generate the aryl diazonium salt proceeded
upon addition of 2 equiv of TFA. This strategy has been applied
to palladium-catalyzed Heck, Suzuki, and Sonogashira reactions
with good overall efficiency (Scheme 10).’

B CONCLUSION

Although the palladium-catalyzed chemistry of diazonium salts
has been known for more than 30 years, it has remained
confidential until recently. This feature could be explained, at
least in part, by the hazardous behavior of some aryl diazonium
salts, heaping opprobrium on this class of extremely useful
reagents, although many salts are very stable under suitable
conditions. While diazonium salts can help chemists in designing
more sustainable methodologies, especially for palladium-
catalyzed coupling reactions, they are much often overlooked.
However, chemists have at their disposal many tools to predict or
evaluate the hazardous behavior of diazonium salts, as is the case
for azides and nitrated aryl compounds. One of the primary rules
to avoid some drawbacks of these species is to avoid their
handling as crystalline salts, privileging methodologies involving
their formation in situ. In this review, we have provided an
overview of the most reliable strategies that allow the use of

dx.doi.org/10.1021/0p500299t | Org. Process Res. Dev. 2014, 18, 1786-1801
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nonisolated diazonium salts for palladium-catalyzed reactions,
while related approaches have also been successfully imple-
mented to copper chemistry by our group.”> We believe that this
contribution could serve as a useful textbook for chemists
hesitant to make these powerful reagents an everyday tool for the
design of synthetic routes.
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Introduction

Depuis des siecles la cellulose (Schéma 1), un polymére linéaire composé d’unité
anhydrocellobiose, est utilisée par 'Homme comme source d’énergie, support pour

I’écriture ou matériau de base pour la fabrication du textile.

OH
A
HO OH o
HO N

Schéma 1 Structure de la cellulose avec comme motif de répétition I'anhydrocellobiose

Ce biomatériau renouvelable et durable; sa production annuelle par les plantes est
estimée 3 1,5x10% tonnes (plus de 50% de la biomasse); continue de susciter un vif
intérét dans de nombreux domaines d’application. La modification chimique de la
cellulose permet d’obtenir des matériaux dotés de nouvelles propriétés. Si la
modification par des procédés de physisorption a été massivement étudiée et permet
d’apporter de nouvelles fonctionnalités a ce matériau, ces procédés présentent
I'inconvénient d’étre sensible a la désorption. C’'est pourquoi le développement de
matériaux cellulosiques plus robustes reste un enjeu considérable. C'est dans ce
contexte que ce travail de these s’inscrit, via la fonctionnalisation covalente de la

cellulose, afin de préparer de nouveaux dispositifs a base de papier.

Les résultats obtenus au cours de cette thése ont été divisés en 4 chapitres :

- Le premier traite du développement d'une nouvelle méthode d’écriture
covalente a la surface du papier permettant le stockage d’information.

- Le deuxieme concerne la préparation d’'une sonde moléculaire greffée a la
surface du papier permettant la détection de I'ion HSO4

- Le troisiéme traite de la mise au point d’un outil de détection du Cu?* et de
I'application de cet outil comme réducteur supporté pour la réaction click de
Huisgen

- Le dernier concerne la préparation d’'une membrane de décontamination des

eaux contenant des métaux lourds.
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Préparation d’un nouveau matériau pour le stockage d’informations

Les premiers travaux réalisés au cours de cette these traitent du développement d’une
nouvelle méthode d’écriture invisible a la surface de la cellulose permettant ainsi le
stockage d’information a la surface de ce matériau.

Ceci a été rendu possible via le greffage covalent de coumarines a la surface de Ila
cellulose. Sous I'effet d’'un rayonnement de longueur d’onde contrélée ces molécules
peuvent subir une réaction de dimérisation réversible (Schéma 2).

@) O O

(0) | hV1 > 300 nm

O (0]
hv, = 254 nm O O
7 7

v AN

Schéma 2 Dimérisation réversible des coumarines

Dans un premier temps, nous avons réalisé des études de chimie théorique afin de
valider la possibilité de réaliser la dimérisation des coumarines a la surface de la

cellulose (Figure 1).

