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Abstract: The development of a class of
multifunctional POM hybrids, denoted as “SiW10-B1o-
Organic ligand” starting from the POM-Borate precursor

novel

"SiW1o-monoB1o"has been investigated for biological
applications. The latter resulted from the reaction of the
carbonyl group of closo-decahydrodecaborate anion
[B1oHsCO]" with one of the two pendant amine groups of the
(APTES),

which is covalently attached to the POM Keggin-type

organic linker 3-(Aminopropyl)triethoxysilane
polyoxometalate [SiW10036]? . Herein,we aimed to go further
by functionalizing the second amine function of SiWio-
monoB1o.The mono-adduct "SiWio-monoBio” compound
was firstly synthesized with good purity and in sufficient
quantities, then characterized by atypical "H-">"N HMQC
NMR, which allowed the examination of the nature of the
free amine function and showed the presence of non-zero
amine fraction that would not be involved in the H-H
interaction with the decaborate cluster. Consequently, the
possibility of new functional groups on this free amino arm
of SiW10-monoBio adduct was tested and followed through
'H and "'B NMR. Despite our best efforts and the various
strategies, we have investigated, the studies carried out
show that interactions with the POM part and with B-H
groups are preferential to the formation of the covalent
bonds we had hoped for.

In the following section, we turned our attention to other
hybrid POMs
benzophenone- and anthraquinone-based derivatives were

used as photoinitiators. Anthracene-,
respectively covalently grafted onto the polyoxometalate
(POM) platform [MosO19]>, giving rise to highly colored
organo-imido Lindqvist POM-
imidoanthraquinone (POM-AQ), POM-imidoanthracene
(POM-AC), and POM-imidobenzophenone (POM-AB). It

has been evidenced that photosystems combining N-

complexes:

methyldiethanolamine (MDEA) as electron donor and these
hybrid POMs promote free-radical photopolymerization of
acrylate monomer derivatives under irradiation in the visible
range, while in similar conditions, no polymerization was
the
hexamolybdate cluster or the organic entity alone with the

observed considering when adding each of

MDEA as electron donor and these hybrid POMs promote
free-radical photopolymerization of acrylate monomer

derivatives under irradiation in the visible range, while
in similar conditions, no polymerization was observed
considering when adding each of the hexamolybdate
cluster or the organic entity alone with the MDEA and
acrylate  monomers. Such organo-imido Lindqvist
species can represent new, easy-to-synthesize, efficient
visible-light photoinitiators. Moreover, due to the
presence of the POM, coatings prepared using the
POM-AQ/MDEA/Soybean oil

photosystem exhibit excellent mechanical properties,

epoxidized acrylate
with very good flexibility, resistance to brittle fracture,
and adherence to the steel.

In the last chapter, the preparation of new closo-
borate/CD inclusion complexes has been studied to
elaborate systems strong enough to be considered for
biological application. Playing on the volume and
charge of [BioH10]> was set out to increase their
chaotropic character and thus enhance their binding
The
[B1oHsNCCHs3]™ and [B2oH1s]> anions within cyclodextrins

affinity to cyclodextrins. encapsulation  of
has been investigated in two different parts. ESI-MS and
NMR evidenced the formation of inclusion complexes
and B- and y-CDs,

while weaker interactions are evidenced with o-CD, for

between the borate compounds

which the binding constants were determined by NMR
and ITC. These constants values are much higher than
those obtained in previous work with [B1oH10]> thus
validating the approach followed in this thesis work.

A new approach in [BxH1g]*" chemistry has also been
studied at the end of the work related to the Hydrogen-
Deuterium exchange process in [BaxH1s]*> aqueous
solution."H{""B} and ""B{'H} NMR evidenced selective
deuterium-proton exchange processes with the protons
of equatorial Boron atoms over a period of time with the
presence of degradation. Interestingly, it has been
shown through NMR of [BxoH15]>/CD solutions in D,O
that B- and y-CDs would protect the anion from
degradation after 4-5 months, opening the route for
designing Boron-based drugs with enhanced stability
suitable for medical use.
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Résumé : Le développement d'une nouvelle classe de POM
hybrides multifonctionnels, désignés sous le nom de
"SiW10-B1o-Ligand organique”, a partir du précurseur
POM-Borate "SiWio-monoB1", a été étudié pour des
applications biologiques. Ce dernier résulte de la réaction
du groupe carbonyle de I'anion closo-décahydrodécaborate
[B1oHsCQO]  avec I'un des deux groupes amine pendants du
qui
attaché de maniere covalente au polyoxométalate de type
Keggin POM [SiW1o036]> .L'objectif initiale de cette étude
était d‘aller plus loin en fonctionnalisant la deuxiéme

lien organique 3-(aminopropyl)triéthoxysilane, est

fonction amine de SiWip-monoBio.Le composé mono-
adduct "SiW1o-monoB1o" a d'abord été synthétisé avec une
bonne pureté et en quantité suffisante, puis caractérisé par
une spectrométrie RMN 'H-">"N HMQC, ce qui a permis
d'examiner la nature de la fonction amine libre et de
montrer la présence d'une fraction d'amine non nulle qui ne
serait pas impliquée dans l'interaction H-H avec le cluster de
déca-borate. Malgré tous nos efforts et différentes
stratégies étudiées, les études réalisées montrent que les
interactions avec la partie POM et avec les groupements B-
H sont préférentielles a la formation des liaisons covalentes
espérées. Dans la partie suivante, nous nous sommes
intéressés a d'autres POMs hybrides utilisés comme photo-
amorceurs. Des dérivés a base d'anthracéne, de
benzophénone et d'anthraquinone ont été respectivement
greffés de maniére covalente sur la plateforme de
polyoxométalate (POM) [MosO19]?",donnant naissance a des
Lindqvist organo-imido: POM-
imidoanthraquinone (POM-AQ),POM-imidoanthracéne
(POM-AC) et POM-imidobenzophénone (POM-AB).Il a été
la N-
méthyldiéthanolamine (MDEA) en tant que donneur
hybrides POM

radicalaire libre de dérivés de

complexes

démontré que les photosystemes combinant

d'électrons et ces favorisent la
photopolymérisation
monomeres acrylates sous irradiation dans le domaine
visible, tandis que dans des conditions similaires, aucune

polymérisation n'a été observée lorsque

Synthése et caractérisation de nouveaux polyoxométallates hybrides pour applications photocatalytiques et

Bon18 anion,

I'on ajoutait chacun des clusters d'hexamolybdate ou de
I'entité organique seule avec la MDEA et les monomeres
acrylates. Grace a la présence du POM, les revétements
préparés a laide du POM-
AQ/MDEA/acrylate d'huile de soja époxydée présentent

photosystéeme

d'excellentes propriétés mécaniques, avec une trés bonne
flexibilité, et une résistance a la rupture fragile.

Dans le dernier chapitre, la préparation de nouveaux
complexes d'inclusion closo-borate/CD a été étudiée
pour élaborer des systémes suffisamment forts pour étre
envisagés pour des applications biologiques. Jouant sur
le volume et la charge de [BioH10]>,0on a cherché a
augmenter leur caractere chaotrope des clusters de bore
et ainsi a augmenter leur affinité de liaison avec les CDs.
L'encapsulation des anions [B1ogHoNCCH3]" et [BaoH1s]*
dans les CDs a été étudiée en deux parties distinctes. La
spectrométrie de RMN ont montré la formation de
complexes d'inclusion entre [B1oHsNCCH3]" et [BaoH1s]* et
les B- et y-CDs, tandis que des interactions plus faibles ont
été observées avec la a-CD, pour laquelle les constantes
de liaison ont été déterminées par RMN et ITC. Ces
valeurs sont bien supérieures a celles obtenues lors de
travaux antérieurs avec [B1oH10]% validant ainsi I'approche
suivie dans ce travail de these.

[BaoH1g]* a
également été étudiée a la fin du travail lié au processus

Une nouvelle approche en chimie du

d'échange hydrogéne-deutérium en solution aqueuse de
[B2oH1g]>.La RMN "H{"'B} et ""B{'H} a mis en évidence des
processus d'échange de deutérium-proton avec les
protons des atomes de bore sur une période de temps en
présence de dégradation. Il est intéressant de noter que,
par le biais de la RMN de solutions [B2oH15]?>/CD dans
D;O,il a été démontré que les cyclodextrines B et vy
protégeraient I'anion de la dégradation aprés 4 a 5 mois,
ouvrant la voie a la conception de médicaments a base de
bore offrant une stabilité accrue adaptée a une utilisation
médicale.
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Résumé: Le développement d'une nouvelle classe de POM hybrides
multifonctionnels, désignés sous le nom de "SiW10-B1o- ligand organique”, a partir du
précurseur POM-Borate "SiWio-monoB1o", a été étudié pour des applications
biologiques. Ce dernier résulte de la réaction du groupe carbonyle de I'anion closo-
décahydrodécaborate [B1oH9CQO] avec I'un des deux groupes amine pendants du lien
organique 3-(aminopropyl)triéthoxysilane (APTES), qui est attaché de maniere
covalente au polyoxométalate de type Keggin POM [SiW10036)%". L'objectif initiale de
cette étude était d'aller plus loin en fonctionnalisant la deuxieme fonction amine de
SiW10-monoB1o. Le composé mono-adduit "SiW1o-monoB1o" a d'abord été synthétisé
avec une bonne pureté et en quantité suffisante, puis caractérisé par une spectrométrie
RMN "H-">"N HMQC, ce qui a permis d'examiner la nature de la fonction amine libre et
de montrer la présence d'une fraction d'amine non nulle qui ne serait pas impliquée
dans l'interaction H-H avec le cluster de déca-borate. Par conséquent, la possibilité de
nouveaux groupes fonctionnels sur ce bras amino libre du complexe adduit SiW1o-
monoBio a été testée et suivie par RMN "H et "B en utilisant différents mélanges de
SiW1o-monoBio/ligand organique/DIPEA dans des solutions de CD3CN. Malgré tous
nos efforts et différentes stratégies étudiées, les études réalisées montrent que les
interactions avec la partie POM et avec les groupements B-H sont préférentielles a la
formation des liaisons covalentes espérées.

Dans la partie suivante, nous nous sommes intéressés a d'autres POMs hybrides utilisés
comme photo-amorceurs UV. Des dérivés a base d'anthracene, de benzophénone et
d'anthraquinone ont été respectivement greffés de maniere covalente sur la
plateforme de polyoxométalate (POM) [MosO19]>, donnant naissance a des complexes
Lindqvist organo-imido hautement colorés : POM-imidoanthraquinone (POM-AQ),
POM-imidoanthracéne (POM-AC) et POM-imidobenzophénone (POM-AB). Il a été
démontré que les photosystemes combinant la N-méthyldiéthanolamine (MDEA) en
tant que donneur d'électrons et ces hybrides POM favorisent la photopolymérisation
radicalaire libre de dérivés de monomeres acrylates sous irradiation dans le domaine
visible, tandis que dans des conditions similaires, aucune polymérisation n'a été
observée lorsque I'on ajoutait chacun des clusters d'hexamolybdate ou de I'entité
organique seule avec la MDEA et les monomeres acrylates. Apres 800 secondes, des
rendements de conversion de |'acrylate allant jusqu'a 90 % sous irradiation LED a 405
nm et 50 % sous irradiation LED a 470 nm ont été obtenus avec le systeme POM-
imidoanthraquinone (POM-AQ)/MDEA. Cela montre que de telles especes Lindqvist
organo-imido peuvent représenter de nouveaux photoamorceurs de lumiere visible
faciles a synthétiser et efficaces. De plus, grace a la présence du POM, les revétemen
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préparés a l'aide du photosysteme POM-AQ/MDEA/acrylate d'huile de soja époxydée
présentent d'excellentes propriétés mécaniques, avec une trés bonne flexibilité, une
résistance a la rupture fragile et une adhérence a l'acier.

Dans le dernier chapitre, la préparation de nouveaux complexes d‘inclusion closo-
borate/CD a été étudiée pour élaborer des systemes suffisamment forts pour étre
envisagés pour des applications biologiques. Jouant sur le volume et la charge de
[B1oH10]%, on a cherché a augmenter leur caractére chaotrope des clusters de bore et
ainsi a augmenter leur affinité de liaison avec les cyclodextrines. L'encapsulation des
anions [B1oHoNCCHs] et [BaoH1s)?” dans les cyclodextrines o, B et v a été étudiée en
deux parties distinctes. La spectrométrie de masse ESI et la RMN ont montré la
formation de complexes d'inclusion 1:1 entre [B1oHoNCCH3] et les cyclodextrines (3 et
v, tandis que des interactions plus faibles ont été observées avec la cyclodextrine a,
pour laquelle les constantes de liaison ont été déterminées par RMN et ITC. Les
parametres thermodynamiques mesurés par ITC confirment que linsertion du
[B1oH9NCCH3]™ dans la cavité de la CD est associée a un effet chaotrope. Comme prévu,
I'amélioration drastique du processus d'encapsulation du [B1oH9NCCHs]™ par rapport
au [B1oH10]%, tandis que le systéme héte-invité le plus stable est obtenu avec la y-CD.

De plus, la RMN du [B2oH1s]>" avec les trois cyclodextrines a montré la formation de
complexes d'inclusion 1:1 entre le [B2oH1s]* et les cyclodextrines o, B et y, et a permis
de déterminer de fortes constantes d'association avec une constante optimale
obtenue avec la B-CD. Les mesures ITC ont confirmé les constantes d'association du
[B2oH18]*” et des complexes a. et B, associées a un effet chaotrope avec des valeurs trés
supérieures a celles obtenues dans de précédents travaux avec [B1oH10]* validant ainsi
I'approche suivie dans ce travail de these.

Une nouvelle approche en chimie du [B2oH1s]?™ a également été étudiée a la fin du
travail lié au processus d'échange hydrogene-deutérium en solution aqueuse de
[B2oH18]%". La RMN "H{''B} et ""B{'H} a mis en évidence des processus d'échange sélectif
de deutérium-proton avec les protons des atomes de bore équatoriaux sur une
période de temps en présence de dégradation. Il est intéressant de noter que, par le
biais de la RMN de solutions [B2oH1s]>/CD dans D20, il a été démontré que les
cyclodextrines B et y protégeraient I'anion de la dégradation apres 4 a 5 mois, ouvrant
la voie a la conception de médicaments a base de bore offrant une stabilité accrue
adaptée a une utilisation médicale.
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General Introduction



General Introduction

Boron is the neighbor of carbon element in the periodic table. It exists as traces of boric acid
and minerals in soil, rocks, oceans, and the earth's crust. Boron isn’t the core of life as carbon;
however, it is an essential nutrient for green plants and important in many industries such as
glass manufacturing, laundry, crucibles, nanotubes, and cosmetics !. Interestingly, boron
compounds would be used in the treatment of brain tumors and tiny cancerous clusters since
the boron-10 isotope has a large cross-sectional area for neutrons, so it can efficiently absorb
low-energy thermal neutrons and undergoes fission into lethal particles capable of
destructing tumor cells.

Boron and carbon exhibit an important similarity: their ability to bond to themselves, resulting
in large families of discrete structures. However, boron chemical bonding with hydrogen in
boron hydride compounds (hydroborates) differs in hydrocarbons. Since the boron element
is electron deficient, it can hypercoordinate into a large scope of three-dimensional
polyhedral clusters, which have extraordinary properties that provide a wide variety of
applications. Polyhedral boron hydrides of the general formula BnHn?> (n=6-12) have
outstanding thermal, oxidative, and hydrolytic stability, especially the highly symmetric
[B1oH10]? and [B12H12]* cages. Therefore, they have attracted attention for a long time in many
applications, such as extraction of heavy metals, materials sciences, nuclear waste treatment,
and medical applications 3.

The exceptional reactivity of closo-decahydrodecaborate anion [BioH10]*> provokes extensive
investigations throughout the past fifty years of the substitution of their exo-polyhedral
(terminal) hydrogen atoms with carbon, nitrogen, oxygen, sulfur, and halogens #. Many Bio
derivatives have been evident to have unique biological activities efficient for diagnosing and
treating certain types of cancer. For instance, the [B1ogHsCO] cluster features a highly reactive
carbonyl function sensitive to all kinds of nucleophiles. It can lead to a closo-decaborate-
triethoxysilane compound [2-B1oHsCONH(CH2)3Si(OC2Hs)3]> whose silane functions can be
linked to silica nanoparticles doped with a luminescent dye, thus facilitating the tracing of the
closo-decaborated drug pathway in cancer treatments °.

On the other hand, polyoxometalates (POMs) are a discrete inorganic class of soluble
multinuclear anionic metal oxides with the general formula [MmOy]" for isopolyoxometalates
or [XxMm0,]% for heteropolyoxometalates, where X is the central heteroatom and can be a
non-metal atom such as P, Si, As, Sb while M is the main transition metal in their highest
oxidation state (usually MoY' or WY'). There is a large number of polyoxometalates that are
known in the literature with diverse structures, sizes, compositions, and properties. This
diversity makes the chemistry of POMs attractive in plenty of applications due to their high
charge density, thermal and hydrolytic stability, resistance to oxidative degradation, and
ability to electron storage.



POMs can be functionalized with organic or inorganic moieties to obtain novel tailor-made
hybrid functional POM-based molecules with synergetic properties. This allows control over
tuning their solubility, charge, electronic, and electrochemical properties. Grafting alkoxy
tripodal ligands such as tris(hydroxymethyl)aminomethane (TRIS) on Anderson POMs of the
general formula [X™(OH)sMeO15]®®™- (n = 2-8, M = addenda atom, X = heteroatom) or
aminopropyl-tri(ethoxy)silane (APTES) ligand on the nucleophilic surface of the lacunary
Keggin POM [SiW10035]® and the Dawson POM [P2W17061]*% or by replacing the nucleophilic
oxo group at the surface Lindqvist isopolyoxometalates [MsO19]> with nitrogen-based ligands
(isocyanate, phosphoimine, and aromatic amines), can enrich their chemistry, enhance their

properties and open the route for designing new compounds through post-functionalization
6

In this context, preparing new hybrid compounds combining boron clusters and
polyoxometalates would open up numerous prospects both from a fundamental and an
application point of view. In fact, Manal Diab, during her PhD thesis between 2014-2017,
succeeded to couple the carbonyl decaborate derivative [BioHoCO]” with one or two amine
groups of the TRIS-functionalized Anderson-Evans POMs and the APTES-functionalized Keggin
and Dawson POMs 78,

Building on this, the initial objectives of this PhD work were to develop new hybrids POMs by
combining POM-Borate adducts synthesized by Manal with organic ligands. However,
research work in chemistry often presents unforeseen reactions, and as we'll see in the
manuscript, we had to adapt our objectives according to the results obtained. Therefore, the
manuscript will be organized as follows.

Chapter I is divided into two parts. The first part presents generalities about POM chemistry,
with special attention paid to the hybrids POMs, while the second part presents the chemistry
of borate and its interest in biomedical applications. It also highlights the interest in combining
POMs and Borates. Finally, in the last part, we presented the initial goal of the thesis.

Chapter Il focuses on the initial objective of this PhD work, which aims to isolate and optimize
the synthesis of new adducts through post-functionalization of free amine groups in the POM-
Borate adducts with organic ligands, that would bring new advantages, including improved
stability and new synergetic properties. Since the initial objective to isolate novel POM-borate
adducts was hard to achieve, we decided to focus on the organic functionalization of
polyoxometalates in the following chapter, while decaborate clusters were investigated for
their encapsulation properties within cyclodextrins in Chapter IV.

Chapter lll presents the synthesis of three novel imido POM derivatives obtained from
coupling the aromatic amine ligands (2-aminoanthracene, 2-aminobenzophenone, and 2-
aminoanthraquinone) with the Lindgvist POM [Mos019]*. The three isolated hybrid materials
have been fully characterized in the solid-state and solution. UV-Vis studies showed that the
optical performance of the organoimido derivatives is enhanced enormously in comparison



with precursors entities. Photochemistry and photopolymerization studies have evidenced
that photosystems combining N-methyldiethanolamine (MDEA) as electron donor and these
hybrid POMs promote free-radical photopolymerization of acrylate monomer derivatives
under irradiation in the visible range.

Chapter 1V investigates for the first time the encapsulation of (EtsNH)[B1oHoNCCH3s] and
Liz[B20H1g] compounds within CD cavities to get strong association constants enough to
envision biological applications. Solution studies performed by NMR and ITC demonstrated
the formation of stable inclusion complexes driven by the chaotropic effect. The last part of
this chapter discusses the hydrogen-deuterium (H/D) exchange process and its effect on the
stability of Li2[B2oH1s] compound in D20 solutions through *H{*!B} and *'B{*H} NMR recordings
over time. It also proves that encapsulating [B2oH1s]? cluster within CD’s cavities would
protect the former from H/D exchange and reduce its degradation in an aqueous solution.
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Chapter 1: Generalities on POMs and Boron Chemistries

Polyoxometalates Chemistry

I. The development of POM chemistry

Polyoxometalates (POMs) are a discrete inorganic class of multinuclear anionic metal oxide
clusters. They are basically composed of {MO,} building blocks linked by bridging oxygen
atoms, where M stands for early transition metals in their highest oxidation state (d°, d?, e.g.,
Mo, WV, VY, NbY, TaV) 1.

Polyoxometalates chemistry emerged at the end of the 19th century, specifically in 1826,
when Berzelius reported the formation of the first POM in his publication. Berzelius noted the
formation of a yellow precipitate of ammonium dodecamolybdatophosphate complex
[NH4]3[PM012040] (heteropolyanion) resulting from mixing ammonium molybdate and
phosphoric acid 2. However, it was not until 1933 that Keggin initiated the crystallographic
studies on POMs and determined the crystal structure of hexahydrated phosphotungstic acid
H3[PW12040].6H,0 through X-ray diffraction 3.