Figure 1 Représentation de la géométrie du dimere obtenu apres irradiation
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Afin de fonctionnaliser la cellulose, un dérivé de la coumarine comportant une fonction
chlorure d’acide a été synthétisé en deux étapes en partant de la 7-Hydroxycoumarine
commerciale. Ce dérivé est greffé de maniére covalente a la surface de la cellulose via

une réaction d’estérification (Schéma 3).

m 1. Ethyl bromoacetate /@\/1
K,CO3 acetone, 81%
i » HO
HO 0" o 3o 0o

1 2. NaOH, dioxane, 77% 0 3

SOCI, CHCl, /[::Ijilb
\n/\o o o Cellulose paper

DMF, 70 °C, 2h Pyrldlne DMF
DMAP, 60 °C, 20 h

@“@

(@) HO OH (0]
? O 9
HO

OH

>

Paper-grafted coumarins

Schéma 3 Stratégie de fonctionnalisation du papier
Les propriétés optiques du matériau obtenues ont été analysées par spectrométrie UV-

Visible (Figure 2). Ces analyses ont permis de vérifier la faisabilité et I'efficacité de la

réaction de dimérisation a la surface du papier
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Figure 2 (a) Cycloaddition [2+2] réversible des coumarines. (b) Décroissance de
I’'absorbance du papier greffé aprés irradiation a 340nm (c) Réaction inverse apres

irradiation a 254nm.

Afin de <s’assurer de la stabilité de notre systéme, plusieurs cycles de
dimérisation/rétrocyclisation ont été réalisés (Figure 3). Les résultats indiquent une
bonne stabilité de notre matériau puisque méme apreés trois cycles il n’y a pas de baisse

significative de I'absorbance de notre systéme.

| H H (‘)
(o M T 0 E 0.75 A Monomer
| = | 8
H H ® 0.65
o) 0 =
Dy o) O 2 8 055 -
[ ] o 5 g
(0] O \
D i hv= 340 nm | T 045 _
. @ Dimer
) hv=254nm 9 < 035 T T 1
; 0 1 2 3
Cycles

Figure 3 Test de résistance a la fatigue du matériau avec plusieurs cycles d’irradiation a

340 nm et 254 nm.
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Enfin, I'utilisation d’un photomasque a permis de réaliser la réaction de dimérisation des
coumarines de maniére spatialement controlée permettant ainsi I’encodage
d’informations a la surface du matériau. Dans un premier temps, nous avons réalisé la
photoimpression covalente du logo de notre université puis nous avons inscrit a la

surface de ce matériau un motif plus complexe, un QRCode (Figure 4).

~UV-am pA

photomask

paper

Figure 4 Illustration du systéme de photoimpression covalente

Invisible a I'ceil nu, les informations ainsi encodées a la surface du papier peuvent étre
révélées en utilisant une lampe UV.

En conclusion, ce travail apporte une nouvelle méthode d’écriture invisible a la surface
du papier reposant sur les propriétés de dimérisation des coumarines greffées de
maniére covalente a la surface du matériau ce qui apporte une stabilité plus importante

au systeéme puisque les molécules photosensibles ne sont pas sujettes a la désorption.
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Il.  Préparation d’un outil de détection de I'ion HSO4 dans I’eau

Le deuxiéme chapitre présente la préparation et le greffage a la surface du papier d’une
sonde organique sélective de I'ion HSO4 fournissant ainsi un outil de détection sous la
forme de bandelette de papier (analogue au papier pH).

Le développement de sondes organiques pour la détection d’ions dans I'eau est un
champ de recherche trés important, notamment pour la détection de polluants. Pour
réaliser cette étude, nous avons décidé de travailler avec des dérivés de la rhodamine B,
une famille de molécules déja décrite pour la détection d’ions en solution. La détection
est due a la formation de liaison hydrogéne entre la sonde et I'analyte, ce qui induit une
délocalisation des électrons au sein de la rhodamine passant alors de sa forme
spirolactame incolore a une forme zwitterionique ouverte fortement colorée (Schéma

a).

Schéma 4 Représentation du principe de détection d’un ion par une rhodamine

Ici, la fonctionnalisation du papier est réalisée en deux étapes, une premiére réaction
d’estérification permet de greffer a la surface de la cellulose un aldéhyde qui subit par la
suite une réaction d’amination réductrice avec un dérivé de la rhodamine B portant un

bras éthyléne diamine préalable préparé au laboratoire (Schéma 5).
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Schéma 5 Préparation et greffage de la sonde a la surface du papier

Le papier ainsi obtenu a ensuite été immergé dans des solutions aqueuses contenant
différents anions afin d’étudier sa sélectivité. Seul I'anion HSOs a été détecté de
maniere colorimétrique par notre dispositif comme en témoigne la photo ci-dessous
(Figure 5a).

0e HS0,~
(30 mM)

a] [Anion] = 30 mM

Othier ansahs
{30 mM)

HSO, HPO,™ CN° CF F Br I €0y NOy AcO® OW

Absorbance
o
&

Blank

450 500 550 GO0 650 T
Wavelength {nm}

Figure 5 (a) Détection colorimétrique de HSO4™ dans I’eau (b) Spectres UV-Visibles

correspondants
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Afin de vérifier cette sélectivité, des analyses par spectrométrie UV-Visible ont été
réalisées, elles permettent de confirmer les observations faites de maniére
colorimétriques, puisque seul le papier immergé dans la solution contenant I'anion
HSOs possede une absorbance caractéristique de la forme ouverte de la rhodamine
(Figure 5b).

Par la suite, les limites de détection colorimétrique (a I'ceil nu) et optique (par UV-
Visible) ont été évaluées. A I'ceil nu, la limite de détection semble se situer entre 0,1 et
0,5 mM (Figure 6a) a en juger par le dégradé de couleur obtenu. Cette observation a été

validée par les études UV-Visibles qui donnent une limite de détection de 0,12 mM

(Figure 6b et 6¢).

30 mM
20 mM
5mM
1mM

]
<
]
<
T 0.5 mM ES
[H50,] in mM . J

A N 8 B BN B B 0 B |

10 5 3 2 1 0.5 01 001 ]

100

120 pmal
11.6 ppm

s

450 500 580 800 B50 T00 -2 1 o
Wavelength {nm) Log [MSO0,] (mM)

Figure 6 (a) Influence de la concentration sur la détection colorimétrique (b) Spectres

UV-Visibles correspondants (c) Détermination de la limite de détection

De maniére remarquable, ce dispositif peut étre réutilisé aprés une simple immersion
dans une solution de soude 1M reformant la rhodamine sous sa forme spirolactame
incolore.

En conclusion, nous avons développé un nouvel outil de détection de I'ion HSO4 en
milieu aqueux. Ce dispositif a I'avantage d’étre simple d’utilisation, peu encombrant et

offre une bonne sélectivité et limite de détection méme a I'ceil nu.
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[ll.  Préparation d’un dispositif a base de papier capable de réduire le Cu(ll)

en Cu(l) : Application a la détection et la catalyse

Ce chapitre traite de la préparation d’un dispositif bioinspiré a base de papier capable de

détecter le Cu(ll) dans I'eau et de I'utilisation de ce matériau comme réducteur supporté

pour la réaction click de cycloaddition 1,3-dipolaire de Huisgen.

De nouveau, la fonctionnalisation du papier a été réalisée via une réaction

d’estérification permettant d’introduire une fonction thiol a la surface de la cellulose

(Schéma 6).