The subsequent burgeoning of spectroscopic and electrochemical methods allows the
synthesis and characterization of novel polyoxometalates with multitudinous structures,
sizes, reactivity, and applications 4®. Polyoxometalate’s charm is attributed to its high charge
density, thermal and hydrolytic stability, resistance to oxidative degradation, and ability to
accept and release electrons reversibly without significant alterations in their structure,
making them great electron reservoirs 7. These spectacular properties reflect on a plethora of

applications ranging from medicine, catalysis, optics, and bio-nano-technology to magnetism
8-17

A tremendous number of publications and surveys are released each year related to different
aspects of POMs chemistry %131821 Sqo it will be complicated to demonstrate full-scale
information about polyoxometalate properties, derivatives, and applications. Nevertheless,
in this chapter, we will focus on the generalities of POM’s main classes, spotlight organically
functionalized POMs, and mention some interesting applications.

Il. Classification of polyoxometalates

There is a mounting number of known polyoxometalates in the literature with unmatched
physical and chemical properties, a wide range of sizes varying from a few Angstrém to tens
of nanometers, and a fruitful number of architectures and derivatives. Therefore, it isn’t easy
to distinguish between different POMs types and subtypes. However, the classification of



polyoxometalates based on their composition can be generally presented into two broad
classes: Isopolyoxometalates and Heteropolyoxometalates.

Il.1 Isopolyoxometalates [MxOy]*

Isopolyoxometalates have only one kind of transition metal center. It consists of metal oxide
fragments adapting an octahedral geometry {MOe¢} (M designates the metal center).

The production of polyoxometalate clusters is often simple and requires few steps or even
one step (one pot syntheses). It depends on variable parameters such as type of
countercations, acid, metal ions, temperature, solvent, and ionic strength. However, the pH
of the solution is considered one of the primary factors that play a critical role in architecting
the polyoxometalates 8.

Lowering the pH, for example, of a sodium molybdate solution will cause the protonation of
the tetrahedral mononuclear {MO.}* ion followed by condensation, yielding highly negative
iso-polynuclear anion of the general formula [MxO,]" (reaction 1) 22 and structures varying
from the smallest [MogO19]> to polyanions with several hundred metal centers as to the
nanosized [HxMo036801032(H20)240(SO04)48)]*® {M036s}.

XMOs™ +zH* > [MO,]” +1/2zH,0 (1)

During the condensation process, the coordination number of the metal centers changes from
four {MO4} to six {MOs}, and the building block units of the polyhedral entity become
octahedra sharing corners, edges, and rarely faces (Figure 1). There are oxygen atoms
occupying the octahedra vertices, linking between central metals (M-O-M) known as p-oxo
bridges and others at terminal non-bridging positions (M-0).

Corner-sharing Edge-sharing Face-sharing

Figure 1. Possible connectivity modes between octahedra present in POMs.? (Grey octahedra: {MOs};
black spheres: M;red spheres: O)

The most common examples of isopolyoxometalates are those with the Lindqvist structure,
heptamolybdate, and giant polyoxometalates.

Lindgvist POMs have the general molecular formula [MeO19]> (M=Mo"!, WY, VY, NbV) and
overall O, symmetry. It comprises six MOg octahedra, each with one terminal oxygen, and
shares four edges with neighboring octahedra, meaning there is a total of 12 pu;-O bridges.



Also, all octahedrons share one vertex at the central oxygen atom (us-O) in the middle of POM
(Figure 2) 24,

¢ &

Figure 2. Polyhedral (left) and ball-and-stick (right) representations of the {Ms} Lindqvist
isopolyoxometalate. (Green octahedra: {MOg}; green spheres: Mo; red spheres: O)

Lindgvist ions have recently attracted attention because of their high symmetry, negative
charge, and strongly basic surface oxygens. These make them unambiguously serve as
building blocks for designing new materials 2>72°,

Heptamolybdate has the general formula [M07024]%". Their geometry can be visualized as two
units: a front unit of four MoOg octahedrons and a back unit of three octahedrons. The front

unit is placed above the back unit, resulting in seven edge-sharing octahedrons (Figures 3-4)
30

@

Figure 3. Polyhedral (left) and ball-and-stick (right) representations of the {Mo} heptamolybdate iso-
polyoxometalate. (Green octahedra: {MOg}, green spheres: Mo; red spheres: O)




Figure 4. The front unit (orange) and back unit (blue) combine to produce the overall structure of
heptamolybdate. (Orange and blue octahedra: {MoOg})

The interest in heptamolybdate relies on its commercial availability as the precursor (Mo
source) for synthesizing new materials among different disciplines, such as fabricating
electrical material with high capacity for rechargeable batteries 32.

In the last few years, heptamolybdates have received immense attention in the biological
field, driven by their multi-electron redox stability and solubility in water. In fact, Yamase and
his coworkers were the first to report anti-tumor activity of [NHsPrils[M07024] (PM-8, NH3PRi:
isopropylammonium cation) in suppressing the growth of human cancer-nude mice systems.
Investigations were done to confirm the specificity of the heptamolybdate anion to anti-
tumor activity. Thus, the first experiment replaced the cation [NHsPri]* with [NH4]* and K*,
while the second replaced [M07024]% with CI. Interestingly, [NH3Pri]Cl shows to be ineffective;
on the contrary, both [NHs]6[M07024] and Ke[Mo07024] activities were comparable to
[NHsPri]s[M07024]. This means that the antitumor activity is associated with the
polyoxometalate, while the cation presumably enhances the solubility of the POM, hence its
bioavailability 32.

In the late 90s, Muller and his coworkers discovered a series of giant polyoxometalates with
nuclearity as high as 368 33. {Mo13,} “Keplerate” anion is one of the fascinating ultra-large
clusters because of its eye-catching hollow spherical structure (Figure 5), which can serve as
nanoflasks for catalysis and various chemical transformations 343,



Figure 5. Polyhedral representation of {Mo132}.3* (Green trigonal bipyramids: {Mo"'0;}; blue octahedra:
{M0"'0¢}; red octahedra: {Mo"Og})

Dissolving the readily available ammonium heptamolybdate in an aqueous solution under
appropriate pH and in the presence of a reducing agent causes partial reduction of Mo(VI)
into Mo(V) and spontaneous assembly of molybdenum building blocks 3°. In this sense, the
Mo"' (total 72 Mo atoms) assemble into twelve pentagons, which can be described as a
central trigonal bipyramidal MoO> surrounded by five MoOg octahedra {(Mo"' (Mo"'s)}, linked
by binuclear 30 MoV, spacers (total 60 Mo") which are stabilized by bidentate ligands (Figure
6). Therefore, the general formula of {Moi3;} can be simply illustrated as
[(pentagon)iz(Linker)so(Ligand)so] = [(Mo{Mos})12(M020a4)30(Ligand)so] (ligand can be CH3COO"
, HCOO, H2PO4, SO4%, PO4>) 3738,

-
————
-

12 {(Mo" (Mo*",)}
pentagons

Mo, 0, flexible pores

Figure 6. Diagram of the structural building blocks of {Mo132}.33 (Green trigonal bipyramids: {Mo"'0;};
blue octahedra: {Mo"'O¢}; red octahedra: {Mo"Os}; red spheres: Mo(V); blue spheres: Mo(VI); grey
spheres: O belonging to the bidentate ligand)



{Mo13;} capsule comprises twenty MogOy flexible pores of 3nm diameter, giving access to a
700 A3internal central cavity. These unique features and properties allow the Keplerate anion
to encapsulate many guest molecules (inorganic host-guest complex) and selectively
exchange water and small cations with the surrounding environment (modeling cell

39-42

membranes) in addition to many promising applications in catalysis , electric conductivity

43, non-linear optics 4+*, liquid crystals 4748, vesicles %°, and “blackberry” aggregates *°.

Many other nicely shaped giant POMs are well-documented in the literature known by
molybdenum  blue such as {Moisa} [Mo01540462H14(H20)70]** and  {Moae}
[M01760s28H16(H20)s0] % (Figure 7) >%°! which are constructed from the same pentagonal
building blocks {MoMos} as the molybdenum brown {Mo13,}, however, they have a wheel-like
shape of 3.4 and 4.1 nm diameter, respectively. Interestingly, specific sites of the ring
structure possess nucleophilic character and thus act like receptors for some cations and sites
for chemical transformations.

Figure 7. Polyhedral representation of structures of the "big wheels" a) {Mois4}, b) {Mo17}, and the
"blue lemon" ¢) {Mosss}.>3 (Grey & red polyhedra: {Mo"'} units ; blue polyhedra: {MoV} units)

1.2 Heteropolyoxometalates [XmMxOy]*

Heteropolyoxometalates [XmMxOy]P" comprises two types of atoms, the addenda transition
metal M (usually Mo or W) and the heteroatom X, which may be non-metal p block elements
(P, Si, As, Sb, etc.) or other transition metal (Co, Fe, Mn, etc.). They are synthesized by
condensing simple monomeric oxo anions of the heteroatom X and the addenda element in
an acidic medium (reaction 2) %2. The addenda atom condenses into octahedron units {MOg}x
sharing edges and corners, creating central cavities occupied by heteroatoms whose
coordination mode varies between tetrahedron, trigonal, or octahedron.

m X04* +x MOs™ + z H* & [XmMxOy]” +1/22H,0 (2)



Despite the structural variety of heteropolyoxometalates, three classical types: Anderson-
Evans °2 ([XMgO24]", noted {XMs}), Keggin ([XM12040]" 3, noted {XM12}), and Well-Dawson >3
([X2M18062]° noted {X2M1s}) POMs have been dominantly studied throughout history, and
named after the researcher who discovered them. Details about these structures will be
discussed below.

11.2.1 Anderson structure [Hy(X0)sMgO15]"

Anderson structure was proposed by J.S. Anderson in 1937 2 and later confirmed by E.T.
Evans °>*through X-ray diffraction of [TeM0s024]®". This polyoxometalate has a flat circular
structure with a central heteroatom octahedron {XOs} (X = d or p block elements) sharing
edges with six surrounding octahedra {MOs} (M=Mo, W) (Figures 8a, c). There are three
distinguished coordination modes of oxygen atoms: twelve terminal oxygen atoms (O)
attached to the metal centers and twelve bridged-oxygen atoms (u-O): six double-bridged
oxygen atoms (U2-O) are shared between addenda metal atoms, while another six triple-
bridged oxygen atoms (u3-0) are shared between two addenda metal atoms and the central
heteroatom (Figure 8b) >°.

Top view

Side view

Figure 8. Representations of the top view of Anderson structure in a) polyhedra, b) ball-and-stick, and
¢) the polyhedral side view.>>*¢ (Turquoise octahedra: {MOs}; grey octahedra: XOs; turquoise spheres:
M ddenda atom; grey sphere: X heteroatom; red spheres: O)

According to the state of the six pus3-O, whether protonated or not, two types of Anderson
structures are described (Figure 9).The non-protonated A-type of the general formula
[(X"*06)Me015]*2 " with the central heteroatom X™ in high oxidation state (e.g., Te", V) 7
and the protonated B-type of the general formula [X™*(OH)sMeO1s]®™- with the central
heteroatom in lower oxidation state (e.g., Cr"', Fe!", A"\, Mn'!') 5859,
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A-type

Figure 9. Representation of side view of the A-type and B-type (three protons at each side) of Anderson
structure.”® (Grey sphere: X; red spheres: O; turquoise spheres: M; yellow spheres: H)

Anderson-type POM is a highly flexible structure since it can undergo various modifications:
(1) varying the central heteroatom, which impacts the stability and solubility of the POM; (2)
incorporating inorganic and/or organic cations to design supramolecular architectures, and
(3) replacing the surface protons in B-type Anderson POM with organic moieties which tunes
the physical and chemical properties of the inorganic and organic parts -3,

Modifying the central heteroatoms in the Anderson structure has a unique role in
constructing catalytic systems that bio-mimic the enzymatic oxidation systems in the human
body. In this sense, systems such as Na3[Cr(OH)sMoe01s] and (NH4)3[Co(OH)sMo0s01s] show an
extraordinary performance in aerobic oxidation desulfurization of sulfur oxides (SOx) under
mild conditions. These POMs can substitute the expensive, non-safe traditional techniques to

reduce sulfur oxides emissions from fuel compositions causing acid rain and air pollution
60,61,64

Another important role of Anderson-type POM is demonstrated as an efficient, recyclable,
easy-to-make catalyst in organic transformations, like Cu-based Anderson POM
[Cu(OH)sMos01s]? used as an oxidation catalyst to the aldehyde in water, or the Fe based one
[Fe(OH)sMos01s]> used in aerobic oxidation of aldehydes/ketones and amine, and last but
not least [IM06024]>" in the oxidation of alcohols 6>°,

In biology, Tellurium-centered Anderson-Evans Polyoxotungstate [TeWg024]% is used
extensively in protein crystallography since it fulfills the crystallization requirements: high
solubility in water, stability under crystallization conditions at pH range 4-9, ability to interact
with the protein while maintaining its integrity 677,

11.2.2 Keggin structure [XM12040]”

It comprises twelve {MO¢} (M= Mo, W) octahedra surrounding a central heteroatom of
tetrahedron configuration {XOa}. Every three octahedra aggregate by edge-sharing into one
trimeric unit {Ms013}, so there is a total of four units interconnected to each other and the
central heteroatom by corner-sharing through bridging oxygen atoms. The overall view of the
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Keggin structure has three regions: the top and bottom with three octahedra each, and six
octahedra in the middle (Figure 10) %2.

Figure 10. Representation of the {a-XM 12} Keggin structure highlighting the four distinct {Ms01s} triads
and the central tetrahedron {XO.} . (The four {Ms01s} units are differentiated by the colors: brown,
blue, green, and purple; yellow tetrahedron: {XO.}; red spheres: O)

Figgis and Baker predicted that this parent Keggin structure, designated as a-structure, could
isomerize into four geometrical isomers of lower symmetry through rotation of the triads by
60°C around a three-fold axis of rotation (Figure 11). Rotation of one, two, three, or four triads
results in B, v, 8 ,and € isomers, respectively ’°, the o and 3 isomers being the most stable.
However, the rare €-Keggin structure can be stabilized by transition metals capping groups;
for example, Mialane et al. reported the first [(E-PM012036)(OH)s-{La(H20)4}4]>* rare €-Keggin
structure stabilized by four capping {La(H20)4}** groups giving its net positive charge 7*.

R [ -isomer 60°C
a-isomer
2 I
‘ > 6 >
. ~ &Y
4 * 3
& -isomer y-isomer & -isomer

Figure 11. Polyhedral representation of the different isomers of Keggin POM.”? (The brown octahedra
show the {Ms013} units, which have been rotated 60°C with respect to the a-isomer, and the yellow
sphere is the heteroatom X)
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11.2.2.1 Lacunary POMs derived from Keggin structure

Lacunary or vacant polyoxometalates result from alkaline hydrolysis of single {MO} to multiple
metal fragments {MxOay} in the saturated (plenary) polyoxometalates, forming vacant sites.
The unsaturation degree in lacunary polyoxometalates, whether monovacant [XM11039]"
{XM11}, divacant [XM10036]? {XM10}, or trivacant [XMgO3a]? {XMo}, is amazingly defined by
strict pH values of the solution: the more basic the solution, the more lacunary the resulting
POMs. Therefore, fine-managing of synthetic parameters, temperature, heteroatom nature,
ionic strength, and buffer capacity is critical in defining the lacunary POM's formation,
stability, and equilibrium 3.

This is magnificently illustrated with Keggin POMs synthesis, particularly the tungstosilicate
anions [SiWxOy]P, representing the most spectacular example of many stable plenary and
lacunary POM species that can be selectively isolated starting either from alkaline hydrolysis
of the isomers of the plenary [SiW12040]% or acidic condensation of simple WO4?oxoanions
and metasilicate SiOs%, as shown in figure 12 7°,

[0-SiW12040]* and [B-SiW12040]* are only stable at very low pH (pH<2). Increasing the pH
strictly to pH=6-8 will cause their partial decomposition into the monolacunary [o-SiW11039]%
and the [B2-SiW11030]%, respectively. The latter isn’t stable; thus, it will isomerize from B,—
B3 to the most stable a isomer 74, In all B-isomers, one triad is rotated by 60°C with respect to
the a isomer; however, the location of the removed octahedron varies among them. In B,
the octahedron is removed from the triad adjacent to the rotated one. In 3, the vacant site
is on the belt (middle), while in B3, it is part of the rotated triad. Dilacunary [y-SiW10036H]”" is
prepared at pH=9 from the hydrolysis of monolacunary [B2-SiW11030]¥. Trilacunary Keggin,
whether it is o or B isomers, is known as A-type when derived from the loss of three shared
octahedra from three different triads. [A-o-SiW9034]1% is prepared by hydrolysis of the
monolacunary POMs [a-SiW11039]% at pH=9, whereas [A-B-SiWs032H]> more easily from the
condensation of WO4%and SiO3% at pH=9.
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[A-c-SiW,0,,J1

H*, WO,

HO-

[a-SiW,,0,,]% [3;-SiW,,0;]* [, -SiIW,,0;34]* [B;-SiW,,034)°

wwo_

[er-SiW ;04" [B-5IW1,0,0]*

Figure 12. Chemical equilibria between the various silicotungstate isomers derived from the Keggin
structure.” (Violet octahedra: {WQg}; yellow sphere: heteroatom Si)

In plenary POMs the external oxo ligands inert. In contrast, removing one, two, or three metal
centers leads to lacunary POMs with electrons localized on the terminal oxo ligands of the
lacunas. As a result, they exhibit nucleophilic character. The monolacunary [SiW1103s]®
(noted {SiW11}) and dilacunary [y-SiW10036H]”- (noted {SiWio}) POMs have four terminal
nucleophilic oxygen atoms, while there are six in the trilacunary [SiWs034]'% (noted {SiWs})
(Figure 13).

Nucleophilic oxygens
/\

{a-Siw,,} {y-SiW,o} {a-SiW,}

Figure 13. Polyhedral representations showing the nucleophilic oxygens of lacunary Keggin structures

{a-SiW11}, {7-SiW1o}, and {a-SiWs}.?? (Violet octahedra: {WOs}; green tetrahedron: {SiO4}, red spheres:
0)
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It is worth mentioning that the coordination of di-lacunary Keggin heteropolyanion with
various transition metals, including manganese, iron, cobalt, chromium, nickel, and noble
atoms, has been exploited intensely as a catalyst in the field of organic chemical industries 7°.

Lacunary POMs thus behave as multidentate ligands that couple to electrophiles as transition
metals (Cu, V, Mn, Fe, Pd) or p-block elements (Si, P, Sn). Indeed, thousands of transition-
metal-substituted POMs (TMSP) have been published to possess highly efficient catalytic
activity. Mizuno group, for instance, elaborated several examples of catalysts based on y-
SiWio (Figure 14a), such as dipalladium-substituted vy-Keggin silicotungstate [y-
SiW10036Pd2(0AC),]® (Figure 14b). Many pharmaceutical, agricultural, plastic, detergent, and
lubricant industries use the latter as a catalyst for producing amide from nitrile hydration 7.
Also, divanadium-substituted y-Keggin silicotungstate [y-SiW1003sV2(OH),]* shows impressive
selectivity and efficiency for epoxidation of alkenes with hydrogen peroxide (Figure 14c) 7778,

s

a) B2 SCES W 4

Figure 14. Representations of plenary Keggin a) y-SiW1o, b) Dipalladium (I1) substituted y-SiW10,”® and
¢) Divanadium (V) substituted y-SiW1o.”® (Blue octahedra: {WO¢}; grey tetrahedron: {SiO4}; green
spheres: Pd (1l); grey spheres: C; yellow spheres: V(V); Red spheres: O)

11.2.3 Wells-Dawson structure [X2M13062]"

It can be visualized as the fusion of two half units of the trivacant Keggin POM {A-XMoQ34}*
linked through nearly linear M-O-M (162°) corner shared junctions (Figure 15) 7°.

Figure 15. Structural combination of two Keggin type POMs {A-XMsOs4}" (left) forming Wells-Dawson
POM (right).” (The two half units {A-XMsOs4}°- are differentiated by the colors pink and green. (Pink
and green octahedra: {MOg}; yellow tetrahedra: {XO.}; red spheres: O)
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Hence, it consists of three parts: two caps, each composed of three {MOg} octahedra, and two
central belts, each composed of six octahedra, whereas the two heteroatoms (X) are in the
vacancies of the half units. Wells-Dawson, or simply Dawson structure, as Keggin POM, has
many possible isomers since the two triad groups at the extremities could successively rotate
by 60°C. However, the a isomer, which has two identical half-units shown in Figure 15 exhibits
Dsn symmetry, is the most stable (Figure 16) .

Belts

Figure 16. Polyhedral presentation of Well-Dawson structure [X.M1s0¢,]". (Grey and purple octahedra:
{MOg}; yellow tetrahedra: {XO4}; red spheres: O)

11.2.3.1 Lacunary POMs derived from Dawson structure

Like many heteropolyoxo-anions, the Well-Dawson structure [X2M180e2]° can lose MO units
under controlled alkaline hydrolysis. Contrary to the Keggin structure, their direct synthesis
through acidic condensation of the oxides of the addenda atom M and the simple heteroatom
anions is not reported.

For [o-X2M180s2]P Dawson isomers, mono-, tri-, and hexalacunary species have been isolated
(Figure 17). There are two monolacunary isomers, [01-X2M17061]" and [a2-X2M17061]™
{XaM17}, resulting from the loss of a single octahedron from the belt or the cap, respectively,
thus there are four nucleophilic oxygen sites exposed at the surface on the lacuna. Trilacunary
structures [o.-X2M15056]P {X2M1s} are obtained by removing a full cap triad (three octahedra),
while hexalacunary structures [0i-X2M12045]? {XoM12} result from removing one face (six
octahedra) from the {X;Mss} structure, one octahedron from each of the triads and four from
the double belts, meaning there are eight nucleophilic sites 8182,
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[a,-X;M ;04,0 [a,;X;M,,04,)" [a-X,M, 05" [a-X;M 130 4]

Figure 17. Polyhedral representation of mono-, tri-, and hexalacunary Wells-Dawson derivatives
derived from the plenary structure. (The turquoise octahedra show the {MOs} units which have been
lost, resulting in lacunary POM, and the yellow tetrahedron is {XO4})

As lacunary Keggin POMs, the oxygen atoms at the vacant site of lacunary Dawson structures
also exhibit nucleophilic character; hence, they anchor to transition metals and
organometallic moieties. Incorporation with metals of high oxidation state and multiple
coordination sites results in incredibly sophisticated structures comprising multiple lacunary
POM clusters linked at their vacant sites through organometallic multidentate ligands.
Monolacunary POM {P,Wi7} can form triangular trimeric species as the [{o.-
P2W17061(Si20)}3(p-0)3]*® complex (Figure 18a) 83, made up of three POM clusters connected
through Si-O-Si bridges. Moreover, trilacunary {P2Wis} can dimerize into sandwich-like
configuration [(02-P2W150s6)2Cua(H20)2]%¢ having tetrameric Cus(H20)2 cluster in between
(Figure 18b) 84,
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Figure 18. Mixed representation of a) [{az-P:W17061(Si20)}s(u-0)3]*% 8 and  b) [(cz-
P,W150s56):Cus(H20)2]*6 .2 (Blue octahedra: {WOs}; grey tetrahedra: {PO.}; green spheres: Si; light blue
spheres: Cu; red spheres: O)

In addition, Wells-Dawson polyoxometalates functionalized with Hf (IV), Zr (1V), and Ln (La,
Sm, Eu, and Yb) present an emergent class as catalysts in lewis acid-mediated organic
reactions. Combining both entities results in a synergy of their properties; POMs are electron
acceptors, and early transition metals and lanthanides are oxophilic. Thus, Lanthanide and
Hafnium complexes of the monovacant Dawson polyoxometalates (TBA)sHz[o1-Ln(H20)a-
P2W17061] and (TBA)sK[oui-Hf(H20)a-P2W17061] (Figure 19a) act as recoverable and selective
catalysts in aldol reactions 8. In the proteomics (the study of proteins in organisms) and
biotechnology field, Zr(P2W17061): (Figure 19b) was found to be an efficient Lewis acid catalyst
for peptide bond hydrolysis 6.

Figure 19. Mixed polyhedral representation of a) [ai-X(H20)s-P2W1706:]° ,(X=Ln,Hf) & and b)
X(P:W17061)2 (X=2r).%° (Green octahedra: {WOe}; blue tetrahedra: {PO.}; black sphere: (X=Ln, Hf, or Zr);
red spheres: O)
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lll. Covalent Functionalization: "hybrid POMs"

Hybrid POM can be categorized based on the type of interaction between the organic and
inorganic moieties. Non-covalent interactions between the two moieties (i.e., Hydrogen
bonds, electrostatic interactions, and van der Waals interactions) fall under class I. On the
other hand, in class Il, covalent bonds connect the organic and inorganic moieties 2%. Organic
ligands can be joined directly to the metallic core by replacing the nucleophilic oxo group at
the surface of POM. In the case of Lindqvist isopolyoxometalates [M0gO19]%, the Mo-Oterminal
is replaced with an Mo=N bond in the reactions with nitrogen-based ligands (isocyanate,
phosphoimine, and aromatic amines) &’.

In the Anderson-type POMs, organic covalent interaction is only reported with tris alkoxy
ligands RC(CH2,0H)s, described in detail in this chapter. While in lacunary Keggin and Well-
Dawson POMs, the oxygen atoms that are concentrated on their surface have a nucleophilic
nature, making them good derivatization precursors with electrophilic organic groups via p-
elements (Si, P, Sn, Ge, etc.) %,

Several advantages are thus available when applying this approach, including control of the
interaction between the different domains, improved assembly stability, and combining the
properties of both parts. This strategy was thus used to synthesize a large library of new
hybrid species with interesting architectures and properties. The tremendous potentialities
of heteropolyoxometalates: Anderson, Keggin, and Dawson in terms of functionalization by
organic groups will be discussed in this part. In particular, alkoxylation of Anderson POM and
organosilylation of Keggin and Well-Dawson POM.

I1l.1 Organoalkoxy Anderson-type derivatives

Organoalkoxylation of Anderson polyoxometalates presents one of the most prominent
branches in the covalent hybrid POM family. This is because multidentate alkoxy ligands will
favorably replace through a dehydrative condensation reactions, the H* protons of six triple
bridged oxygen atoms (u3-OH) on the planar surface of B-type Anderson POM
[X"*(OH)sMs015]® ™). Consequently, the resulting strong metal-oxygen-carbon bond improves
the stability of the POM-hybrid in organic media and, at the same time, enhances their
compatibility with water >6:6>88,

Since the six p3-O atoms are symmetrically distributed on both sides of the planar Dsn
Anderson POM, meaning three on each side of the plane, their reactivity is identical so that
both sides would be simultaneously functionalized with the same alkoxy tripodal ligand such
as tris(hydroxymethyl) methane derivatives RC(CH,0OH)s (R=NO;, CHs, CH,OH) resulting
naturally in  symmetrical double-sided functionalized Anderson  derivative

[{RC(CH20)3]1}2XM6015]* (X=Mn'", Fe'') as was initially reported by Hasenknopf et al. in 2002
89,90
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Their traditional route for preparing [XMogO1s{(OCH2)3-CR}]* ((X=Mn", Fe'!, R=NO,, CHs,
CH,0H, CH2NH3) was refluxing 1 equiv. of tetrabutylammonium octamolybdate TBAs[MogOz¢]
with 1.5 equiv. of acetylacetonate or acetate salts of the templating heteroatoms (X=Mn"",
Fe'') and 3 equiv. of tris-(alkoxo) ligand in an organic solvent, usually acetonitrile (Figure 20).
However, there were a few drawbacks related to the low solubility of heteroatom salts in
organic solvents besides the multistep synthesis needed to successfully isolate the desired
derivative, starting from preparing the octamolybdate precursor through condensation of
dimolybdate anion under acidic conditions and ending with isolating and purification of the

s

derivative °1.

{M0207}2- HCI {M08026}4- OHOH OH

. X(OAc),, Reflux Acetonitrile
Dimolybdate Octamolybdate ( :

Figure 20. The traditional way of synthesis of symmetrical double-sided tris-alkoxo functionalized
Anderson derivatives.®? (Turquoise octahedra: {MoOg}; grey octahedra: {XO4}; red spheres: C; yellow
spheres: R)

Alternatively, a more recent, highly efficient, and eco-friendly procedure was reported for
synthesizing double-sided tris-alkoxo functionalized Anderson derivatives consisting of
reacting heteroatom salt and Tris ligand directly from heptamolybdate anion in an aqueous
medium inside one pot (hydrothermal procedure) (Figure 21) °.

s

6- Heteroatom X**
{Mo,0,,}

Heptamolybdate Tris-alkoxo ligand
H,0,reflux

Figure 21. Hydrothermal process for the synthesis of symmetrical double-sided functionalized
Anderson POM.®! (Turquoise octahedra: {MoOg}; grey octahedra: {XO.}; red spheres: C; yellow spheres:
R)

Double amine functionalized Anderson type POM [MnMosO1s{(OCH2)3-CNH,},]*, denoted as
MnMos-(Tris-NH3)2, is the most popular stable and easy-to-prepare platform in double-sided
organoalkoxy functionalized Anderson POMs. They can undergo further condensation
reactions, forming new bonds such as amide, ester, and imine °°. For instance, Dai’s group
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successfully prepared MnMoe-(Tris-bisDOPA), (Figure 22a) as a flame retardant compound
for epoxy resin (EP), a polymer used in electronic packaging, coatings, and adhesives 3.

a) MnMo,(Tris-bisDOPA),

VI
\
O

O=

Figure 22. Structures of a) MnMog-(Tris-bisDOPA),, b) bisDOPA, and c) DOPO reagent.” (Turquoise
octahedra: {MoOg}; grey octahedra: {XO4})

Since DOPO (9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) (Figure 22c) reagent
has a high affinity to polymers and flame retardance ¢, while on the other hand, molybdenum
and manganese precursors, MoOs and MnO,, are also effective flame retardants and smoke
suppression agents °>. Therefore, combining NH2-MnMoe-NH> with the bisDOPA reagent
(Figure 22b) would tune their properties. The MnMos-(Tris-bisDOPA), hybrid enhances the
mechanical properties of epoxy resin, as it would be loaded into the polymer without
damaging it. Moreover, it enhances the resin's thermal stability, preventing harmful smoke
release.

Another example of double-sided organoalkoxy functionalized Anderson is the Mn-Anderson
type POM covalently linked to two SPtris entities, denoted as
(TBA)3[MNnMogO18{(OCH2)3CNHC21H19N204}2]  (Figure 23), which constitute a unique
photochromic and multi-electrochromic materials, combining for the first time in a single
molecule the optical properties of such organic and inorganic components °®,
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Figure 23. Mixed polyhedral and ball-and-stick representation of di-SPtris functionalized MnMos.*®
(Turquoise octahedra: {MoOe}; grey octahedra: {XO4}; grey spheres: C; blue spheres: N; red spheres: O)

It was until 2011 that the Wei group announced the synthesis of the first single-sided
functionalized Anderson polyoxometalate {RC(CH20H)3X(OH)3sMgO1s}> (R=HOCH>, X=Cr") in
the aqueous medium rather than organic medium (Figure 24) because the degree of
protonation is influential in selective functionalization of Anderson POM with two (double-
sided) or one triol ligand (single sides) since excess protonation will cause temporary
passivation of ps-OH toward further alkoxylation 7.

Heteroatom X** % :
{Mo,0, )5 —— . OHOH OH
Heptamolybdate HCI H,O,Reflux
| |

Figure 24. Hydrothermal process for the synthesis of asymmetrical single-sided functionalized

Anderson POM.*? (Turquoise octahedra: {MoOs}; grey octahedra: {XO4}; red spheres: C; light yellow
spheres: R; dark yellow spheres: H)

An interesting example of single-sided functionalized Anderson-type POM that exhibits
importance in the medical sector is (TBA)3[Al(OH)3Mo0s01s-{(OCH2)sCNHCOC11H23}], denoted
as {AIMoe-LA} (Figure 25) which consists of hexamolybdoaluminate POM linked, via amide
bond to a long fatty acid chain called lauric acid (LA, C12H1203). {AIMos-LA} POM hybrid has
an affinity to binding sites of human serum albumin (HAS), the main protein in blood plasma
that transports various biomolecules through the bloodstream as fatty acids so that it can act
as a vehicle for bioactive POMs %,
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Figure 25. Synthesis of AIMoe-LA.%® (Turquoise octahedra: {MoOs}; grey octahedra: {AlO4})

1.2 Organosilyl Keggin-type POM Derivatives

Organosilylation of the di-lacunary Keggin-type polyoxotungstate [y-SiW10036]% consists of
anchoring dimeric [(RSi).0]*" or cyclotetrasiloxane [(RSiO)4]** groups (R: organic part) into the
terminal tetra nucleophilic oxygen atoms of the POM cluster, resulting in bis-and
tetrakis(organosilyl) decatungstosilicate anions, [y-SiW10036(RSi)20]* (1) and [y-
SiW10036(RSi0)4]* (2), respectively (Figure 26).

R

R
Ssie

O ..~ i~ 8]
) R—gi~0~gfR

(1) (2)

Figure 26. Proposed structures for [y-SiW1003s(RSi):0]* (1) and [y~ SiW1003s(RSiO)a]* (2).% (blue
octahedra: {WOg}; green tetrahedron: {SiWQ,})
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Mayer and his coworkers confirmed the formation of these POM-hybrids with NMR studies
(*¥3W and 2°Si) in association with MALDI-TOF spectrometry. They mentioned that
organosiloxane ligands are connected to the POM core through covalent p-oxo bridges (W-O-
Si) between tungsten atoms at the heteropolyanion surface and silicon atoms of the
organosiloxane moieties. In both topologies, there is retention in the (C2y) symmetry of [y-
SiW10036]® framework. More precisely, two and four organic pendant arms are connected to
the POM cluster in [y-SiW10036(RSiO)a]* and [y-SiW10036(RSi)20]* (R=H, vinyl, -CsHsOC(O)C-
(Me)=CH,, phenyl), respectively (Figure 27) *°.

Pendant Arms

p-oxo bridges

POM Core

(1)

Figure 27. Representation of the components of [ -SiW10036(RSi).0]* (1) and [y~ SiW10036(RSiO)4]* (2).%°
(R=H, vinyl, -CsHs0C(0O)C- (Me)=CH,, phenyl; White spheres: O; black spheres: C)

In general, synthesis of organosilyl derivatives of [y-SiW10036]% results from mixing the latter
with trialkoxysilane (RSi(OR’)s (R’ = alkyl group), in the presence of hydrochloric acid in
acetonitrile/water mixture. Selective formation of either (1) or (2) is dependent on the
stoichiometric ratio of the precursors [y-SiW10036]®/RSi(OR’); during the synthetic procedure,
whether SiW10/RSi =1/2 or 1/4, respectively *. Scheme 4 gives a better understanding of the
mechanistic details of the functionalization process.

RSi(OR')s + 3H0 ——» RSi(OH)s + 3R'OH
[Y-SiW10035]8' + 2RSi(OH)3 + 4H* —P[Y -SiW1oOgs(RSi)zO]4' + 5H,0
[y -SiW10036]® + 4RSi(OH)3 + 4H* ——— [y -SiW10036(RSiO)4]* + 8H,0

Scheme 4: Synthesis of [1-SiW10036(RSi)>0]*and [y -SiW10036(RSiO)4]*.%°

Double ligation of bis-lacunary Keggin POMs with two aminopropyl trialkoxysilane spacers
(INH2(CH32)3Si(OR’)]) in the presence of acid provides two terminal free amino groups in the
POM-derivative [y-SiW10036(NH2(CH.)3Si)20]* (Figure 28), which are accessible for different
post-functionalization routes such as condensation reactions with various nucleophiles
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bringing out new functional groups like amide, imine, and sulfonamide alluring in a broad
scope of applications.

Figure 28. Structure of [y-SiW10036(NH(CH>)sSi).0]*.%° (Blue spheres: W; red spheres: O; grey sphere:
Si)

Post-functionalization is a valuable tool for installing bis-pyrene units into [y-
SiW10036(NH2(CH2)3Si)20]* via covalent sulfonamide bonds formed due to reaction between
pendant bis-amino groups anchored to 3-aminopropylsilane and pyrene sulfonyl chloride, in
the presence of triethylamine base in acetonitrile solution 9101 Engineering of [y-
SiW10036{(C16H9)SO2NH(CH2)3Si},0]* with terminal aromatic groups arranged in a tweezer-
like shape (Figure 29) directs supramolecular hydrophobic and electrostatic interactions (n-w
stacking) between POM-bis pyrene tweezer and carbon nanostructures (CNS) as Ceso, C70, and
Carbon nanotubes (CNTs) 101,

POM core

POM-bis pyrene tweezer

Figure 29. Structure of [y-SiW10036{(C16Hs)SO,NH(CH,)3Si},0]* that has a tweezer-like shape.'** (Blue
spheres: W; red spheres: O; grey sphere: Si)
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Self-assembled Keggin POM hybrids/carbon nanotubes have a unique fingerprint in dealing
with worldwide challenges concerning the urgent need for sustainable and durable energy.
This is obvious in their current applications in energy storage (electrodes for rechargeable
lithium batteries and supercapacitors), electrocatalysis for water splitting in hydrogen fuel
production, and, last but not least, sensor devices for environmental pollutants.

Another example of covalently derivatized [y-SiW10036]® are those with two appendant alkyl
thiols functions, which have been proven to offer robust stabilization for POM-based
nanoparticle hybrids used as highly efficient and selective performance binary catalyst system
for organic reactions (e.g., Carbon-carbon coupling reactions, aerobic oxidation of
methane...).

Grafting [y-SiW10036{O(Si(CH2)3-SH>),}]* sulfide derivative, designated as [POM-(SH)2]*, into
gold nanoparticles, leads to the generation of POM-Au nanoscale hybrid systems of promising
applications in catalysis 1°2, Notably, the dilacunary Keggin [y-SiW10036]® was firstly
functionalized with dimeric (sulfanylpropyl)-silyl ligand (RSi-O-SiR where R is -C3HeSH), and
secondly adsorbed into the surface of Au nanoparticles (Figure 30).Notably, mixing
noncoupled Keggin POM and Au nanoparticles solutions will cause a reduction of the POM.
Hence, prefunctionalization of the POM is essential to protect it from reduction. Moreover,
the organosilyl ligand {(Si(CH2)3-SH2).} acts as a spacer and linker between the gold particles
and the parent Keggin POM since it is covalently attached to the Au nanoparticle through the
thiol groups while covalently attached to the POM through silyl groups. Remarkably, the thiol
groups stabilize the connection between the nanoparticles by preventing them from
desorption from the nanoparticle’s surface. On the other hand, tetrabutylammonium (TBA*)
counteraction associated with [POM-(SH).]* renders it soluble in acetonitrile/water mixtures.

4

POM core

[POM-(SH),]* POM-Au

Figure 30. Grafting [y-SiW10036{O(Si(CH:)s-SH2):}]* into the surface of Au-nanoparticles through R-S-
Au bridges.’®? (Blue spheres: W; red spheres: O; grey sphere: Si)
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111.3 Organosilyl Well-Dawson-type POM derivatives

Similarly, Well-Dawson POMs containing thiol groups are employed to manufacture
nanocomposite hybrid materials by covalent grafting of bis(silyl) mercaptopropyl monovacant
Dawson anion [o2-P2W17061(HSC3HeSi)201% into the shell of chlorobenzyl functionalized
nanopolymer core, dispersed in an aqueous medium. Well-Dawson POMs shell acts as a
protective coat, contributing to the colloidal stability of the shell-core hybrid system (Figure
31) 103,

POM_

Cl

o RT

Cl

P,W,,-(SH),

Figure 31. Grafting of [c-P:W1,061(HSC3HeSi):0]% into the shell of chlorobenzyl functionalized
nanopolymer.’% (Purple octahedra: {WOs}; green tetrahedra: {PO4}; red spheres: O)

Well-Dawson organosilyl derivatives having two appendant azide groups [o.-
P2W17061{O(SiAr-N3)2}1® 04 are excellent starting materials for synthesizing POM-
Photosensitizer hybrids (POM-PS) by reacting via copper-catalyzed azide alkynes
cycloaddition (CuAAC) mechanism with organometallic photosensitizers (metalloporphyrin
compounds, Metals (M) =Ir'"", Zn", Ru") bearing terminal alkyne group (Figure 32). These
systems have spectacular photophysical and optical properties useful in artificial
photosynthesis. The high electron affinity of the POM cluster combined with the visible
absorption range of the organometallic photosensitizers are ideal for harvesting solar energy
into chemical energy by mimicking the mechanism of green plants 1%,
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tBu tBu

Figure 32. Synthesis of photosensitized POM-based hybrids from [c2-P,W1706:1{O(SiAr-Ns),}]°. 10106
(Metals (M)=Ir'"", Zn", Ru"; purple octahedra: {WOg}; green tetrahedra: {PO4}; red spheres: O)

IV. Conclusion

The chemistry of POMs is so rich that we could mention just a small number of multifunctional
POM systems out of the other many examples in the literature. Also, the importance of
functionalized POMs by organic groups leads to versatile platforms for creating novel
functional hybrids with synergetic properties, displaying different properties and
applications.
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Borate Chemistry

l. Generalities

The chemistry of boron hydrides or boranes emerged many years ago by Alfred Stock and
coworkers in 1912. Stock named them “boranes” after their analog hydrocarbons, “alkanes”,
hydrides of carbon element (C) adjacent to boron in the periodic table 7. Both boron 108109
and carbon share the same property known as catenation, defined as the ability of the
element to be covalently bound to itself many times; however, modes of chemical bonding in

the two elements are different 110111,

Carbon bonding with hydrogen or with itself is simple. It consists of 2c-2e bonds (two centers-
two electrons) where the two atoms share a pair of electrons, forming chains and cyclic
structures in one or two-dimensional planes. In contrast, boron chemical bonding is strikingly
unusual and has been problematic for many years since boron element is electron deficient,
which means there are fewer bonding electrons than boron atoms *'%; hence, 2e-2c can’t be
the only bonding type in boron hydride compounds.

William N. Lipscomb tackled this dilemma in his Noble prize awarded work of 1976, titled
"Studies on the structure of boranes illuminating problems of chemical bonding". He
addressed unfamiliar bonds B-B-B and B-H-B, known as 3c-2e bonds (three centers-two
electrons), involving three atoms sharing two electrons. These are crucially formed due to the
deficiency in bonding electrons. Boron hydride atoms hypercoordinate into three-
dimensional polyhedral clusters, or, more specifically, cages, since boron atoms only occupy

the outer vertices of the polyhedra while the interior is empty 12113,

Boron hydrides are classified based on structure into three main classes: closo, nido, and
arachno boranes (Figure 33). Closo-boranes are closed deltahedra with triangular faces of
boron vertices (BBB) and general formula BnHn?" (n=6-12) (Figure 34). Their name closo- comes
from the Greek word "clovos” which means cage, because B-H groups occupy the vertices of
the triangulated polyhedron while its interior is empty. On the other hand, nido-(BnHn+4) and
arachno-(BnHn+s) boranes are opened deltahedra derived by removing one or two boron
vertices from the parent closo-boranes, respectively. The prefixes nido- and arachno-
describes the structures of these open boranes, coming from the Latin word “nidus=nest” and

the Greek word "arachne=spider”, respectively 114,
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Figure 33. Polyhedron structures of closo-, nido-, and arachno-boranes.*** (Turquoise spheres: B; red
spheres: H)

& @

[BsHs]* [BgHgl* (B,H,]* (BgHgl*
Trigonal Octahedron Pentagonal Dodecahedron
bipyramid bipyramid
[BoHg]* [B1oH10l* [By;Hy,]* [By,Hyo)*
Tricapped Bicapped Octadecahedron Icosahedron
Trigonal Square-antiprism
prism

Figure 34. Structures of closo-boranes with five to twelve vertices. (H’s are omitted for clarity; grey
spheres: BH groups)

Concerning stability, neutral boranes (arachno- and nido-) are generally toxic, flammable, and
highly sensitive to air and water, unlike closo-boranes (Figure 34), particularly the highly
symmetric ones [BioHi0]?>and [B12H12]*, which are outstandingly stable to air, water, and
moisture 11>116 As 3 matter of fact, Cs*, Na*, and Li* salts of [B12H12]* icosahedron show
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extraordinary stability up to 800°C 1Y, Despite closo-boranes being distinct in chemical
bonding from hydrocarbons, they surprisingly display positive resonance energies like
aromatic hydrocarbons, as reported by theoretical studies of the Aihara et al. group in 1978
118 While hydrocarbon aromatic systems involve the delocalization of electrons between
unhybridized orbitals in planar rings, closo-borane presents non-classical aromaticity
expressed by strong delocalization of electrons in a 3D hypercoordinate ¢ bonds system.