OH
(0]
HO n

Pristine paper

0) SH
Q 0)
SH
o % o7
PTSA, toluene %O OH © )
reflux, overnight HO n

Paper-grafted thioglycolic acid

Schéma 6 Préparation du papier modifié comportant une fonction thiol

Le matériau ainsi obtenu a ensuite été mis en contact avec différents ions métalliques et

a montré une grande sélectivité envers I'ion Cu(ll) (Figure 7a).

Blank

sn(il)

Pb{In

cr{l)

cafl)

Halll) Zn(i)
Ni(ll) Lif1)
Fe(lll) Agil)
cr{il) crilll)

h 2]
cdiil) cu(ll)

b

o7

08
a5
04
03
02
0.1

o809 '
oy e‘:\' ll j‘ A
qﬁqﬁﬁéfﬁ' \;\‘:ﬂi-‘é\?f\b&\

.
SN

Absorbance at A, =506 nm

Figure 7 (a) Détection colorimétrique de Cu?* (b) Intensité de I"absorbance a Amax=506

nm pour les différents métaux
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Comme dans le chapitre précédent cette détection colorimétrique a été confirmée par
une détection optique a I'aide d’analyses UV-Visible (Figure 7b).
Dans le cas présent, la détection a lieu grace a la formation d’'un complexe thiol-cuivre

induisant un transfert de charge S->Cu entrainant une coloration du papier.

Comme pour le travail précédent, la limite de détection a également été déterminée de

maniere colorimétrique (Figure 8a) et de maniere optique (Figure 8b et 8c).

a) [Cu?']

I BN BN B B

30mM 20mM  10mM 5mMm 1 mM 0.5mM 03mM 01mM  10uM 0
b) 4. 30mM  0.4mM <) 07 -

250 350 450 550 650 750 -2
Wavelength (nm) Log [Cu?*] (mM)

Figure 8 (a) Influence de la concentration sur la détection colorimétrique (b) Spectres

UV-Visibles correspondants (c) Détermination de la limite de détection

La limite de détection obtenue par analyses UV-Visible est de 33 umol/L soit 2 ppm de
cuivre. De plus, grace a l'utilisation d’une technique d’analyse d’image, il a été possible
de déterminer la concentration d’un échantillon inconnu en étudiant la coloration du
papier (coordonnées de couleurs) et en comparant ces résultats avec une courbe de

calibration préalablement établie (Figure 9).
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Figure 9 Analyse d’un échantillon inconnu via I'étude des coordonnées de couleurs de

I’échantillon

Des analyses par spectrométrie photoélectronique X (XPS) ont révélé que le cuivre
présent a la surface de ce matériau se trouve au degré d’oxydation +1 sous la forme de

nanoparticules d’oxyde de cuivre Cu;O.

Ce résultat nous a donné l'idée d’utiliser ce dispositif comme réducteur supporté pour la
réaction click de formation de triazole. Cette stratégie inédite de réducteur immobilisé
sur un support a été appliquée pour la préparation de plus de 19 produits différents

avec de bons rendements (Figure 10).

R2 H R2
R*J\N3 \ / R1J\N’NN

+ \§<
\\R3 R3

Figure 10 lllustration de la stratégie de synthése
De maniére intéressante, ce dispositif posséde également la capacité de retenir le cuivre

a la surface de la cellulose permettant ainsi de récupérer apres une simple filtration un

brut réactionnel quasiment exempt de cuivre.

195



En conclusion, nous avons développé un nouveau dispositif capable de détecter de
maniére colorimétrique et optique la présence de Cu(ll) dans une solution aqueuse via la
formation de nanoparticule d’oxyde de cuivre Cu;0 ou le cuivre se retrouve au degré
d’oxydation +1. Nous avons par la suite utilisé ce matériau comme réducteur supporté

pour la réaction click de Huisgen.

IV. Préparation d’'un nouveau matériau pour la remédiation de métaux dans

I'eau

La derniére partie de cette these concerne la préparation d’une membrane capable de
décontaminer des solutions agueuses contenant des métaux lourds.