Due to cost issues, closo-dodecaborate anion [B1;H12]% has been in the spotlight for a long
period over closo-decaborate anion [BioH10]?. However, the latter wins in terms of reactivity;
therefore, studies in the literature focus on elucidating the activation of their exo-polyhedral
B-H with various functional groups *°. In this regard, we will briefly discuss the chemistry of
the decahydro-closo-decaborate cluster.

Il. Chemistry of closo-decahydrodecaborate
1.1 Structure and properties of [BioH10]*

Closo-decahydrodecaborate salts were prepared for the first time in 1961 by Hawthorne and
Pitochelli 12°. One year later, Lipscomb identified their structure through X-ray diffraction as
a bicapped square antiprism archetype (Dad) where two boron atoms (Bapical =B1, B10) of lower
connectivity CN=5 occupy apical positions, whereas the remaining eight boron atoms
(Beguatorial =B3-B9) with higher connectivity CN=6 are at the equatorial positions (Figure 35).
There are two types of covalent bonds, the B-B-B (3c-2e) and B-H (2c-2e). Also, each boron
atom is covalently connected to a terminal hydrogen atom radiating outwardly from the
polyhedron center.

Apical Sites / Equatorial Sites

Figure 35. Structure of [BioH10]*.(spheres are BH groups)

At the same time,''B NMR of [B1oH10]? '?° was useful for distinguishing between apical and
equatorial boron atoms (Figure 36). Indeed, two doublets are detected at ~ -25 ppm and ~ -1
ppm, displaying an intensity of eight and two boron atoms, respectively. This confirms the
non-equivalent delocalization of bonding electrons throughout the cluster.
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Figure 36. uB NMR Of (NH4)zB1oH1o in DzO.

I1.2 Synthesis of [B1oH10]*

The first route for synthesizing the closo-decahydrodecaborate anion is based on the closure
of nido-decaborane compound BigH14 through the following reactions pathway (Figure 37):
reaction of nido-BioH14 with ligand L (MeCN or Me;S) gives the bis-ligand adduct BigH12L,
which when treated with triethylamine EtsN or ammonium NH3 bases, will rearrange itself
into [B1oH10]> associated with EtsNH* or NH4* cations, respectively 116121,

EtsN
Et;N
benzene
nido-BoH 4 6,9-(Et;N)»-BoH
() — 2
SMez
NH; (lig. OBH
_NHs (19 orm,1 oH

6,9-(Me,S),-BoH » closo-[BoH;]*

Figure 37. Synthesis of [BioH1o]?.1161%°

32



This approach has hazardous problems related to BigH14 synthesis from expensive diborane
B2He under harsh synthetic and purification temperatures (210-250°C). Moreover, BigH14 is

an extremely toxic and volatile solid and would form explosive intermediates under the air
122, 123

A more appropriate approach is undoubtedly mandatory, resting on solid-state pyrolysis of
cheaper, non-toxic precursor (EtsN)[BH4] at 185°C under an inert atmosphere, giving
(EtaN)2[B1oH10] in high yield 124125,

11.3 Applications of [B1oH10]*

Owing to their advantageous characteristics, the 10-vertex closo-borane cluster [BioH10]? is
embedded in many fields as liquid crystals, polymers, non-linear optics (NLO), luminescent
materials, and medical applications 267130, |n this work, the focus will be on medical
applications.

To date, tens of millions of people worldwide are diagnosed with cancer annually. Half of
them eventually die despite all the medical practices (surgery, chemotherapy, radiotherapy)
used nowadays for treating cancer patients 31, Doctors can successfully remove surgically
cancerous tumors in their early stages; however, there is a considerable risk of removing
normal cells around. It becomes harder to selectively remove only cancerous cells in the case
of too small or too big tumors. Moreover, surgery is not even an option in case of metastatic
cancers that spread all over the body, such as lung, prostate, and breast cancers.
Unfortunately, targeting cancerous cells with chemotherapy drugs, administered orally or
intravenously, can’t distinguish cancerous from naturally fast-growing cells like hair cells;
that’s why it provokes unpleasant side effects in patients, such as hair loss, nausea, appetite
loss, and skin problems. The same applies to radiotherapy; external gamma radiation beams
targeting the tumors will contact normal cells.

Therefore, scientists have dedicated efforts to designing new therapeutic methods with
specificity to tumor cells and fewer side effects, such as Boron Neutron Capture Therapy
(BNCT) and Targeted Radionuclide Treatment (TRT).

Targeted Radionuclide Treatment (TRT) involves coupling o-emitting radioactive drugs
(radionuclides) with cancer cells-targeting molecules that guarantee their selective delivery
into cancerous cells where they emit highly energetic lethal a-particles with short path
lengths, allowing them to penetrate single or small clumps of cancerous cells without
affecting neighboring normal cells (Figure 38) 32133, Combining radionuclides with cancer
cells-targeting molecules is also crucial to bypass their cytotoxicity during their stay in the
body and ensure their fast delivery to the tumor since they have a short lifetime (e.g., 45.6
mins for 213Bi and 7.21 hrs. for 211At), so they may lose their effectiveness before reaching the

tumor 134,
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Figure 38. Principle of Targeted Radionuclide Treatment (TRT) of cancer cells.’>

Examples of cells-targeting molecules are antibodies (Abs) or fragments of antibodies (Fabs)
that bind to unique antigen receptors at the surface of unwanted cancerous cells, in addition
to protein molecules specific to peptide receptors overexpressed in the tumor cell surface or
inhibit enzyme activities vital for cancerous cell’s life.

It has been reviewed that direct coupling of radionuclides such as [?*'At] to cancer cells-
targeting molecules results in rapid deastatenation (dissociation of 2!!At) in vivo 36,
Accordingly, researchers find another approach to overcome the stability problems
established by conjugating [*'At] indirectly to the target proteins via organic aromatic linker
molecules as benzoate derivatives. Nonetheless, [211At]-labeled benzoates are unstable when
conjugated with small, rapidly metabolized molecules like Fab.

Lately, [?1*At]-labeled conjugates containing boron cage moieties: nido-carborane ({CB11H12},
{C2B10H12}), and closo-decaborate (2-) derivatives were proven stable towards deastatenation
in vivo with minimal effect on the properties of the conjugated protein because the [?'!At]-
boron bond is stronger than [?1!At]-Carbon, hence stable against enzymatic degradations and
oxidative cleavage 7.

It is worth mentioning that closo-decaborate derivatives are useful in nuclear imaging since
they can conjugate cancer-targeting agents and be labeled with radioactive halogens
(7®Br,*321), which emit gamma radiations detectable by special nuclear imaging techniques,
thus efficiently locating cancerous cells accurately $34137,138,

Boron Neutron Capture Therapy (BNCT) is also a promising targeted chemo-radiotherapeutic
technique for killing cancer cells selectively without damaging the healthy nearby cells. In
1936, three years after the discovery of neutrons, Taylor, Fermi, and others found that boron-
10 isotope (1°B) has a large neutron surface cross-section = of 400 barns, so it could absorb
slow neutrons to emit lethal lithium-7, a-particles, and gamma rays; this was known as the
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boron neutron capture reaction (BNC). One year later, Locher proposed applying this reaction
to kill cancer cells by the fatal energy released, especially since 1°B has a larger affinity to slow
neutrons than endogenous elements (C, H, N) 13°-141,

The concept of BNCT is based on accumulating concentrated dosages of 1°B isotope inside
cancerous cells through B10-delivery agents that seek these cells selectively, then irradiating
them with thermal (E = 0.025 eV, penetration range =2.5 cm) or epithermal neutron (1eV < E
< 10keV, penetration range =2-10 cm) for treating superficial tumors as melanoma skin cancer
or deep malignant brain tumors, respectively 14°. Consequently, the accumulated 1°B isotopes
inside the tumor will capture the neutrons and get excited to non-stable !B isotopes, which
will simultaneously undergo fission reactions into Helium-4 nuclei (a-particles), lithium-7
nuclei and gamma-rays (Figure 39).*He and ’Li nuclei energy paths, ~ 9 um, and 5 pm
respectively, fortunately, don’t exceed one cell diameter, thus all their intense energy deposit
within tumor cells, leaving the normal outside cells harmless.
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Figure 39. Principle of Boron Neutron Capture Therapy (BNCT) in a tumor cell.#

Polyhedral boranes derivatives of [BioH10]? and [B12H12]* are one of the ideal B10-containing
compounds that respect the crucial factors necessary for successful BNCT: water solubility,
chemical stability, high boron content, and non-toxicity. Sulfhydryl borane Na;[B12H11SH]
(BSH) is applied in clinical trials in Europe, Japan, and the USA for head, neck, and recurrent
glioma cancers %3, The functionalization of closo-[BioH10]? with amide, sulfuryl, isocyanate,
and other functional groups provides plenty of compounds that can be covalently bonded to
biomolecules such as antibodies, nucleosides, and carbohydrates which act as vehicles for
boron cage moieties toward tumor cells.
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11.4 Substitution in the [B1oH10]* anion

Substitution of exo-polyhedral hydrogen atoms (terminal hydrogen atoms) of the closo-
decahydrodecaborate anion with carbon, nitrogen, oxygen, sulfur, and halogen compounds
has been well established in the literature 119144145,

Various isomers of closo-borate derivatives can exist due to different boron environments,
apical and equatorial. Such as, for monosubstituted derivatives [BioHsL]?> (L: Ligand), there
are two possible isomers: apically and equatorially substituted closo-borates, [1-BigHsL]? and
[2-B1oHsL]?, respectively (Figure 40).

[1-BygHyLI* [2-BgHoL|*
Figure 40. Mono-substituted products of [BioH1o]*.

The same may happen with disubstituted derivatives [BioHslL,]%>, there are seven possible
isomers 1,2-, 1,6-[ae-B1oHsl2]? (a=apical, e=equatorial),1,10-[a%-B1oHsl2]?, 2,3-, 2,4-, 2,6(9)-,
and 2,7(8)-[e2-B1oHslL2]?* (Figure 41). However, no reports were recorded for the isolation and
characterization of all seven positional isomers, possibly due to steric hindrance and electron
distribution. The ligand's degree of substitution and position depends on the reagent’s nature
and synthetic conditions. Yet, substitution at the equatorial position is the most documented
derivative of [B1oH10]%.
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[ae-B,oHsL,]

Figure 41. Structures of di-substituted derivative isomers of [BioH10]?". (Top: 1,2-, 1,6-, 1,10-; Middle:
2,3-, 2,4-; Bottom: 2,6(9)-, 2,7(8)- [B1oHsl2]*)

I1.5 Nucleophilic substitution in the [B1oH10]?* Anion

Many monosubstituted derivatives have been reported through an electrophilic-induced
nucleophilic substitution mechanism (EINS) regioselective to the equatorial position 144146,
Markedly, the (-2) charge of [BioH10]?> delocalizes on the terminal hydrogens, so they possess
hydride character *¥’; therefore, an acidic electrophile such as Bronsted or lewis acids (BFs3,
CF3COOH, CF3S0OsH, etc.) are essential to promote nucleophilic substitution.

The mechanism of EINS was suggested as following (Figure 42): first [BioH10]* is protonated
by the acid, resulting in a highly reactive undecahydrodecborate anion [BigH11], where the
11t proton caps the upper apical triangular face through ps-bridge with one Bapical and two
Bequatorial atoms 148149 Next, the proton will migrate to the equatorial Boron atom at position
(2), forming [B1oHs(H2)]". After hydrogen migration, the dihydrogen molecule is eliminated,
giving [B1oHo]” which will interact with the ligand L, resulting in monosubstituted derivatives
[B1oHsL]?. The same steps happen forward resulting in the disubstituted derivatives [BioHsL2]*
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Figure 42. Mechanism of nucleophilic substitution in [BioH10]?.2441%°

This subsequent segment will briefly discuss the synthetic strategies and applications of closo-
decahydrodecaborate derivatives of boron-carbon, boron-nitrogen, and boron-oxygen
bonds.

11.5.1 Closo-decaborate derivatives with boron-carbon bonds

The mono-carbonyl derivative of closo-decaborate anion has always been popular in boron
chemistry first due to its easy preparation under mild conditions by reacting [Ph3sPMe3]:[closo-
BioH10] with oxalyl chloride (COCI); in anhydrous dichloromethane resulting in high yield
[PhsPMe;][2-B1oHsCO], where the carbonyl group is positioned at the equatorial boron atom
{B2} (Figure 43). In addition, Cs*, MesN*, and EtsNH* salts can be obtained in acetonitrile and
THF solvents. Salts of the carbonyl derivatives exhibit oxidative stability in the air, moisture
resistance, solubility in water, and thermal stability, as they won’t lose the CO group at
ambient temperature 146151,

Cl-._ HJH“CI Dichloromethane
0°C

O

Figure 43. Synthesis of [2-B1oHsCOJ %>
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As a result, [2-B1oH9sCO]" can undergo further reactions with different nucleophiles,
summarized in Figure 44, through the highly reactive carbonyl group, which exhibits the most
electrophilicity at the carbon site, as proven by theoretical studies °.

For instance, reacting [2-B10H9CO] with water in refluxing acetone will give the carboxylic acid
derivative [2-B1oHsCOOH]?%, while reacting with sodium azide in neutral pH=7 will generate
the isocyanate derivative [2-B1o0H9yNCO]%.Also, adding a primary amine or alcohol will give the
amide [2-B1oHsC(O)NHR]* or the ester derivatives [2-B1oHsCO2R]%,respectively °1. Very
recently, Mahfouz et al. reported the synthesis of mono-substituted closo-decaborate
derivatives [2-B1oH9COR]%* through a nucleophilic addition reaction between the carbonyl
derivative of closo-decaborate [2-B1oH9CO] and the corresponding Grignard reagent RMgX,
where R is the ethyl, iso-propyl, pentyl, allyl, vinyl, and propynyl groups. This approach is
accomplished under green, fast, and mild conditions with 70-80% yields. The significance of
these derivatives is their ability to constitute building blocks for polymeric integration via the
allyl, vinyl, and propynyl substituents 1°2,

H,O

NHN_‘\-

RMH,

ROH

4-MMeOC;Hy MeBr

Figure 44. Reactivity of [2-B10HsCOJ . **115?

In this sense, mono-carbonyl derivative [2-B1oHsCO] is deployed intensively as a precursor for
manufacturing closo-decaborate drug agents, such as amide closo-decaborate derivatives,
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which are efficient in the realm of diagnostic and therapeutic cancer treatment methods as
BNCT.

For example, reacting [2-B1oH9CO]" with 3-aminopropyltriethoxysilane (APTES) in refluxing
dichloromethane, and the presence of the diisopropylethylamine base will result in the drug
agent triethoxysilylated closo-decaborate [2-B1gHsCONH(CH,)3Si(OC2Hs)3]> (Figure 45).This
derivative contains an amide group formed from reacting the -CO group of the closo-
decaborate anion with the amino group of the APTES, and a terminal silane group available
to covalently anchor into biocompatible drug carriers, such as mesoporous silica
nanoparticles (MSN) suitable for medical applications (Figure 46) 3,
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Figure 45. Preparation of 3-aminopropyltriethoxysilane derivative from [2-B10HsCOJ.2*3

Mesoporous silica
nanoparticle

Figure 46. Schematic illustration of closo-decaborate functionalized mesoporous silica
nanoparticles.’>

Moreover, [2-B1oHoCO]  is a precursor for the synthesis of diverse closo-decaborate
derivatives containing pendant groups that can couple with ?!'At-labeled proteins conjugates
and provide them in vivo stability against deastatenation as well minimize the retention of
their catabolites in the liver and kidney. For example, the closo-decaborate (-2) derivative
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with terminal maleimidopropionate group is an optimal drug for TRT cancer treatment
because it can conjugate covalently with thiol groups of cancer cells targeting agents
(monoclonal antibodies and its fragments), then astatinated with 21*At radionuclide (Figure
47) 138,

Linker Maleimidopropionate
2. \f |
BiHe 17, 0 P
derivative \ o PPN
\ ',.»( N NS \°~' '\,/o'\.,/ "o’ " “ J\ -/ N \ \/s\
% H N |
oZ =
\ 7 Targeting
Molecule
[ X )
Radionuclide Cancer

Cell

Figure 47. The maleimide-closo-decaborate (2-) reagent conjugated with antibodies labeled with
leAt.138

On the other hand, reacting triethylammonium salt of the closo-decaborate anion with
benzoyl chloride in anhydrous acetonitrile at room temperature results in the benzoyl
derivative [2-B1oHsC(O)CeHs]> having a carbonyl group resembling organic ketones. This
means that the benzoyl derivative can perform more chemical reactions: nucleophilic
addition reaction, reduction reaction, oxidation reaction, halogenations, and reaction with

alkalis 14,

In addition, the hydrazone derivative [2-B1gHs-C(Ph)=N-NHPhCO,H]?* resulting from reacting
the benzoyl derivative [2-B1oHsC(O)CsHs]? with 4-hydrazinobenzoic acid (H2N-NHPhCO;H)
appears good to minimize the retention of radiohalogen-labeled proteins conjugates in the

liver and kidney >°.

11.5.2 Closo-decaborate derivatives with boron-nitrogen bonds

Nitrilium derivatives [2-B1oHoN=CR] (R=CH3, C;Hs, C3Hy, CeHs,1-C10H7) are synthesized in high
yield by refluxing of [closo-BioH10]? and trifluoracetic acid in distilled nitrile solvent (RCN,
R=CH3s, CaHs, C3H7, CsHs,1-C10H7) for 3 hours at 60°C (Figure 48) 1°6. Herein, the trifluoroacetic
acid protonates [closo-BioH10]? to give [closo-BioH11]", then the equatorial hydride is replaced
by nucleophilic substitution with nitrile group (-NCR) where the solvent plays the role of the
ligand (L=-NCR).
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Figure 48. Synthesis of nitrile derivatives of closo-decaborate.’*®

The nitrile functional group in [2-B1pH9N=CR] can be transformed into an amine group [2-
BioH9oNHs] by undergoing two-step reactions in the following sequence: (1) hydrolysis with
water yields the acetamide derivative [2-B1oHoNH,C(O)R], then (2) alkaline hydrolysis gives
the amine derivative [2-B1oHsNH3] (Figure 49, top) **7. Luckily, the derivative is a precursor for
preparing compounds convenient for BNCT, as Sivaev suggested, namely, closo-decaborate
functionalized with the benzylamine group. The reaction of [2-BigHsNHs]™ with aromatic
aldehydes ArC(O)H (R=Ce¢Hs, CeHs-2-OMe, CeHa-4-NHCOMe) results in the corresponding
Schiff bases [2-BioHoNH=CHAr]" that are reduced with sodium tetrahydroborate into
benzylamine derivatives [2-B1gHoNH>CH,Ar] (Figure 49, bottom).

0 -

R G
N NA, R
ﬁ H,0 ‘% OH-
NG y#
|2'B|u“t}NERI- IE‘B”]]:IE_]N[I]L:({J}Rr

[2-BoHoNH; | [2-B,HeNH=CHAr| [2-B oHoNH,CH,Ar|

Figure 49. Synthesis of the amine derivative [2-BioHsNHs] (top) and benzylamine derivatives [2-
Bi1oHsNH>CHAr] (bottom) for BNCT application.*”

Functionalization of a closo-decaborate cluster with the diazonium groups -Nx* through
electrophilic substitution is selective to the apical positions {B1, B10}. It is envisioned as an
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adequate framework for synthesizing diverse 10-vertex closo-borane derivatives suitable for
medical application and material science 1>!1918 The synthesis of monosubstituted
dinitrogen derivative [1-B1oHsN2] proceeds through a diazo-transfer reaction where [BioH10]*
reacts with C¢HsBrsN;*, BFs in anhydrous acetonitrile, at -35°C followed by addition of sodium
propionate base in acetonitrile at room temperature (Figure 50) 8,

Br

Ie

s

tl
T °
g I

{:.]l |5FDGN1[

MeCMN RT

Figure 50. Synthesis of [1-BioHsN,] .18

Silylated derivatives of [1-BioHoN;] are integrated into mesoporous silica nanoparticles for
medical purposes. This derivative is synthesized in two steps reactions: (1) reaction of the
diazo derivative with ethylenediamine HaN(CH;)2NH; to produce [1-BioHsNH2(CH2)2NH3],
then (2) reaction of the peripheral amine in the cluster with -N=C=0 group in 3-
isocyanateopropyltriethoxysilane giving [1-B1oHoNH2(CH2)2NHCONH(CH)3Si(OCzHs)s]™ in high
yield (81%) (Figure 51) >3,

Figure 51. Synthesis Of[1-BlngNHz(CHz)2NHCONH(CH2)3S/(OC2H5)3 _.153

Another use of diazo closo-decaborate anion [1-B1oHgN;] is the preparation of hydrophobic
monoanionic derivatives having a secondary or tertiary amino group in the axial position [1-
R1R2R3N-B1oHs]" (R=CeHs, CsHsCH2, H). While the direct reaction of [1-BioHoN;] with secondary
amine RoNH proceeds smoothly at 120°C, it fails with bulky tertiary amines RsN.Hence,
tertiary amine derivatives are synthesized by two steps: (1) synthesis of appropriate primary
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or secondary amine derivative and (2) reaction of this intermediate with alkyl halides in an
alkaline aqueous solution (Figure 52) 19,

NHR;

RX base
120°C

120°C

Figure 52. Synthesis Of[l-RleRgN-BmHg]_ (R=C5H5, CsHsCH,, H) from [1-B1oH9N2]_.159

Notably, attaching bulky aromatic groups to the amino nitrogen in [1-R1R2R3-NBioHg]" with
lowering the electrostatic charge of the closo-decaborate cage from (-2) in [1-B1oH10]? to (-1)
159 together would bring in hydrophobic character to the cluster making it useful in liquid-
liquid extraction for treating radioactive heavy metal wastes, particularly Cs*, generated from
converting nuclear energy to electrical energy. The extraction technique is based on the
complexation between anionic hydroborates as [1-(CsHs)2(CeHsCH2)-NB1oHs]” and metal
cation Cs* (M"™) in an acidic agueous medium forming a neutral compound extracted by
organic solvent €0,

Additionally, mono-dinitrogen closo-decaborate derivatives can be further rationally
functionalized by multistep reactions with hetero-(1,10)-diapical m onium substituents as
thanium and alkoxy pyridinium groups with linear o- onium fragments as alkyl chains
exhibiting liquid crystalline behavior and non-linear optical properties (Figure 53) 6%,

C,H N % ‘ S OR
215 ﬂ \_/
Figure 53. Hetero-(1,10)-disubstituted sulfonium and pyridinium derivative of closo-decaborate anion
for liquid crystals.
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11.5.3 Closo-decaborate derivatives with boron-oxygen bonds

There are many species of the closo-decaborate anion attached to nucleophiles through
oxygen atoms such as hydroxyl [BioHsOH]*, acyloxy [BioH10-n(OAC)a]*, carboxylate [BioH1o-
n(OCOR)a]%, and alkoxy [B1oH9OR]? derivatives 1627164,

Among all, cyclic oxonium derivatives are the most interesting in medical applications since
its ring opening through nucleophilic reagents leads to new derivatives with an oxygen atom
anchored to the equatorial boron atom, alkoxy spacer, and pendant functional groups (Figure
54) capable of anchoring to biological molecules (protein, nucleotides, liposomes, etc.), thus
providing drug carrier agents for BNCT.

-

¢ T

MNu k ‘ / P_endant
\ Alkoxy spacer functional group

Figure 54. Ring-opening of cyclic oxonium derivatives of the closo-decaborate anion.

Zhizhin and Matveev group elucidated the preparation of cyclic oxonium derivatives through
the reaction of [BioH10]> with tetrahydrofuran (THF),1,4-dioxane, or tetrahydropyrane (THP)
in the presence of CF3COOH resulting in [2-B1oHg(OCsHs)]", [2-B1oHo(O2C4Hs)]", and [2-
B1oHo(OCsH10)], respectively; with cyclic oxonium attached to the Bio cluster (Figure 55).
Moreover, they reported enormous interactions between cyclic oxonium closo-borate
compounds with negatively charged N-nucleophiles (amine, azide, isocyanate, etc.), O-
nucleophiles (HOC¢H4COOMe), ROH), and S-nucleophiles (thiols, thiocyanate, thiosulfate) 1.
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dioxane
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[2-BuHe-THF] |2-BgHg-( 1 d-dioxane) | [2-BgHge-THF|

Figure 55. Synthesis Of[2-310H9(0C4H8)]_, [2-310H9(02C4Hg)]-,0nd [2-310H9(OC5H10)]_.
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Avdeeva et al. proposed an approach for synthesizing closo-borate derivative with alkoxy
spacer and pendant carboxylic group, which, when coupled to peptide functional group, the
histidine methyl ester (H-His-OMe) (Figure 56), shows antiviral activity in vitro against the
modern strain of A/HIN1 influenza virus at 10 and 5pug/ml 66,

2.
Q I B

N O
O—CHj
N
{ )
-Histidine
N (His)

Figure 56. Closo-decaborate anion containing -C(O)-His-OMe pendant group possesses antiviral
activity against the HIN1 influenza virus.

lll. Coupling of Polyoxometalates and Closo-decahydrodecaborate

The coordination of lacunary Anderson, Keggin, and Dawson POMs with organic ligands offers
multiple properties by combining or synergizing those of the POM and the organic ligands, as
shown previously. Building on these examples and with a viewpoint to generate new bio-
active systems that act as anti-tumor inhibitors with therapeutic efficacy and low toxicity,
Manal Diab had developed in her PhD work (2014-2017), a new class of hybrid compounds by
chemically associating boron clusters with POMs.She succeeded in conquering all the
challenges encountered related to both species being anionic compounds with two
complementary redox characters, oxidative for the boron cluster and reductive for
polyoxometalates.

The synthetic strategy involved preparing Anderson POMs functionalized with
tris(hydroxymethyl)aminomethane (TRIS), [AIMogO1s(OH)3(TRIS)]? (noted as AlMoe-Tris) and
[Mn""Mog01s(TRIS)2]> (noted as MnMoe-(TRIS)2), and the Keggin and Dawson-type POMs
functionalized with aminopropyl-tri(ethoxy)silane (APTES) ligand, noted as SiW10-APTES and
P,W17-APTES (Figure 57).
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Figure 57. Views of the molecular structures of precursors (a) AIMos-TRIS 7, b) MnMos-(TRIS); *°, (c)
SiW1-APTES and (d) P,W1,-APTES.”® (Orange octahedra: {MoOs}; pink octahedron: {AlOs}; blue
octahedron: {MnQe}, green tetrahedra: {PO.}; dark blue spheres: N; white spheres: H; black spheres: C;
pink spheres: Si; red spheres: O)

Each of these precursors possesses 1 or 2 amine functions, which in a second step enabled
the covalent grafting of decaborate clusters [B1oHsCO] cluster in the presence of a hindered
base such as DIPEA. Five original and innovative compounds combining POMs and
decaborates were obtained in total as shown in Figure 58. These compounds have been
extensively characterized in the solid state and solution by mass spectrometry and a wide
range of NMR techniques (*H, *3C, 11B, 2°Si, 3!P, 18w, DOSY, ROESY...) 168169,
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Figure 58. Molecular structures for the compounds (a) AIMos(TRIS-B1o) , (b) MnMog(TRIS-B1o),% (c)
SiW10-monoBio, and (d) P;Wir-diB1o.’% (Orange octahedra: {MoOs};pink octahedron: {AlOs}; blue
octahedron: {MnOQOg}; green tetrahedra: {PO.}; blue: B; light blue spheres: N ; white spheres: H; black
spheres: C; pink spheres: Si; red spheres: O)

Among these, the most interesting hybrid system is the mono-adducted compound SiW1o-
monoBjo (Figure 58c), which has one [B1oHsCO] derivative coupled via an amide bond with
one of the amine functions of the APTES linker on SiW10-APTES-type POM. Indeed, in the field
of POM-hybrids, this result is exceptional as no other system is known in the literature
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featuring a single functionalization, therefore offering a possible dissymmetric
functionalization on the POM. As Figure 59 suggests, this compound was obtained thanks to
the intramolecular dihydrogen contact between the free amine function and the B-H groups
of the grafted boron cluster stabilizing this adduct.

Figure 59. Optimized molecular structure for the compound SiWio-monoB10.2%° (Orange octahedra:
{WOs}; pink spheres: Si; blue spheres: B; light blue spheres: N; white spheres: H; black spheres: C; red
spheres: O)

In solution, we can envision an amine function available for a second distinct
functionalization. This will be a landmark in the field of hybrid POMs since the synthesis of a
multifunctional hybrid of dilacunary Keggin POM has never been reported and is inevitably
not an easy task.

Therefore, in the second chapter of this PhD work, we discussed the possibility to
functionalize the remaining amine function in the monoadduct SiW1o-monoBjo to obtain the
first asymmetrical bi-functionalized POM hybrid of the organosilyl derivative of [SiW1003s]®
divacant Keggin POM, with a Boron cluster and a second function of a variable.
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Chapter Two



Chapter 2: Coupling of Polyoxometalates and Closo-decahydrodecaborate:

Synthesis, Characterization and Biological Properties.

l. Introduction

The association of closo-decaborate anions with Anderson, Keggin, or Dawson
polyoxometalates appears as synergistic systems of interest for both components. Indeed,
the new POM-decaborate hybrids could be effective in biology as an anti-microbial, anti-
bacterial, and anti-viral reagents or in cancer treatment because of the physio-chemical and
biological properties of the constituents 3. The addition of boron clusters to POMs would
enable the latter to penetrate cells more effectively; meanwhile, the interaction properties
of POMs with proteins and their electron storage properties would enable hydroborate
clusters to enhance their biological activity, in particular by keeping them close to these
biological materials and making them more reactive.

Nevertheless, from a synthetic point of view, it is quite challenging to chemically couple two
anionic entities directly, bearing in mind that POMs contain metals in their high oxidation
states, while boron clusters can be considered as reductants. In the previous PhD work of
Manal Diab (2014-2017), the repulsion issue between the two components was creatively
tackled by combining them through organic spacers compatible with each POM type and well-
known in the literature. For instance, the Anderson-type POMs [MnMog(OH)s015]* (noted as
MnMog) and [AlIMog(OH)eO18]> (noted as AlMog) are functionalized with
tris(hydroxymethyl)aminomethane (TRIS)* ligand, while divacant Keggin POM [SiW10036]%
(noted hereafter SiW1o) and the monovacant Dawson POM [P2W17061]%% (noted hereafter
P,W17) are functionalized with aminopropyl-tri(ethoxy)silane (APTES) ligand (Figure 1) >® to
give the very popular POM hybrid platforms known as organosilyl derivatives of the Keggin
and Dawson types polyoxotungstates.
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Figure 1. Views of the molecular structures of TRIS and APTES functionalized POMs.*®
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These organic linkers are anchored to the POM side through its silane groups while carrying
two reactive amino functional groups on the other end, available for reacting with one or two
of the electrophilic -CO group of [B1oH9CO]  (denoted hereafter Big) ’ resulting in the
formation of the amide groups. These POM-Borate hybrids are, to our knowledge, the first
examples associating POM and closo-B1g cage and were named mono-adducts and di-adducts
for those carrying one or two Bio cages, respectively (Figure 2) &2,
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Figure 2. The synthetic approach was followed to obtain hybrid POMs-Borate adducts.®’

Among all the five POM-decaborate hybrids synthesized by Manal Diab in her PhD work, the
mono-functionalized compound presents the biggest appeal since we can imagine another
functionalization leading to hybrid POM with two distinct functional groups noted here as
«SiW10-B1o-Organic ligand». A key point for multifunctional compounds.

This compound, identified as mono-adduct, will be the starting point of this PhD work and will
be used as a precursor to pursue our goal of synthesizing new POM hybrid systems
constituted from the POM platform already coupled to one anionic decaborate boron cluster
and then coupled to another different organic ligand.

If we take a closer look at the SiW1o-monoB1o compound, DFT calculations evidenced that the
best optimized molecular structure is derived from the precursor SiW1o-APTES with a closed
rather than open conformation. The closo-decaborate cage is kept near the two N-H groups
in the neighboring organic arm, which favors strong dihydrogen H-H interactions between
two B-H hydrides and two protons of amine groups N-H in the 2.0-2.2 A range (Figure 3a). In
contrast, the closo-decaborate cage is kept far from the two N-H groups in the open
conformation (Figure 3b), so no intramolecular hydrogen bond was detected, and this
structure is thus less stable. However, in both cases, there is dihydrogen interaction between
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the hydride B-H of the B1o cluster and proton of the amide -NH-CO-B1o of distance around 2.0
A in agreement with the B-H...H-N interactions reported in the literature (Figure 3b) 1012,
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Figure 3. DFT-optimized molecular structures of SiWi;-monoBiy with (a) closed and (b) open
conformations.’ (Legends: C in black, H in white, N in dark blue, Si in pink, O in red, B in blue, WOs
octahedra in orange, and PO, tetrahedra in green)

Such strong dihydrogen contacts are impossible for di-adducts, so DFT calculations (Figure 4)
show that the most stable adduct is SiWio-monoBio, which is stabilized by 22 kCal.mol?
compared to the precursor SiW10-APTES.

[SIW,-APTES]* o-[SiW,-monoB,,]* C-[SiW;o-monoBy]®  0-[SiW,,-diB,g]®
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Figure 4. Structural models obtained by geometrical optimization of SiW1,-APTES, SiW1o-monoBj,, and
SiW10-diB1o (open and closed forms) and variation of the Gibbs energy of the formation of mono-
adducts from the starting precursors in CDsCN.° (Legends: C in grey, H in white, N in violet, Si in light
yellow, O in red, B in light pink)
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To our knowledge, such a monofunctionalized hybrid POM compound isolated directly from
the synthesis is unprecedented in the literature. This work aimed to go further by
functionalizing the second amine function of SiW1o-monoBio, a priori difficult task given the
stability of this compound and the fact that the second amine interacts strongly with the
decaborate cluster through H-H contact.

The objectives of this work in this chapter were thus:

e to synthesize this mono-adducted compound with good purity and in sufficient
quantities;

e to characterize it in solution by 'H-1>N HMQC NMR to identify the nature of the free
amine function, which Manal Diab had not done in her work, and to see if there was a
non-zero amine fraction that would not be involved in the H-H interaction with the
decaborate cluster;

e to define some strategies for functionalizing this amine function and characterize the
adducts.

Il. Synthesis and characterization of the mono-adduct SiWio-monoBio

As mentioned above, the synthesis of this compound is performed from the protocol
established by Manal Diab from the precursors SiW10-APTES and [B1oH9CO]" (Figure 5). Using
a base in the coupling reaction with the Bio cluster was necessary since the SiW1o-APTES
precursor has two alkyl pendant arms, each carrying a terminal amino group that is probably
protonated 314, Firstly, it will deprotonate the -NH3* ammonium arm to give a nucleophilic
amino group able to attack the carbonyl -CO group in [B1oHoCO]". Secondly, it will trap the
proton in the amide group formed, thus stabilizing the bond.
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Figure 5. Scheme of the preparation of POM-Borate derivative

(TBA)g(DIPEAH)3[(SiW10036)(BmHgCONHC_gHsSi)(NHzC_aHsSi)O].3H20, noted as Sin-monoBm.9
(Legends: C in black, H in white, N in dark blue, Si in pink, O in red, B in blue, WOs octahedra in orange)
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Notably, the base used in the reaction should be exclusively a weak nucleophile so that it will
not compete against the APTES amino group in the nucleophilic substitution reaction with the
[B1oHoCO] . For instance, a base like EtsN will replace the carbonyl group of [B1o0HsCO] to yield
[B1oHsCONEts] instead of SiWio-monoBio adduct *°. Accordingly, a moderate, bulky organic
base, diisopropylethylamine (DIPEA), was used to synthesize adducts with two or just one
decaborate cluster (Figure 5). The synthesis of di-adduct was optimized with 6 equivalents of
base, while the mono-adduct was specifically isolated with 1.5 equivalents of DIPEA in dry
acetonitrile under an inert atmosphere and at room temperature °.

Ultimately, we isolated the SiWio-monoBip mono-adduct selectively as mixed TBA* and
DIPEAH® salt and confirmed its formation by FT-IR (Figure S8 in the appendix), EA (Section
VI.2), 'H NMR (Figure 6 and Figure S1 in the appendix) and B NMR (Figure S3 in the
appendix).

I1l. NMR Studies

As part of her thesis work, Manal Diab characterized her products in solution by H, 2°Si, !B,
and 83W NMR. Despite all these results, and in the absence of a structure, additional
characterizations were requested by the reviewers to be able to publish them. As a first step,
| therefore completed this work with a *H-'>N HMBC NMR study, an unusual method that
allows us to see couplings with nitrogen atoms, reconstruct a *®N NMR spectrum, and
conclude the attribution of protons to amine or amide functions.

The 'H NMR was useful in observing what happened in the APTES linker protons, specifically
detecting the change in the symmetry from Ca,y in SiW10-APTES to Cs in SiW1o-monoBio which
is the key indicator of coupling one Bio cage into one of APTES arms. The 'H NMR spectra of
SiW10-APTES and SiWio-monoBig are given in Figure 6, while the H {*'B} NMR spectrum of
SiW1p-monoBig is in Figure S1 in the appendix.
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Figure 6. 1H NMR spectra of SiW1o-APTES and SiW1,-monoBig in CD3CN at 400MHz.

As seen in Figure 6, the 'H NMR of SiW1o-APTES agrees with the literature 3. In addition to
four peaks related to TBA* protons at 1.01, 1.45, 1.67, and 3.21 ppm, four broad peaks
corresponding to APTES protons have been observed: three are related to -CH; methylene
groups denoted as a, b, and c at (0.75, 1.91, and 3.30 ppm respectively), and one deshielded
signal related to the terminal -NH3* groups, denoted as d and located at 7.35 ppm. Protons
«a» are the -CH; groups near Si atoms of APTES, while «c» protons are those in the alpha
position of the terminal amine group. Due to overlapping with signals of TBA* cations and the
solvent CHD2CN, only the «a» and «d» signals were easily exploited.

The *H NMR of SiW1o-monoBip was shown to be more complicated compared to the SiWio-
APTES since it is crowded with many signals related to the protons of the countercations TBA*
(-CH2,-CH3) and DIPEAH* (-CH, -CHs, and i-Pr,EtNH*), the solvents, the APTES part, and those
of the Bio cage which are very broad signals between -0.5 and +1.2 ppm. Despite these
difficulties, it was evidenced through the comparison between SiWio-APTES and SiWio-
monoBig spectra that each of the three methylenic signals of APTES (a, b, c) splits into a new
set of signals. It is easier to notice it mostly with protons «a», which appear as two distinctive
small signals, a’ and a”’, at 0.45 and 0.57 ppm, respectively. This is definitive proof that the
APTES arms aren’t equivalent, marking that the [B1oHoCO]" cage has been grafted into SiW1o-
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APTES along with the appearance of a new peak at 6.12 ppm is attributed to the amide
function.

The 'H NMR also reveals the appearance of two small peaks, d’ and d”’, at 5.70 and 6.33 ppm,
respectively, assigned to the protons of free amine in a frozen configuration as depicted on
the structure optimized by DFT. Such an attribution is confirmed by the *H-'>N HMBC NMR
technique. Concomitantly,’H-*>°N HMBC (Heteronuclear Multiple Bond Correlation) NMR
spectrum (Figure 7) confirms the presence of a signal at -272 ppm corresponding to amine
nitrogen and correlated with two non-equivalent protons d’ and d”’, at 5.70 and 6.33 ppm,
respectively. The signal of amide nitrogen is detected at -251 ppm (amide) correlated to the
proton signal at 6.12 ppm. Besides, an additional broad signal is also observed at ca 7.2 ppm
in the *H NMR in Figure 6, attributed to free amine groups.

Unfortunately, the correlation with the broad signal at 7.2 ppm cannot be seen in the *H->N
NMR spectrum, but it corresponds well to the signal of amines in the SiW10-APTES precursor,
which confirms our assumption. This is a very important result for us since it shows that, in
solution, we can have a part of the amine available for further functionalization.
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Figure 7. *H->*N HMBC NMR spectra of SiW1o-monoBio in CD3CN at 400MHz.°

IV. Study of the Reactivity of SiW10-monoBi1o with Organic ligands in CD3CN

We just evidenced that the mono-adduct has been successfully obtained and that at least a
part of the free amine is not involved in H-H contact. Then, our first objective was to test the

68



possibility of grafting new functional groups on this free amino arm of SiWip-monoBip adduct
and to follow this grafting through 'H and B NMR using different mixtures of SiWio-
monoBio/organic ligand/DIPEA in CD3sCN solution.

The choice of the second group is clearly important to bring new functions to our hybrid
system. As evidenced by Izzet, Keggin-based hybrids bearing pyridine or terpyridine functional
groups and driven by metal coordination can promote the formation of supramolecular
species with well-defined topology based on the orientation of their alkyl chains, parallel or
perpendicular, resulting in triangular or squares assembly, respectively ®'7. In this context,
we initially focused on using organic ligands with a pyridine functional group, such as (pyridine
aldehyde and alkyl pyridine...) for synthesizing the «SiW10-B1o-Organic ligand» derivative.

In case of success, the idea is to exploit the pyridine coordinating function by adding a suitable
metal to form supramolecular systems associating at least two hybrid POMs around this
metal, which would be very interesting from a fundamental point of view. The same function
could also be used to graft a Pt(terpy)-type complex onto the hybrid (Figure 8). The grafted
complex could interact with nucleotides or intercalate in DNA, thus promoting antitumor
action similar to that of the cis-platinum complex widely used in chemotherapy, or else by
promoting the action of borate and POM 1812,

Free amine function available for second
functional group Intercalated in DNA

P o-@

)Vj : } POM-B1g
o AR

Terpyridine platinum(ll) complex with
POM-B,,-Organic ligand derivative

4
e Y |

SiW,,-monoBy,

Figure 8. Perspective application of the «SiW10-B1o-Organic ligand» derivative in cancer treatment.

A second idea was to move on to grafting peptide or polyethyleneglycol (PEG) chains instead
of pyridine compounds. Preliminary studies on POM-borate adducts obtained by Manal Diab
during her thesis show promising results regarding anti-inflammatory and anti-proliferative
activity in colon cancer cells. These results add to the equally positive results of other POM-
hybrids obtained at Versailles by the Dolbecq group on breast cancer cells 2°, inspires us to
study the biological properties (anti-bacterial, anti-microbial, anti-viral properties in
particular) of these multifunctional hybrid systems.
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Finally, the last idea for this chapter was to study the aggregation formation in solution
through *H DOSY NMR, which is a very powerful NMR method for characterizing species in
solution and highlighting supramolecular interactions with other molecules that may be
substrates, biological material, or simple organic counteractions.