Inspiré par des travaux récents portant sur la préparation d’un agent floculant a base de
chitosan fonctionnalisé par de I'acide éthyléne diamine tétraacétique (EDTA) nous avons
décidé d’appliquer une stratégie similaire afin de préparer une membrane a base de

papier capable de chélater les métaux.

La préparation de ce dispositif se fait via une réaction d’estérification entre la cellulose

et le dianhydride de I'EDTA (Schéma 7).

CO,H

Ac,0, pyridine
N_ COH = °
HOZC/\N/\/ L0 OY\N/\/N\/&O
) 65 °C, 24 h
HO,C EDTA 071) 1
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0 HO 0
g% DMSO %o =0 g
60 °C,20 h 0 n
Pristine paper HOL,C—\ //§
N N (0]
Ho,c— \—CO,H

cell-EDTA

Schéma 7 Stratégie de synthese de la « membrane EDTA »
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Le matériau ainsi obtenu a par la suite été immergé dans des solutions aqueuses
contenant différents métaux a une concentration initiale de 100 ppm, puis aprés un
certain temps de contact, la solution est analysée par spectroscopie d’absorption
atomique (AAS) ou par spectrométrie a plasma a couplage inductif (ICP) selon la nature
du métal. Les analyses ont montré que ce matériau est capable de chélater de nombreux
métaux offrant ainsi un dispositif universel pour la dépollution des eaux contaminées

par des métaux lourds (Figure 11).

100 -

Metal adsorbed (%)

Ag(l) Cd(l1) Pb(ll) Nill) Zn(1l) Sn(ll) Cull) Cr(ll) Fe(ll)

Figure 11 Capacité d’adsorption de la « membrane EDTA » vis-a-vis de différents métaux

Ce dispositif a I’'avantage de pouvoir fonctionner sur une large gamme de pH (de 3 a 9)

comme |'attestent les analyses réalisées sur le plomb et le cadmium (Figure 12)
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Figure 12 Influence du PH sur I'adsorption du plomb et du cadmium

Les caractéristiques d’adsorption de cette membrane ont également été évaluées, les

études de cinétique révelent que l'adsorption suit une cinétique du pseudo-second-

ordre (Figure 13a).
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Figure 13 (a) Cinétique d’adsorption du pseudo-second-ordre (b) Isotherme de Temkin

Les études thermodynamiques montrent quant a elles que notre systéme suit un
modele d’adsorption appelé isotherme de Temkin (Figure 13b).

Les différents résultats présentés précédemment ont été obtenus en immergeant notre
papier modifié dans les différentes solutions aqueuses. Il est a noter qu’il est possible
d’utiliser ce papier comme membrane de filtration afin de dépolluer I'eau. Par exemple
pour le cadmium nous avons obtenu des résultats similaires en termes de dépollution
qgue l'on utilise notre dispositif comme adsorbant ou comme membrane (a
concentrations et temps de contact équivalents).

En conclusion, nous avons développé un outil universel pour la décontamination des
eaux contenant des métaux lourds. La préparation de cette membrane est rapide et peu
couteuse et permet d’éliminer de nombreux métaux comme par exemple le plomb, le

cadmium, I'argent, le nickel ou encore le zinc.
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Conclusion

Les objectifs de cette thése étaient de développer de nouveaux matériaux a base de

papier grace a des méthodes de fonctionnalisations covalentes de ce dernier.

En utilisant principalement des réactions d’estérifications, nous avons fonctionnalisé en
peu d’étapes la cellulose avec divers composés permettant ainsi la préparation de

matériaux aux propriétés nouvelles.

Ces matériaux ont été utilisés pour différentes applications allant de la photoimpression

a la décontamination des eaux en passant par la détection de polluants.