By way of example, Figure 9 shows how H DOSY can be used to determine the diffusion
coefficients of organic cations in the presence of POMs with different concentrations and how
the value of this diffusion coefficient can be used to trace the association constants in
solution, which are far from negligible 2. In this case, the diffusion coefficient of NMes* was
measured for different concentrations C°in the series (Y)s2{Mo13.} Keplerate with Y = Li*, Na*
or NHz* 22,

During her thesis, Manal Diab was confronted with unexpected results using this technique,
which suggested the formation of aggregates between the POM-borate adducts and TBA*
cations in a non-aqueous solution, as recently reported by lzzet in organic solvent with hybrid
derivatives of P,Wi7 8. This problem is of fundamental interest, and very few studies are
currently being carried out in this field, even though this issue is crucial to understanding the
properties of certain POM-hybrids in solution. Therefore, it will be interesting to investigate
this question in our work with different organic cations in different media.
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Figure 9. Demonstration of supramolecular cation/POM interactions in solution by DOSY.??
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IV.1 Reactivity with organic ligands
1°) General Procedure

The general procedure for preparing the reaction medium of SiWig-monoBio/Organic
ligand/DIPEA is dissolving a constant quantity of
(TBA)3(DIPEAH)3[(SiW10036)(B10HoCONHC3HeSi)(NH2C3HeSi)0].3H,0, SiWio-monoBio (40mg,
0.01 mmol) in 0.5ml CD3:CN in a closed NMR tube. Then the organic ligand (3-
(lodomethyl)pyridine-hydroiodide,  pyridine-4-carboxaldehyde, or  4-chloromethyl
benzonitrile) is added in various amounts while stirring. Finally, DIPEA is added, as needed,
drop by drop for 3hrs. The *H and B NMR studies done in solution are shown in the following
part and in the appendix (Figures S4-S5).

2°) Reactivity with pyridine-4-carboxaldehyde

The first tests were conducted with some pyridine-4-carboxaldehyde (Figure 10), whose
aldehyde function is supposed to react with the amine function to form imine, a classic
reaction in organic chemistry.

-C(O)-H 10 ppm
-N-CH, CH: O~ H
7.7 = 7.7 ppm
8.9 \N 8.9 ppm
A &A_/'L

..
-
-
.
§
.

ppm 10 9 8 7 6 5 4 3 2 1 0

Figure 10. *H spectra (300MHz) of pyridine-4-carboxaldehyde (CsHsNO) in CD3CN.

As seen in Figure 11, the addition of 1 or 2 equivalents of pyridine-4-carboxaldehyde
(CsHsNO) ligand into SiW10-monoBig in CD3CN seems not to affect the APTES part of the mono-
adduct since two signals for protons a’ and a” are still observed. Furthermore, the major part
of the ligand introduced displays unchanged signals. However, small new peaks in the 7-9
ppm range are detected, while a small shift in the signals of NH protons of the POM precursor
between 5.4-6.8 ppm is seen. It could indicate that a small fraction of the ligand has reacted
as expected or that the pyridine-4-carboxaldehyde, neutral or more probably protonated,
strongly interacts with the POM through H-bond and/or H-H dihydrogen contact. In all cases,
reactivity between both reactants is not good and we need to change our strategy.
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Figure 11. H spectra (300MHz) of SiWio-monoBi and SiWi;-monoBig/CsHsNO mixtures of the
proportions (1/1 and 1/2) in CDsCN.(* symbols designate a small fraction of the ligand interacts with
Sino—monoBlo)

3°) Reactivity with 4-chloromethyl benzonitrile

A second test was carried out using 4-chloromethyl benzonitrile with a chloromethyl group
that was assumed to be more reactive. Here, the pyridine ring is replaced by a benzonitrile,
which is easy to follow in NMR and less likely to form an H bond with the precursor.

Comparison between the H spectrum of free C;HsCIN (Figure 12) and that of SiWi0-monoBio
and the reaction medium SiW1p-monoBi1o/C7H6CN of the proportions 0.5,1,1.5, and 2eq
(Figure 13) shows no change in the NMR signals of both reactants and no new peak were
obtained. Besides, the NH signals, d’ and d”’ of SiW1o-monoBio precursor remain intact which
means it don’t interact with the 4-chloromethyl benzonitrile ligand, in contrary to pyridine-4-
carboxaldehyde with SiW1o-monoBio.
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Figure 12.H spectra (300MHz) of 4-chloromethyl benzonitrile (C;HsCIN) in CD3CN.
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Figure 13.H spectra (300MHz) of SiW10-monoBio and SiW1,-monoBis/C;HsCIN mixtures of different
proportions in CD3CN.
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4°) Reactivity with 3-(lodomethyl)pyridine hydroiodide

Finally, we decided to test the reactivity of the SiW10-monoBio precursor with the reactant 3-
(lodomethyl)pyridine hydroiodide (Figure 14a) for different reasons: the iodide group must
be replaced more easily than chloride in nucleophilic substitution and second, the position of
the protonated pyridine group is adequate to give a strong H-H contact with the nearby
decaborate, which we hope will favor the expected reaction (Figure 14b). In this strategy, we
clearly want to exploit the formation of such interaction to our benefit.

(a) (b)

N
| H—I
_ |

3-(lodomethyl)pyridine hydroiodide
CgHgNILHI

Figure 14. Structures of (a) the organic ligand 3-(lodomethyl)pyridine hydroiodide and (b) the «SiWo-
monoB;o-Organic ligand» derivative that could be obtained from the association of CsHsNI.HI with
SiW10-monoBs.

Mixtures SiW15-monoBi1o/3-(lodomethyl)pyridine hydroiodide

In this way, solutions of the ratio SiW1-monoBi1o /C¢HsNI.HI =1/x, x=0,1,2, were first prepared
in CD3CN and stirred for 3hrs at room temperature without base in a closed vial under an inert
atmosphere. Then, 'H NMR experiments were performed for each solution mixture to detect
if there was a coupling reaction between the two components.

As shown in Figure 15b, adding CsHeNI.HI into SiWio-monoBio solution without adding base
causes the appearance of several new peaks in the spectra. Moreover, tracking the changes
in the protons «b» and «c» was difficult since their signals overlap with those of TBA* cations
and DIPEAH*, so we focused on protons between 0.3-0.75 ppm, corresponding to the
methylenic groups in the vicinity of the Si atoms of APTES. Following the Cs symmetry, the H
spectrum of SiWio-monoBi1o precursor gives two small and broad signals (a’ and a”’) of the
same intensity at 0.45 and 0.57 ppm, respectively.
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Figure 15. (a) Structures of POM-hybrid derivatives are probably detected in (b) 'H NMR spectra
(300MHz) of the reaction medium of SiW1o-monoBig/CsHeNI.HI with different proportions in CDsCN.

As the amount of CsHsNI.HI increases; new broad peaks appear at 0.75 ppm, marked as «*»
in Figure 15b, related to the methylene protons «a» of SiW10-APTES. Regarding the signals of
methylenic protons of SiW1p-monoBiy, there is a huge decrease in the intensity of the signals
of protons «a’» and «a”’» at 0.45 and 0.57 ppm; respectively, suggesting the disappearance
of this species.

The broad signal at 0.75 ppm well corresponds to the precursor SiW10-APTES. At the same
time, a broad peak denoted as «d» at 7.35 ppm assigned to the amine function of this
precursor increases, while the amide signal at 6.12 disappears. It means that the amide
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function allowing the connection of the decaborate cluster in SiW1p-monoBig is hydrolyzed in
these conditions. Furthermore, another new small peak marked as a triangle in Figure 15b
appears at 0.43 ppm as the amount of CsHeNI.Hl increases. It is broad but unique in agreement
with a Cyy structure. Such a geometry suggests the formation of a di-adduct where the two
alkyl arms connected to the POM are equivalent. Therefore, it could correspond to a hybrid
compound POM-APTES-(CsHsN)2 as a minor species (Figure 15a). In this case, we expect some
modification of the protons of the ligand close to the connection. Indeed, the signals at 4.63
ppm and 8.58 ppm (marked as triangles in Figure 15b) could be attributed to the protons «f»
and «i» of the ligands in such POM-APTES-(Ce¢HesN)2 species. Finally, the major part of the
ligand, compared to free CsHsNI, appears probably not connected to the POM, but the small
chemical shift variation (Ad) of 0.11-0.12 ppm of protons g, h, j and i compared to free ligand
suggests that the ligand interacts with the POM entity (Table 1).

Table 1. NMR data.

Compounds Main Chemical Shifts (signals of TBA* and DIPEAH* are not given)
SiW10-APTES 0.75 (a), 1.91 (b), 3.30 (c), 7.35 (d, amine group)
SiW10-monoBy, 0.45 (a’), 0.57 (a”’), 1.90 (b” + b’), 2.97 (c’), 3.43 (c”’), 6.15 (amid), 7.24 (d)
CsHoNI 4.66 (), 7.97 (g), 8.60 (h +j), 8.78 (i)

0.43 (A), 0.45 (a’, ), 0.57 (a”, ), 0.75 (%), 3.43 (¢”’), 6.80 (p),7.39 (d
SiW10-monoBig/ CsHeNI (A) ( ) ( ) (*) (c”) (p) (d)

,4.66 (), 7.86 (g), 8.48 (h), 8.67 (i +j), 4.63(A),4.71 (A ),8.58 (A)

In summary, in these experimental conditions, the SiW1o-monoBig is probably hydrolyzed into
the starting POM, SiW1o-APTES. A minority part of this precursor reacts then with the ligand
to give, presumably, a di-adduct POM-APTES-(C¢HeN),, while the majority of the ligand
remains unbound but in interaction with the polyanionic species. We thus have a mixture of
free ligand, POM-APTES, and POM-Ligand but no evidence of the formation of the expected
hybrid POM.

Notably, the protons of the Big cluster in the coupled *H NMR experiments are highly
broadened and difficult to observe, as seen in *H NMR spectra of TBA[B1oHsCO], SiWio-
monoBio and SiW1o-monoB1o /CeHsNI.HI mixture of the proportion 1/1 (Figure 16). That’s why
doing non-coupled *H{*'B} NMR experiments helped see resolved peaks of B-H groups.
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Figure 16.*H NMR spectra of TBA[B1oHsCO], SiW1o-monoBio, and SiWio-monoBio /CsHeNI.HI mixture
of the proportion (1/1) in CDsCN at 400MHz.

In the 'H{*!B} spectra of SiW1o-monoBio (Figure 17), the equatorial B-H groups are seen in the
range between -0.4 and +1.2 ppm, shifting from that of TBA[B1oHsCO] at 0.4-0.7 ppm.
However, the apical B-H groups couldn’t be seen because they are probably masked with TBA*
cations signals at 3.25 ppm. Concerning the spectra of the SiW1o-monoBio/CeHsNI mixture,
broad equatorial B-H signals were seen and correspond to the boron precursor [B1oHsCO]J
with a small shift, in agreement with the hydrolysis of the mono-adduct into SiW1o-APTES and
[B10H9COJ’, while the apical B-H groups, as for SiWipo-monoBio are not observed.
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Figure 17. *H{*B} NMR spectra (400MHz) of TBA[B1sHsCO], SiWi;-monoBis and SiWie-monoBio
/CsHeNI.HI mixture of the proportion 1/1 in CDsCN.

The comparison between the 'B{*H} spectra of TBA[B10HsCO], SiW10-monoBio and the SiWio-
monoB1o/CeHeNI.HI mixture of the proportion 1/1 in (Figure 18) confirms this hypothesis. It
reveals the presence of two sets of peaks attributed to two different types of Big clusters,
[B1oH9CO]" and [(SiW10036)(B1o0HsCONHC3HeSi)(NH2C3HsSi)0]%. The appearance of the singlet
at -44.4 ppm characteristic of the equatorial boron at position 2 (B2) carrying the CO
substituent signifies the breakage of the amide bond -NH-C(O)B1o resulting in free SiWio-
APTES and [B1oH9CO]", which was not easily seen by 'H NMR studies because of the broadness
of the peaks 7. On the other hand, the peak at -25.5 ppm of B(2)-C(O)NH- confirms the
presence of unreacted SiWio-monoBio, in agreement with *H NMR studies. (See !B spectra
of TBA[B10H9CO], SiW10-monoBig, and the SiW1o-monoBio/CeHeNI.HI mixture of the proportion
1/1in Figures S2, S3 and S4 in the appendix, respectively).
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Figure 18. 'B{f*H} NMR spectra (400MHz) of TBA[B1oHsCO], SiWi;-monoBiy and SiWi-monoBio
/CeHsNI.HI mixture of the proportion 1/1 in CDsCN.

In summary, the presence of pyridinium salt of iodide and the organic ligand Ce¢HeNI causes
hydrolysis of the amide group formed between SiW1o-APTES and [B1oHsCO] which conflicts
with our expectations of synthesizing POM hybrid carrying the Bio cluster beside a different
functional group. Therefore, it is evident that using N,N-Diisopropylethylamine base to
neutralize the acidic medium is needed in further experiments.

Mixtures SiW10-monoBio/3-(lodomethyl)pyridine hydroiodide/DIPEA

To evaluate the effect of DIPEA on the reaction between the free amino group of the SiW1o-
monoBio and the lodomethyl group of CcHsNI.HI, we fixed the amount of SiW1o-monoBipand
CeHeNI.HI while varied that of DIPEA. The H NMR spectra of SiWio-monoBio/
CeHsNI.HI/DIPEA mixtures are given in Figure 19.
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Figure 19. 'H NMR spectra (300MHz) of the reaction medium of SiW1o-monoBio/CsHsNI.HI/DIPEA with
different proportions in CDsCN in the range -0.5-4.1 ppm (a) , and -0.5-9 ppm (b).

When increasing the amount of DIPEA added from 0.5 to 2eq, the «a’» and «a”’» small signals
of APTES methylene protons in SiW1o-monoBig slightly shift from 0.45 and 0.57 ppm to 0.47
and 0.62 ppm, respectively (Figure 19a). This could suggest that a new POM adduct is formed
with a Coy geometry with two non-equivalent APTES arms. One arm should contain the B(2)-
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C(O)NH- amide bond formed between the Bio cage and the SiW10-APTES, appearing as a broad
peak at 6.23 ppm (Figure 19b).

The second arm could contain either the unreacted amine group in interaction with reactants
or the expected group of the ligand (-CH»-CsH4N) grafted to the POM. The comparison of
SiW1o-monoBio/CsHsNI.HI/DIPEA mixtures spectra with the spectra of free C¢HgNI, shows a
significant splitting of the methyl and aromatic protons of the ligand in the regions 4.4-4.9
ppm and 7-8.6 ppm, respectively (Figure 19b), as previously seen in the 'H spectra of SiW1o-
monoB1o/CsHsNI.HI mixtures of the proportions (1/1 and 1/2) without a base added (Figures
15b), but in the latter mixtures, the SiW10-monoBiowas hydrolyzed into SiW10-APTES, and the
hypothesis of the formation of a hybrid POM with methylpyridine groups was supposed. In
the present case, the SiW1p-monoBig is preserved, so that this hypothesis couldn’t be applied
here.

The 11B{*H} and !B NMR spectra of SiWio-monoB1o/CeHsNI.HI solutions with 0.5, 1 or 2eq of
added DIPEA, shown in Figures 20 and S5 (in the appendix); respectively, confirm this
hypothesis since the amide group B(2)-C(O)NH- amide remained intact, in agreement with
the H spectrum (Figure 19). We figured out that DIPEA prevents the dissociation of the B1o
cluster from SiW1o-monoB1o by neutralizing the acids in the medium.
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Figure 20.B{f*H} NMR spectra (400MHz) of TBA[B1oHsCO], SiWi;-monoBio and SiWi;-monoBio
/CsHeNI.HI mixture of the proportion 1/1 in CD3CN.

Figure 22 showing the modification of the 'H NMR spectrum of free C¢HgNI upon adding 2eq
of DIPEA (see spectrum of DIPEA-HCI in Figure 21) gives another hypothesis. These spectra

evidence that DIPEA base, which was chosen in this work based on its non-reactivity with our

81



reactants, provokes the splitting of the signals of the CsHgNI.HI, which suggests the presence
of some reactivity between both the ligand and the base.

In particular, the three signals attributed to protons “f" of the ligand in the region between
4.63 and 4.7 ppm are observed in the mixture of CsHsNI.HI and DIPEA with or without the
presence of POM but with a different ratio. This point is not in favor of the formation of the
expected adduct. In these conditions, the variation of the chemical shift of the ligand and of
the protons a’ and a” detected in the H spectra of SiW1o-monoBio/CsHeNI.HI/DIPEA mixtures
of different proportion (Figures 19) are probably due to the reactivity of the ligand with DIPEA
and only interaction by H-bond and/or H-H dihydrogen contact between the ligand and the
SiW10-APTES-monoBig precursor.

Figure 21. *H NMR spectrum of DIPEA-HCI in CDsCN.
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Figure 22. 'H NMR spectra (300MHz) of the reaction medium of SiW1o-monoBio/CsHsNI.HI/DIPEA of
the proportions (1/1/2, 0/1/2, and 0/1/0) in CDsCN.

Mixtures SiW10-monoBio/3-(lodomethyl)pyridine hydroiodide/K.CO3

In a last attempt, we decided to replace the DIPEA base with the inorganic base K;COs;
perhaps the *H NMR will be less tricky, so we would understand what happened on the
organic side and consequently try to optimize the conditions for synthesizing the «SiW10-B1o-
Organic ligand» adduct. Even so, K2CO3 unfortunately didn’t contribute to anything different
than the DIPEA base in comparing the spectra of the reaction medium SiWio-monoBig/
CsHsNI.HI with DIPEA (Figure 23a) or K,COs (Figure 23b).
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Figure 23..H NMR spectra (400 MHz) of SiWir-monoBis the reaction medius of (a) SiWio-
monoBio/CsHsNI.HI/DIPEA and (b) SiWip-monoBio /CsHeNI.HI/K,CO3 of the proportion 1/1/1, and
CsHsNI.HI in CDsCN in the ranges 4-9ppm (top) and -0.5 -9 ppm (bottom).
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V. Conclusion

In conclusion to this chapter, the *H and B NMR studies in solution to associate a second
functional group with the free amine of SiW1o-monoBiorevealed to be very complicated and
the SiW1io-monoBio appears sensitive to hydrolysis.

No reaction was obtained with pyridine-4-carboxaldehyde and 4-chloromethyl benzonitrile,
probably because of the intramolecular hydrogen bonding formed between the free amine
group and hydrides of the Big cluster in the SiW10-monoBio compound, which was identified
by 'H NMR, *H->"N HMBC NMR and DFT calculations of SiW1o-monoBig that particularly proves
it formation is energetically favorable which led to its stabilization.

By trying to form intramolecular H-H contact between SiWig-monoBig and 3-
(lodomethyl)pyridine, we observed some reactivity, but the reaction is highly dependent on
the experimental conditions, and the adducts possibly formed are not stable in time, which
preclude further investigation.

Once again, intermolecular interactions between reactants are preferred. Such interactions
are not so surprising. It seems clear to us that these interactions between POM and
protonated reagents are sometimes so strong that they are preferred to the formation of
covalent bonds. This is true in aqueous media, as highlighted by Nancy Watfa in her thesis
with the very strong interaction of alkyl ammonium cations with keplerate-type POMs 22, but
also in Mouhammad Awada's work at Versailles with keplerate and proline ligands 23. In this
case, the interaction with the protonated amine function is stronger than the coordination of
the carboxylate function and it is not possible to carry out the coordination reaction.

In our case, we can assume strong interactions between the POM moiety and the protonated
ligand, but also very strong H-H interactions between the boron cluster and the protonated
ligand, or hydrogen interactions between the POM-amine and the non-protonated ligand. We
think that maybe such interactions are particularly stronger in organic medium and discussion
with other groups working on similar topics seems in agreement with that. This point would
deserve a full study in organic medium but this is not the purpose of the PhD work.

Given this difficulty, we decided to discontinue our study on synthesizing a new POM-Borate
hybrid and focus on the chemistry of each species alone: Hybrid POMs (see Chapter Three)
and Borate-Cyclodextrins complexes (see Chapter Four).
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VI. Experimental Part
VI.1 General procedures

Nuclear magnetic resonance (NMR). Solution spectra were recorded at 25 °C. 'H,''B, and *°N
NMR were measured with a Bruker Avance 400 MHz spectrometer equipped with a5 mm BBI
probe head and operated at a magnetic field strength of 9.4 T. Quartz NMR tubes are used to
avoid background signals from the standard glass tubes in case of *'B. CDsCN was used as the
solvent. Typically, 'H spectra were recorded with one pulse sequence at a 30° flip angle (pulse
duration 2.4 pus), using 1 s recycle delay, 1.6 s acquisition time, and 80 scans. In the case of
samples containing boron, Waltz16 !B decoupling was applied during acquiring 'H spectra.
The 1B spectra were recorded with Hahn echo sequence (echo delay 117 ps) under proton
decoupling condition, using 0.1 s recycle delay, 21 ms acquisition time, and 1024 scans.
According to conventional standards, chemical shifts are reported relative to 1% MeaSi in
CDCl3 for *H NMR and 15% BF3—Et,0 in CDCl; for !B NMR, according to conventional
standards 24.

Elemental analyses. The analytical service of the CNRS at Gif sur Yvette, France, carried out
elemental analyses of C, H, and N. Quantitative analyses of metals were carried out by ICP
analysis, performed in CREALINS laboratory in Vernaison, France.

VI.2 Syntheses and isolation of products

All reagents were purchased from commercial sources and used without further purification.
All synthetic reactions were performed under an Argon atmosphere using a vacuum line and
Schlenk-techniques. All solvents were dried and distilled unless stated otherwise because of
the sensitivity of the boron precursor used. (NH4)2[B1oH10] is provided by katchem company
and (TBA)[BioH10] was precipitated from an aqueous solution of (NHa4)2[BioH10] using
saturated solution of TBABr. Kg([2-SiW11039).14H,0 and Ks(y-SiW10036).12H,0 POMs were
prepared according to the literature and checked by routine methods.

VI.2.1 Synthesis of the closo-decaborate carbonyl derivative TBA[B1oH9CO]

(TBA)2[B1oH10] (4 g, 6.6 mmol) was dissolved in 150 mL of dry CH,Cl, and stirred under an inert
atmosphere while the flask was placed in an ice path. Then, oxalyl chloride solution COCI; (2
mL, 22.9 mmol) was added with a syringe, and the mixture was stirred at 0 °C for 30 min. The
solution was allowed to warm to room temperature and stirred for an additional 30 min.
Later, the volume of the solution was reduced by 2/3 under reduced pressure. After
evaporation in vacuum, 2.28 g of a yellow product corresponding to TBA[B10HsCO] was
obtained (yield 88.9 %). The product was analyzed by FT-IR, ESI-MS, and B NMR in CHsCN;
all were consistent with the literature.
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FT-IR spectrum is given in Figure S6 in the appendix. In addition to the vibration bands of TBA
cations, the spectrum displays the characteristic bands at 2515 cm™ and 2095 cm™ assigned
to B-H and C=0 groups, respectively.'B NMR (6 ppm, 400 MHz, CDsCN): 5.4 (s, 1 B), 6.2 (s, 1
B), -18.3 (s, 1 B), -26.5 (s, 2 B), -28.9 (s, 2 B), -29.4 (s, 2 B), -44.4 (s, 1 B),'B{*H} NMR (& ppm,
400 MHz, CDsCN): 5.4 (d, 1 B), 6.2 (d, 1 B), -18.3 (d, 1 B), -26.5 (d, 2 B), -28.9 (d, 2 B), -29.4 (d,
2 B),-44.4 (s, 1 B). 'H NMR (86 ppm, 400 MHz, CD3CN):-0.27 to 0.64 (crown-like structure, 0.99
(t, TBA), 7 H equatorial), 1.63 (m, TBA), 1.38 (m, TBA),3.15 (t, TBA), 3.39 to 4.81 (crown-like
structure, 2 H apical),*H{*'B} NMR (6 ppm, 400 MHz, CD3CN): 0.38 (d, 1 H),0.65 (d, 3 H), 0.69
(d, 4 H), 3.83 (s, 1 H),4.06 (s, 1 H), in addition to TBA* peaks listed above.

VI.2.2 Synthesis of (BusN)sH[(y-SiW10036)(Si(CH2)sNH2)20].3H20, denoted hereafter SiWio-
APTES.

According to Mayer's work, ks(y-SiW10036).12H,0 (6 g, 2 mmol) was suspended with NBusBr
(1.94 g, six mmol) in a mixture of acetonitrile (60 mL) and water (16 mL). 3-
aminopropyltriethoxysilane (0.94 mL, four mmol) and HCl (12 M, 1 mL) were successively
added under vigorous stirring. The mixture was stirred for a further six hours. The white
compound obtained after evaporation of the organic solution in a rotary evaporator was
copiously washed with water, filtrated, and dried by ether. Purification was done by
redissolving the solid in 40 mL acetonitrile, centrifugation to remove insoluble residue, then
evaporation of acetonitrile in a vacuum to yield 5.6 g of the light-yellow product (82 %).

FT-IR spectrum is given in Figure S7 in the appendix. IR (v/cm™): 2962 (m), 2936 (m, sh), 2874
(m), 1625 (m, br), 1483 (m), 1380 (w), 1101 (m), 1042 (m, br), 961 (m), 901 (s), 887 (s), 819
(s), 780 (s), 736 (m, br). Elemental analysis for (NBua)sH[(y-SiW10036)(Si(CH2)3 NH2),0].3H,0
(Cs4H131N5040SisW10, MW = 3413.4 g.mol?),EA(Calc.): H (3.87); C (19.00); N (2.05),EA(Found):
H 3(3.84); C(19.41); (2.04).1H NMR (6 ppm, 400.13 MHz, CD3CN): 0.75 (t, -SiCH2CH2CH2NH,),
), 1.01 (t, TBA), 1.45 (m, TBA),1.67 (m, TBA),1.91 (m, -SiCH,CH2CH;NH>),3.21 (t, TBA),3.30 (t, -
SiCHzCHzCHzNHz),7.3O (S, -SiCHzCHzCHzNHz).

Vi.2.3 Synthesis of (TBA);(D|PEAH)3[(SiW10035)(B10H9CONHC3H5$i)(NHngHGSi)O].3H20,
noted as SiW10-monoBio .

The synthesis of SiW10-APTES was adapted from Diab's work °.SiW10-APTES (1 g, 0.29 mmol)
was dissolved in 2 mL of dry acetonitrile, then TBA[B1oHoCO] (113 mg, 0.29 mmol) was added
with 1 mL of dry acetonitrile and stirred till total solubility. DIPEA (76 uL, 0.44 mmol) was
added drop by drop with vigorous stirring. The solution was kept at room temperature for 3
hours under Nitrogen. After the reaction time, the solution was kept under the hood for
evaporation of the acetonitrile phase. An oily residue was obtained and triturated by diethyl
ether until a dry light-yellow solid was obtained, filtrated, washed with diethyl ether for
removing the excess of DIPEA and dried under vacuum for a few hours to yield 1.1 g of
(C16H36N)3(CgH19N)3[(SiW10036) (B10HoCONHC3H6Si)(NH2C3H6Si)O](H20)3 (96.2 %).
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FT-IR spectrum is given in Figure S8 in the appendix: 2961 (m), 2933 (m, sh), 2873 (m), 2469
(m), 1664 (sh), 1626 (m, br), 1482 (m), 1380 (w), 1099 (m), 959 (m), 899 (s), 884 (s), 819 (s),
733 (m, br). Elemental analysis for B1oC79H195Ng041SisW10 (MW = 3944.31g.mol?). EA(Calc.):
H(4.98); C(24.06); N(2.84); B(2.74); Si (2.14), EA(Found): H(4.83); C(24.18); N(2.12); B(2.39);
Si(1.87).1H NMR (6 ppm, 400.13 MHz, CDsCN): 0.45 (t,-SiCH2CH,CH:NH), 0.57 (t,-
SiCH2CH,CHoNHCO-), 1.01  (t,TBA(-N*CH.CH.CH»CH3)),1.45  (overlapping TBA (-
N*CH,CH,CH2CH3) and DIPEAH* ([(CH3)2CH]2NH*CH,CHs) ,1.68 (m, TBA (-N*CH,CH2CH,CHs)),
1.90 (m, -SiCH,CH2CH2NH; and SiCH,CH2CH;NHCO- overlapped with CHs3CN), 2.97 (t, -
SiCH2CH2CH2NH_), 3.19 (t, TBA*  (-N*CH2CH2CH,CH3)), 3.26 (sh,DIPEAH*
([(CH3)2CH]2NH*CH2CHs) overlapped with TBA* peak), 3.43 (t, -SiCH,CH2,CH2NHCO-), 3.77 (m,
DIPEAH* ( [(CH3)2CH]2NH*CH2CH3), 6.15 (s, -SiCH2CH2CHNHCO-), 7.24 (s, -SiCH2CH2CHaNH3),
8.72 (s, DIPEAH* ([(CH3)2CH]2NH*CH,CHs3). 1'B{*H} NMR (& ppm, 128.38 MHz, CDsCN): -0.047
(d,1B),-0.8(d, 1B),-25.6 (s, 1 B),-28.0 (m, broad, 7 B).
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Chapter Three



Chapter 3: Visible light photoinitiators made of covalently bonded

polyaromatics and polyoxometalates units.

l. Introduction

Photopolymerization processes are thriving nowadays due to their tremendous applications
in 3D printing 3, adhesives and coatings manufacturing *°, and bioactive materials
elaboration ®’. However, even today, an important part of the reported photoinitiators (Pls)
is only active under UV irradiation 811, Nevertheless, various strategies have been considered
to elaborate new Pls active in the near UV and visible range by appropriately functionalizing
Pls active only in the UV range. For example, anthraquinone (AQ) is a Pl widely used for
photopolymerization processes under UV light but is only marginally effective under visible
light irradiation. Thus, its rational functionalization by organic groups has allowed to obtain
derivatives active under irradiation in the visible range 277, The same strategy has been
applied to related Pls such as benzophenone 82! or anthracene 22724,

Meanwhile, the inorganic POM clusters exhibit properties that can be exploited in numerous
fields 2°7%7, these species being, for example, relevant for photochemical 22 or biological ?°
applications due in particular to their unique redox behaviors. While the classical acid or alkali
salts of POMs are generally highly soluble in water, limiting their recyclability and reusability
in important applications such as catalysis 39, this disadvantage can be overcome by
incorporating them into matrices. For instance, the decatungstate polyanion [W10032]* and
the seminal [PMo012040)* and [SiM01,040]* Keggin species, highly recognized for their catalytic
properties, have been immobilized into polymers using photopolymerization techniques. In
that way, [W10032]* POMs were associated with silanes (or borane derivatives) and iodonium
salts to promote free-radical cationic photopolymerization of epoxides under polychromatic
Hg-Xe irradiation 3. Similar results were obtained with the three-component photo-initiating
systems [XMo012040]™ (X = P, n = 3 or X = Si, n = 4) / hydrogen donors (silane, germane) /
iodonium salts for initiating the radical and cationic polymerization of acrylates and epoxides
under UV irradiation, respectively 32. The reduction of iodonium salts by [PMo012040]*
generates phenyl radicals (Phe), which are involved in the H-abstraction reaction process with
silane (or germane), thus forming initiating silyl (or germyl) radicals for free-radical
polymerization of acrylate monomers. Subsequently, the oxidation of silyl (or germyl) radicals
by iodonium salt leads to initiating cationic reactive species, which can afford free-radical-
promoted cationic photopolymerization.

More recently, new structures of onium salts containing polyoxomolybdates or
polyoxotungstates as counter anions were elegantly proposed 33. Interestingly, POM
derivatives proved effective for sensitizing iodonium salts by intramolecular electron transfer
reaction under UV irradiation, generating radical and cationic species for synthesizing
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interpenetrated epoxy/acrylate materials under air conditions. Moreover, the elaborated
POM-containing polymers have also proved to be highly active in the degradation of
pharmaceutical compounds or the degradation of dyes 34736, Noticeably, all the photosystems
described above consist of a mixture of anionic POMs with cationic photoinitiators (Pls),
allowing photopolymerization under irradiation with A < 405 nm and leading to POM-
incorporating composites. However, to the best of our knowledge, a covalent association of
POMs and Pls has never been investigated, although such an association could bring new
optical properties to the photosystem.

The reaction between the Lindqvist POM [MogO19]%> and organic amines, leading to imido
derivatives, has been widely studied over the last two decades. As early as 2001, Peng et al.
reported a protocol to obtain such hybrid species in high yield 3’. We can discuss their optical
properties, taking as an example the naphthalene derivative [MogO1sN(C10H7)]?". The lowest
energy electronic transitions are observed at 300 nm for the 2-naphtaleneamine ligand and
325 nm for the [MogO19]? precursor. This last transition was assigned to a charge-transfer
from the oxygen m-type HOMO to the molybdenum mn-type LUMO. Strikingly, in the hybrid
complex [MogO1sN(C10H7)]%, this band becomes more intense and is bathochromically shifted
by nearly 60 nm (Amax = 383 nm). This originates from the charge-transfer transition of the
coordinated N atom to the molybdenum atom as a result of the delocalization of the m-
electrons of the naphthalene ring to the hexamolybdate unit and evidences a strong

electronic interaction between the POM and the covalently bonded organic conjugated ligand
38

Obviously, the shift amplitude strongly depends on the m-electrons delocalization
characterizing the organic sub-unit. It follows that such functionalization allows the tunability
of the POM and organic substrate optical properties, and while the yellow [MogO19]*
precursor only poorly absorbs in the visible domain, strongly colored hybrid species can be
obtained after the grafting of such colorless aromatic amines. However, to the best of our
knowledge, the potentiality of such functionalized POMs to act as photoactive species in the
visible range has never been explored.

From these perspectives, in this chapter, we report the synthesis of three novel imido
derivatives [MogO1sNR]?> obtained from the [MogO19]?> precursor and aromatic amino
derivatives R-NH; of the anthracene, benzophenone, and anthraquinone photoinitiators,
respectively (Figure 1). While these organic Pls are only active under UV irradiation or very
poorly active under visible-light stimulation for the polymerization processes targeted in our
study, their performances could increase enormously once connected to the POM unit.
Importantly, this represents a novel strategy for shifting the organic photoinitiator’s activity
from UV to visible light irradiation.

The three isolated hybrid materials have been fully characterized in the solid-state and
solution. Their optical and photophysical properties have been deeply studied by UV-vis
spectroscopy, cyclic voltammetry, fluorescence, and laser flash photolysis experiments. Their
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use for the free-radical polymerization of trimethylolpropane triacrylate (TMPTA) and
soybean oil epoxidized acrylate (SOA) has also been investigated by Real-Time Fourier
Transform InfraRed Spectroscopy (RT-FTIR) and electron paramagnetic resonance-spin
trapping (EPR-ST). The influence of such POM derivatives on the mechanical properties of the
obtained hybrid polymers is discussed.

Notably, TMPTA is a tri-functional monomer holding three vinyl groups, enabling it to
interconnect with nearby polymers. It creates a highly crosslinked polymer matrix of low
toxicity and high mechanical resistance, ideal for various industrial applications 3° Soybean
oil epoxidized acrylate (SOA) is a biodegradable and low-cost monomer, readily available
through the epoxidation of the natural soybean vegetable oil, made up of triglyceride
molecules ,followed by the ring-opening of the epoxide groups with acrylic acid *° (Figure 1).

e
\ (®) HO 2
P\ o I
%
/’\H/DDCD HO 00 ° OH
© 0
J SOA o'

TMPTA
O NH, 0
NHE “ #‘ .g _NH;
0
2-aminoanthracene 2-aminobenzophenone 2-aminoanthraquinone

Figure 1. Chemical structures of TMPTA and SOA monomers,2-aminoanthracene, 2-
aminobenzophenone, and 2-aminoanthraquinone.

Il. General Strategy

Our strategy for synthesizing a new series of monosubstituted organoimido POM derivatives
was mainly following the DCC (N, N’-dicylohexylcarbodiimide) dehydrating synthetic protocol
established by Peng and Wei for POM-amine coupling reactions 3’. The presence of DCC was
confirmed to be crucial for the reaction to proceed by two means: i) as a dehydrating agent
since the [MosO1s(NAr)]> complexes are moisture sensitive and would decompose by
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hydrolysis 442 and ii) as a catalyst because it activates the Mo-O terminal bond by increasing
the electrophilicity of molybdenum atom so speeding up the reaction rate of the nucleophilic
addition by amine ligands 3.

Initially, we had many attempts of reacting octamolybdate polyanion [MogOz6]* with
aromatic amines (2-aminobenzophenone, 2-aminoanthracene, and 2-aminoanthraquinone)
in the presence of DCC in refluxing acetonitrile. Unfortunately, the outcome wasn’t
satisfactory as we obtained a mixture of unidentified products. Hence, consequent trials were
then performed to optimize the synthetic conditions (reactants amounts, temperature,
solvent type, and reaction time...) to enhance the yield and purity of the POM derivatives.
The synthetic procedure developed by Fielden et al. inspired us to prepare similar
organoimido POM hybrids by replacing acetonitrile with DMSO #4*’. It has also been found
that organoimido functionalization of the Lindqvist POM (TBA)2[MosO1s] (TBA=
tetrabutylammonium) is more highly reactive and favored compared to other
isopolyoxometalates or mixed-metal hexametalates since the former reaction is simple,
direct, thermodynamically and kinetically favored 434852,

In this manner, equivalent amounts of (TBA)2[MoeO19] and the corresponding aromatic
amines were reacted together in the presence of 1.4 equivalents of DCC in hot anhydrous
DMSO (70°C) under an inert atmosphere (Figure 2), leading to the isolation of highly colored
monosubstituted imidohexamolybdate derivatives (TBA)2[018Moe(NCsH4C(O)CeHs)] (POM-
AB), (TBA)2[018Mo0s(NC14Hs)] (POM-AC) and (TBA)2[01sMos(NC14H702)] (POM-AQ).

Interestingly, the hybrids were optimally isolated in a very short reaction time (1 h), in
contrast to previously reported POM imido derivatives, whose synthesis usually required at
least 10 h. After one hour, the reaction mixture was filtered to discard the
dicyclohexylcarbodiurea suspensions originating from DCC, and then the crude product was
precipitated in a large quantity of diethyl ether. After purification, POM-AB and POM-AC are
isolated as orange and dark red powders with 71% and 35% yields, respectively. While for
POM-AQ, it is more complicated to estimate the yield because the sample contains traces of
unreacted POM hexamolybdate.

Purification of crude POM derivatives was challenging. Nevertheless, POM-AB and POM-AC
were purified through recrystallization from hot acetonitrile (50°C). On the other hand, it was
difficult to completely eliminate unreacted precursors from crude POM-AQ, regardless of all
the purification procedures tried, whether washing the crude product with different solvents
(EtOAc, CHCIs, THF, Acetone) or by recrystallization or diffusion of either tert-butyl methyl
ether or diethyl ether into concentrated acetonitrile solutions. Nevertheless, higher purity
(80%) was obtained by dissolving the crude product in a minimum volume of acetonitrile and
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then filtrating the mixture after a few hours. The filtrate was evaporated and POM-AQ was
isolated as a brown powder after trituration with diethyl ether.

)
- (Bu,N), ‘_t:ir{'j

2-am|noanthracene 2-aminobenzophenone -amlnoanthraqulnone
C,4H NH, C,sH;ONH, C,4H;0,NH,

Anhydrous DMSO, DCC
1hr, 70°C, N, atm.

R: -C,,H;0O, (anthraquinone)
-C453H50 (benzophenone)
-C4Hg (anthracene)

Figure 2. Synthetic pathway of the organoimido POM derivatives, POM-AC, POM-AB, and POM-
AQ.(Turquoise spheres are Mo, red spheres are O)

lll. *H NMR studies on POM derivatives

'H NMR spectroscopy is a convenient tool to monitor the efficiency of POM-amine coupling
reactions #°3>4, The NMR data acquired in CD3CN for this study are gathered in Table 1, while
'H NMR spectra are given inf Figures 3-8.
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Table 1. *"H NMR data in CDsCN, 300 MHz.

j
0 MNH-
a
c f
b a d e
c g

2-aminobenzophenone

|
f d a k NH,
g gg‘
C b e

Z2-aminoanthracene

d
e

2-aminoanthraquinone

Compounds Main chemical shifts/ppm Integration
a+b 7.57-7.62 2H +1H, m
c 7.48-7.51 2H, m
. d+e 7.3-74 2H, m
2-aminobenzophenone
f 6.85 1H, d
g 6.61 1H, t
j 6.43 -NH3, s
f+d 7.79-7.84 2H, m
POM-AB
atb+c+e+g 7.19-7.70 7H, m
a 8.30 1H, s
b 8.19 1H, s
. c+d+e 7.83-7.95 3H, m
2-aminoanthracene
f+g 7.3-7.44 2H, m
jt+k 7.01-7.09 2H, m
I 4.52 -NHz, s
a+b 8.5 2H, d
j+k+e 8.02-8.09 3H, m
POM-AC f 7.86 1H, s
d+c 7.47-7.59 2H, m
g 7.38 1H, dd
a+b 8.22-8.29 2H, m
C 8.03 1H,d
. . d+e 7.82 2H,
2-aminoanthraquinone
f 7.39 1H, s
g 7.02 1H, q
i 5.27 NHy, s
f+g+c 8.27 3H
POM-AQ at+d+e 7.92 3H
b 7.62 1H
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Figure 3. H NMR spectra of 2-aminobenzophenone and POM-AB in CDsCN.
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Figure 4. 'H NMR spectra of 2-aminobenzophenone and POM-AB in CDsCN in the 6-8 ppm range.
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Figure 5. 1H NMR spectra of 2-aminoanthracene and POM-AC in CDsCN.
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Figure 6. 'H NMR spectra of 2-aminoanthracene and POM-AC in CDsCN in the 4-9 ppm range.
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Figure 7. *H NMR spectra of 2-aminoanthraquinone and POM-AQ in CDsCN.
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Figure 8. 'H NMR spectra of 2-aminoanthraquinone and POM-AQ in CDsCN in the 5-9 ppm range.

As shown in the spectra of the three POM hybrids (POM-AB, POM-AC, and POM-AQ) (Figures
3-8), there are aromatic organic peaks in the 5-9 ppm range related to the organoimido part
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and those related to the two TBA* cations associated with hexamolybdate anion in the 0.9-
3.5 ppm range.

The comparison between each POM hybrid spectrum and its correlated free amino-organic
ligand reveals the disappearance of the broad signal of the amine function of R-NH; reactants
and markable deviation in the peaks of the aromatic protons, which points to a strong
interaction between the inorganic and organic moieties. The chemical shifts of the aromatic
protons are downfield shifted compared to the corresponding noncoupled amines,

underlining the electron-withdrawing effect of the POM platform >>°6,

The degree of substitution of the ligand on (TBA)2[Mo0s019] can be evaluated from the ratio
between the integrations of the aromatic organic part and those of the counter cations TBA*
in the hybrid POM spectra. By theory, a mono-functionalized imido-hexamolybdate
[Moe01s(NR)x]* (x=1) corresponds to an organic group/TBA integration ratio of 0.5, which
perfectly matches the experimental ratio determined from POM-AB and POM-AC spectra
(Figures 3 and 5). In contrast, a ratio of 0.4 is observed for POM-AQ, indicating a slight default
of the anthraquinone ligand (Figure 7). This suggests the presence of unreacted
(TBA)2[Mo06019] in the isolated material. Despite numerous efforts, it was hard to remove this
precursor impurity entirely.