Ces différents travaux ouvrent de nombreuses perspectives pour le développement de
nouveaux matériaux a base de cellulose fonctionnalisés de maniere covalentes. La
preuve de concept que nous avons apportée au sujet de la photoimpression peut
certainement étre améliorée en utilisant d’autres types de molécules et pourquoi pas un
mélange de plusieurs molécules. La préparation de sondes moléculaires greffées a la
surface du papier offre des outils de détection des polluants pratiques et simples
d’utilisation. Afin de pouvoir analyser la présence d’autres polluants dans I'eau (métaux
ou polluants organiques) il est nécessaire de développer de nouvelles sondes. Enfin, la
préparation d’une membrane pour la dépollution de I'eau a montrée de bons résultats
pour les métaux lourds, il est possible d’envisager la préparation de membranes

capables d’éliminer d’autres types de polluants, notamment des composés organiques.
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Fonctionnalisation covalente de la cellulose :
Préparation de dispositifs a base de papier

Covalent Functionalisation of cellulose:
Preparation of paper based devices

Résumé

Depuis des siecles la cellulose est utilisée par 'THomme
comme source d’énergie, support pour I'écriture ou
matériau de base pour la fabrication du textile. Ce
biomatériau renouvelable et durable continue de
susciter un vif intérét dans de nombreux domaines
d’application. La modification chimique de la cellulose
permet d’obtenir des matériaux dotés de nouvelles
propriétés. Si la modification par des procédés de
physisorption a été massivement étudiée et permet
d’apporter de nouvelles fonctionnalités a ce matériau,
ces procédés présentent I'inconvénient d’étre sensible a
la désorption. C’est pourquoi le développement de
matériaux cellulosiques plus robustes reste un enjeu
considérable. C’est dans ce contexte que ce travail de
thése s’inscrit, via la fonctionnalisation covalente de la
cellulose, afin de préparer de nouveaux dispositifs a
base de papier.

Dans un premier temps, une nouvelle approche
permettant le stockage d’'informations a la surface du
papier a été développée. Le concept d’écriture
covalente sur un papier devenu photosensible par le
greffage de coumarines a été possible en utilisant la
photodimérisation spatialement contrélée des
coumarines et permettant ainsi I'encodage
d’'informations. Dans un second temps, une étude
concernant la modification de la surface de la cellulose
en greffant de maniére covalente des sondes sélectives
des ions HSO4- et Cu2+ a été réalisée. Ce dernier
dispositif s’est révélé aussi étre un trés bon réducteur
du Cu(ll) en Cu(l) et a été mis a profit dans la réaction
de Huisgen. Enfin, le greffage covalent ’EDTA sur du
papier a permis d’obtenir une membrane efficace pour
la décontamination d’eau polluée par des métaux
lourds.

Mots clés

Cellulose, Papier, Fonctionnalisation covalente,
Sondes, Stockage d’informations, Chimie click,
Réaction de Huisgen, Décontamination.

Abstract

For centuries, cellulose has been used by humans as
energy crop, media for writing and material for textile.
Nowadays, this renewable and sustainable biomaterial
continues to generate a huge interest in many domains
of applications. The chemical modification of cellulose
gives rise to materials with new properties. The
cellulose modification by physisorption processes has
been extensively studied and brings new functionalities
to this material. However, these strategies suffer from a
low stability with molecules having a low affinity for
cellulose. Thus, the development of more robust
cellulosic materials remains a major concern. It is in this
context that the present thesis has been drawn up, via
the covalent functionalization of cellulose in order to
prepare new paper-based devices.

First, a new strategy enabling data storage on the
surface of paper has been developed. The covalent
writing onto a photosensitive paper thanks to the
grafting of coumarins has been made possible through
the spatially resolved photodimerization of coumarins
enabling data encoding. In a second time, a study
concerning the covalent immobilization of selective
sensors for HSO4- and Cu2+ ions has been conducted.
The latter device also presents the ability of reducing
Cu(ll) to Cu(l) and has found application in the Huisgen
reaction. Finally, the covalent grafting of EDTA onto
paper has enabled the preparation of a powerful
membrane for the decontamination of heavy metals
containing water.

Key Words

Cellulose, Paper, Covalent functionalisation,
Sensors, Data storage, Click chemistry, Huisgen
reaction, Decontamination.