IV. FT-IR Measurements

Comparison of the FT-IR spectra of POM-AB, POM-AC, and POM-AQ with their parent
hexamolybdate (TBA)2[Mog019] at the region above 1000 cm™ (Figures 9-11) primarily shows
standard bands around 2900 cm relative to the stretching vibrations of aliphatic C-H groups
of the countercation TBA*. However, numerous new stretching bands appear in the spectra
of the hybrid POMs compared to that of (TBA)2[Mos01s], which only contain bands belonging
to the TBA cation. Particularly, in the medium-frequency region (1700-1600 cm™1), there are
characteristic peaks for the (C=0) bond in POM-AB and POM-AQ (Figures 9 and 11). The bands
inthe 1300-1550 cm™ area are related to (C=C) bonds of the benzene rings, besides numerous
new bands exclusively present on POM hybrids spectra correlated to the conjugated mt system,
which constitutes strong evidence of the grafting of organic moieties into the hexamolybdate.

Whereas, below 1000cm?, the region characteristic to the inorganic part [MogO19]?, in the
POM hybrids spectra, there are two strong peaks located at 945+ 1 cm™ and 765 £ 1 cm™
assigned to the stretching vibrations v(Mo-0O:) and v(Mo-Os-Mo) respectively, that are red-
shifted compared to stretching vibrations of free (TBA)2[MosO19] at 951 cm™ and 783 cm™.
These typical variations indicate that Mo-O bonds are weaker in the hybrid POMs due to the
strong new Mo-N one. Indeed, a new sharp peak appears at 9761 cm™ corresponding to the
Mo=N stretching vibration, which is characteristic of monosubstituted organoimido
substituted derivatives 4%>7:°8,
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Figure 9. Infrared spectra of 2-aminobenzophenone, (TBA)2[Mos019] and POM-AB.
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Figure 10. Infrared spectra of 2-aminoanthracene, (TBA):[Mos015] and POM-AC.
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Figure 11.Infrared spectra of 2-aminoanthracene, (TBA),[Mos015] and POM-AQ.

V. Characterization by ElectroSpray lonization Mass Spectrometry (ESI-MS)

The purpose of ESI-MS spectra of the three functionalized POM derivatives is not limited to
illustrating the successful synthesis of the targeted products but also confirming their stability
in acetonitrile solution °°. The ESI-MS results of the three functionalized polyoxometalates in
acetonitrile solution with a concentration of 10> M are summarized in Table 2.

Actually, for POM-AB, the isotopic peaks centered at m/z 529.19 can be assigned to the
dianion {MosO1s(NCeH4-C(0)-CeHs)}> in agreement with the calculated value (m/z 529.42),
while the minor peak at m/z 1302.70 corresponds to the anionic aggregate
{(TBA)[M06018(NCsHa-C(0O)-CsHs)]} (calc. m/z 1301.32) (Figure 12). Analogously, for POM-AC,
the peak related to the inorganic part {MogO18(NC14Hs)}* is observed at m/z 528.19 (calc. m/z
527.43), and the isotopic peaks centered at m/z 1296.67 (calc. m/z 1297.33) can be attributed
to the {(TBA)[Mo0sO1s (NCi4Ho)]} aggregate resulting from the association of the dianion and
a TBA cation (Figure 13). Lastly, for POM-AQ, the isotopic peaks at m/z 540.17 (calc. m/z
542.42) and m/z 1328.68 (calc. m/z 1327.42) correspond to {MogO1s(NC14H;02)}> and
{(TBA)[M0018(NC14H702)]} respectively while the peak at m/z 1085.39 (calc. m/z 1085.96)
can be assigned to {H[MosO1s(NC14H702)]} (Figure 14).
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Figure 12. ESI-MS spectrum of (a) POM-AB solution in acetonitrile (C=10°M); ESI-MS simulated signals
of (b) {POM-AB}* and (c) {TBA + POM-AB}.
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Figure 13. ESI-MS spectrum of (a) POM-AC solution in acetonitrile (C=10°M); ESI-MS simulated signals
of (b) {POM-AC}?*, and (c) {TBA + POM-AC}.
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Figure 14. ESI-MS spectrum of (a) POM-AQ solution in acetonitrile (C=10°M); ESI-MS simulated signals
of (b) {POM-AQ}?,(c) {H + POM-AQ}, and (d) {TBA + POM-AQ}.
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Table 2. Summarized ESI-MS data.

Compounds Exp. m/z Peak’s Assignments Calc. m/z
439.66 {M0gO10}* 439.81
529.19 {M0g015(C13HsNO)}* 529.42
POM-AB 1123.61 {Na[Mo0gO15(C13HsNO)] (CHsCN)}¥ 1122.89
1302.70 {(TBA)M0gO15(C13HsNO) ¥ 1301.32
440.15 {M0gO10}* 439.81
POM.AC 528.19 {M06O15(C1aHsN)}* 527.43
1296.67 {(TBA)M0gO15(C1aHsN)} 1297.33
440.17 {M0gO10}* 439.81
540.17 {M0gO15(C14H702N)}* 542.42
645.22 {M06O15(C1aH70,N)}> 645.09
POM-AQ 880.75 {HMogO1s} 880.75
1085.39 {HM06015(C1aH-0,N) ¥ 1085.96
1291.17 {HMO04015(C14H70:N), ¥ 1291.07
1328.68 {(TBA)M0gO135(C1aH70.N) ¥ 1327.42

VI. X-Ray Diffraction Studies

Orange crystals of POM-AB suitable for X-ray diffraction were obtained through
recrystallization from a hot concentrated acetonitrile solution of the crude solid, while red
crystals of POM-AC were obtained by diffusion of tert-butyl methyl ether into an acetonitrile
concentrated solution. Crystallographic data are given in Table 3, while bond lengths and
bond angles of POM-AB and POM-AC obtained by X-Ray Diffraction are gathered in 4.

106



Table 3. Crystallographic data for POM-AB and POM-AC.

POM-AB POM-AC
Chemical formula Mo60O19N3CasHgi Mo60O18N3Ca6Hg1
M, (g.mol'l) 1543.89 1539.91

Cell setting, space
group
Temperature (K)

a, b, c(A)

o, B,y (%)

V (A%

VA

Dx (g cm™®)
Radiation type
p(mm)

Crystal form, color

Absorption correction

No. of measured and
independent reflections

Criterion for observed
reflections

Rint

GoF

Refinement on

R, WR2[F? > 26(F?)]
No. of parameters
H-atom treatment

SRl - IR
lalRy = =517

[b]R, =

Monoclinic, P21/n

210

16.0547(7), 21.3423(8),
17.4658(7)

90, 90.063(2), 90
5984.6(4)

4

1.713

Mo Kau

1.29

Parallelepiped, orange

Multi-scan SADABS

210376, 17433

I > 20(1)

0.029

1.100

F2

0.021, 0.051

658

Constrained to parent site

Z W(Foz - FCZ)Z
2 w(F$)?

Orthorhombic, Pna2;

210

19.5715(10),
18.4467(9),15.8310(9)

90, 90, 90

5715.5(5)

4

1.705

Mo Kau

1.34

Parallelepiped, orange

Multi-scan SADABS
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Table 4. Bond Lengths and Bond Angles of POM-AB and POM-AC obtained by X-Ray Diffraction.

POM-AB POM-AC
Mo1-N bond 1.7392(1) A 1.7737(1) A
C-N-Mo1 angle 170.361(4) ° 154.597(4) °
Oc -Mo1 bond 2.2167(1) A 2.2058(1) A
Oc -Mo(2-6) 2.3183(1) -2.3625(1) A 2.3078(1) -2.3775(1) A

Single crystal X-ray diffraction studies confirm that in POM-AC and POM-AB, the organic
moiety is covalently linked to the hexamolybdate core through the nitrogen atom, which
replaces one terminal oxo ligand (O:) of the Lindqvist POM. For POM-AB, the short-formed
Mo1-N bonds (1.7392(1) A), along with the C-N-Mo1 angle close to 180° (170.361(4)°), are
illustrative of organoimido groups bound to an octahedral d° metal center via a Mo-N triple
bond (Figure 15a) 376061 This is also the case for POM-AC, but the Mo1-N bond is slightly
longer (1.7737(1) A), while the more acute C-N-Mo1 angle (154.597(4)°) shows a distortion,
probably due to the steric hindrance of the anthracene group (Figure 15b).

Also, as a typical feature for organoimido POM derivatives, the bond between the central
oxygen (O¢) and the molybdenum (Mo1) bearing the organic moiety is significantly shorter
(2.2167(1) A for POM-AB and 2.2058(1) A for POM-AC) than the bonds between Oc and the
five other metal centers (Mo2-6) (in the 2.3183(1)-2.3625(1) A range for POM-AB and the
2.3078(1)-2.3775(1) A range for POM-AC). This is attributed to the so-called "trans influence",
suggesting that the central oxygen atom is slightly shifted toward the imido-bearing
molybdenum atom due to weaker electronegativity of the imido group compared to the
terminal oxo group (O¢) 3862,
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Figure 15. Molecular structures of (a) POM-AB and (b) POM-AC. TBA cations and H atoms were omitted
for clarity. Turquoise spheres: Mo, red spheres: O, blue spheres: N, grey spheres: C.

The crystal packing of POM-AC does not exhibit any m-m interactions between neighboring
anthracene units nor between the aromatic group and the nearest POM facet. In contrast, as
shown in Figure 16, -1t interactions involving the monosubstituted aromatic rings of two
adjacent benzophenone moieties lead to the formation of dimers along the z-axis in POM-AB.
These interactions are characterized by a distance of 3.8063(1) A between the centroids of

these parallel rings %37,
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Figure 16. Crystal packing of POM-AB along the z-axis (top), -1t interactions between two neighboring
polyanions (bottom). TBA cations and H atoms have been omitted for clarity. Turquoise polyhedra:
MoOs and MoOsN, red spheres: O, blue spheres: N, grey spheres: C.

VII. UV-Visible Spectroscopy

The electronic spectra of POM-AB, POM-AC, and POM-AQ with their related inorganic and
organic precursors were recorded in acetonitrile at room temperature (Figures 17-19). The
Lindqvist-type polyanion (TBA)2[Mos019] exhibits a typical absorption band positioned in the
ultraviolet region at A = 325nm (Figure 17B), which corresponds to Ligand-to-Metal charge
transfer (LMCT) from the oxygen n—type highest occupied molecular orbital (HOMO) to the
molybdenum n—type lowest unoccupied molecular orbital (LUMO) 551,66,

This band was bathochromically shifted by 24 nm (A= 349 nm) and interestingly becomes
much more intense in POM-AB, where the 2-aminobenzophenone segment is introduced
(Figure 17). It is clear by looking, for example, at the visible wavelength (A = 405 nm, one of
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the wavelength values used in the photopolymerization process) that the molar extinction
coefficients (€) for POM-AB (E40s= 5300 L.mol*.cm™) is significantly more intensified than that
of the parent 2-amino -benzophenone (€405= 1660 L.molt.cm?). This observation is consistent
with earlier studies on aryl imido POM derivatives, confirming the electronic interaction
resulting from the covalent assembly of POM clusters and organic conjugated systems >,

Notably, this is also the case after the functionalization with 2-aminoanthracene; the lowest
energy electronic transition of 2-aminoanthracene at A = 406 nm is bathochromically shifted
to a broad and intense absorption band at A = 428 nm along with a shoulder at 449 nm in
POM-AC (Figure 18). Furthermore, the increase of the € values is strongly pronounced for
POM-AC, with €45 = 17230 L.moll.cm? against €is5 = 3480 L.moll.cm? for 2-
aminoanthracene. This also applies to POM-AQ with €405 value up to ca. 15600 L.mol*.cm™,
much higher than the organic precursor (€405 = 2100 L.moltl.cm™) (Figure 19). The
bathochromic shift in early imido derivatives is related to the enhancement in the LMCT
process due to the delocalization of the organic conjugated m electrons through the N-imido
n bond into the Lindgvist POM ©7.

000 9 C (A) 2 b h 04 M
-aminobenzophenone 10+
349 (B) TBA,[M0,0,o] 10 M

.ff 20000 - (C) POM-AB 10 M
=
O
< 15000 -
O
S
—J 10000 -
w
5000
O -
300 400 500 600 700

A (nm)

Figure 17.UV-Visible spectra in acetonitrile of 2-aminobenzophenone (A), (TBA)2[Mos015] (B) and POM-
AB (C).
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(A) 2-aminoanthracene 5x10° M
(B) TBA,[M00,,] 5x10° M
C (C) POM-AC 5x10° M

300 350 400 450 500 550 600 650 700
A (hm)

Figure 18.UV-Visible spectra in acetonitrile of 2-aminoanthracene (A), (TBA):[MosO:s] (B) and POM-AC
(C).
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(A) 2-aminoanthracene 5x10° M
(B) TBA,[M00,,] 5x10° M
C (C) POM-AC 5x10° M

300 350 400 450 500 550 600 650 700
A (hm)

(A) 2-aminoanthraquinone 5x10°5 M
(B) TBA,[Mo.0,,] 5x10° M
(C) POM-AQ 5x10° M

405

300 400 500 600 700

Figure 19.UV-Visible spectra in acetonitrile of 2-aminoanthraquinone (A), (TBA)2[Mo0s014] (B) and POM-
AQ (C).

VIII. Investigation of the photochemistry of the MDEA/POM derivatives
photo-initiating system.

Considering the drastic changes observed for the electronic properties of anthracene,
anthraquinone and benzoquinone resulting from the coupling with Lindqvist POM, the study
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of the photochemistry of the three previous hybrid POMs was performed in collaboration
with Davy-Louis Versace’s group in Institut de Chimie et des Matériaux Paris-Est (ICMPE) at
Université Paris-Est Créteil (UPEC).

The expected red-shift of the absorption bands in POM-AB, POM-AC, and POM-AQ compared
to both organic and inorganic precursors was indeed accompanied with remarkable molar
absorption coefficient value in the visible region (above A=400 nm). These results reinforce
our strategy to examine the covalent POM-hybrids as photoinitiators in free-radical
polymerization of acrylates under visible light. With this aim, anthraquinone, benzophenones,
and anthracene derivatives are most efficient as type Il photoinitiators (Pl), which
consequently requires the presence of a co-initiator as N-methyl diethanolamine (MDEA),
which mediates the generation of radicals by electron donation to the Pls (Figure 20) .

H H

OH\/\NK/OH
|

CH;

Figure 20. Structure of N-methyldiethanolamine (MDEA) co-initiator in free-radical
photopolymerization (FRP) of acrylates.

Thus, the photophysical properties of photosystems made of the POM-AC, POM-AB, and
POM-AQ complexes and N-methyldiethanolamine (MDEA) as a reducing agent have been
studied.

VIIl.1 Steady-State photolysis

Steady-State photolysis has been used to investigate the photochemical reactivity of the
reported complexes. In other words, their tendency to produce active species provoked by
visible light irradiation so they can initiate radical photopolymerization. First, the photolysis
of POM-AB, POM-AC, and POM-AQ alone in acetonitrile shows a negligible decrease in their
absorbance upon LED exposure at 405nm (Figure 21a,21c,21e), which chiefly applies to the
characteristic bands (ca. 400 nm) presumably associated with the LMCT process in the three
POM derivatives. This experiment underlines the good photostability of the three hybrid
compounds.

Meanwhile, adding MDEA (reductive agent) to the POM hybrid causes a dramatic and fast
decrease in their absorbance after 600s of LED irradiation (Figure 21b,21d,21f), which
suggests an interaction between the three POM hybrids and MDEA and predicts the
formation of photolysis products. Based on that, MDEA was selected later as a co-initiator
with the organoimido POM derivatives in the photopolymerization experiments. This trend is
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particularly pronounced for POM-AQ (Figure 21f), suggesting that the POM-AQ/MDEA
system will exhibit a higher photopolymerization ability than the POM-AB/MDEA and POM-

AC/MDEA.
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Figure 21. Photolysis of a) POM-AC alone, b) POM-AC/MDEA, c) POM-AB alone, d) POM-AB/MDEA, e)
POM-AQ alone, and f) POM-AQ/MDEA in ACN under LED at 405nm in the 0-600s. Light intensity = 25
mW.cm?2. [MDEA] = 55 mM, [POM-AC] = 5.3 x 10° M, [POM-AB] = 4.0 x 10° M and [POM-AQ] = 4.5 x

10° M.

VIII.2 Fluorescence experiments

Fluorescence experiments were then carried out to evaluate the possibility of interaction
between the excited singlet state of POM hybrids and the co-initiator MDEA under excitation
at A =420 nm. All the determined photophysical data are summarized in Table 5.
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Regarding POM-AQ, a maximum of fluorescence is observed at A= 604 nm (Aex = 420 nm),
with a low fluorescence quantum yield of ®nu = 0.013, which seems attributed from the
anthraquinone entity since this value is very close to the fluorescence quantum vyield of
anthraquinone derivatives around 0.01 12%°, The gradual addition of MDEA to POM-AQ leads
to a decrease of fluorescence (Figure 22) with a quite high Stern-Volmer constant Ks/MPEA =

8.7 M estimated from classical Stern-Volmer relationship (see equation S1 in the appendix)
70-72

2.0

Stern-Volmer
200

0.00 0.04 0.08

[MDEA] /M

100

Fluo./ a.u.

] T N
500 550 500 650 700 750 800

Al nm

Figure 22. Quenching of POM-AQ fluorescence upon gradual addition of MDEA (from black to blue
curve) in acetonitrile (Aex = 420 nm). Inset: corresponding Stern-Volmer plot. Absorbance of POM-AQ
at 425 nm = 0.05.

Associated electron transfer yield ¢er calculated from the equation der = (KsyMPEA x [MDEA]) /
(1+ KsyMPEA x [MDEA]) afforded der = 0.812 for [MDEA] = 0.495 M, e.g., for the MDEA
concentration used in the kinetics of photopolymerization conditions (see below). This
calculated ¢er value is relatively high, demonstrating thus a favorable electron transfer
reaction between the singlet excited state of POM-AQ and MDEA. This result is not surprising
as Rehm-Weller equation (see equation S2 in the appendix) 7>7* which is used to determine if
the electron transfer reaction from MDEA to POM-AQ is possible in the excited singlet state
predicted favorable POM-AQ/MDEA interaction using the oxidation potential of MDEA
(Eox(MDEA) = +1.00 V/SCE), the reduction potential of POM-AQ (Ered(POM-AQ) =-0.38 V/SCE)
estimated from cyclic voltammetry experiments done in acetonitrile discussed in the
upcoming part, and the excited singlet-state energy (Es(POM-AQ) = 2.48 eV, corresponding to
the maximum of the fluorescence emission spectrum (Figure 22). Thus, the AGs pom-aq/mpEa)
Gibbs energy change value for the electron transfer reaction being indeed estimated to -1.10
eV (Table 5).
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Surprisingly, no fluorescence was observed neither for POM-AB nor POM-AC, avoiding the
estimation of the fluorescence quenching by MDEA. Therefore, the excited singlet-state
energies of POM-AB and POM-AC have been estimated from the UV absorption band edge
using Tauc method (see equations S3-S7 in the appendix) ”>76, evaluated to 2.58 eV and 2.36
eV, respectively. Interestingly, AGs (pom-ac/mpea) and AGs (pom-ag/MDEs) are negative,
demonstrating also a favorable electron transfer reaction between both POM derivatives and
MDEA.

Table 5. Photophysical properties of POM-AC, POM-AB, and POM-AQ.

Amaxfluo (nm) q)fluo ES (ev) KSVMDEA(M-I) on (V) ERed (V) AGS (POM/MDEA) (eV)

POM-AC - - 2.36* - 1.14;1.32  -0.57 -0.79<0

POM-AB - - 2.58* - 1.79;1.91 -0.58 1<0

POM-AQ 604 0.013  2.48 8.7 1.40 -0.38 -1.1<0
MDEA - - - ; 1 ) )

*Estimated from the UV absorption band edge, @suo = fluorescence quantum yield, Es = excited singlet state energy, Ks/PEA
= quenching of fluorescence by MDEA, E.x = oxidation potential of the electron donor, Egeq = the reduction potential of the
electron acceptor and AGs ipom/mpea) = Gibbs energy change value for the electron transfer reaction. Eox and Er.q values are
referred to the SCE electrode.

VIIl.3 Electrochemistry

Electrochemistry tells us about the electronic properties of the polyoxometalate hybrids and
expresses the effect of functionalization on the redox potential of both the polyoxometalates
and the ligands. Cyclic voltammograms of POM-AB, POM-AC, and POM-AQ (C=103 M) were
recorded at room temperature in acetonitrile (Figure 23).
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Figure 23.Cyclic voltammograms of POM-AB, POM-AC, and POM-AQ (C=103 M) at room temperature
in acetonitrile.([TBABF4] = 10*M, scan rate=0.05 V.s™)

During the cathodic scan in the range -1.0 to OV (vs. SCE), all hybrids exhibit one electron
reversible reduction wave at -0.58V, -0.57V, and -0.38V (vs. SCE) for POM-AB, POM-AC, and
POM-AQ, respectively. This is attributed to the reduction of the inorganic platform [MogO19]*
, where the Mo"' atom is reduced into Mo", forming the corresponding trianions. The
organoimido hexamolybdate derivatives become more difficult to reduce compared to the
non-coupled parent (TBA)2[MosQO1g]. This observation stems from the superior donating
effect of the organoimido ligand over the oxo ligand 8277 Neverthless, POM-AQ is the easiest
to reduce due to the electron withdrawing influence of CO groups belonging to the
anthraquinone entity. This is confirmed in the fluorescence experiment results that illustrate
the favorable electron transfer from the co-initiator MDEA into the POM-AQ.

During the anodic scan in the range 0V to 2.15V (vs. SCE), all hybrids show irreversible
oxidation waves. POM-AB and POM-AC present two waves at 1.79V; 1.91V and 1.14V;1.32V,
respectively, while there is one oxidation wave at 1.40V for POM-AQ. The oxidation potential
of the organic molecules within the hybrid compounds shows great dependence on the
withdrawing effect of [MogO15]? on the 1t conjugation in the ligands 72, It generally increases
due to the electronic withdrawing-effect of [MosO19]%.

VIIl.4 Laser Flash Photolysis

Laser flash photolysis experiments were further done on the POM derivatives and MDEA
systems to explore the mechanism of the electronic transfer process between POM
complexes and the co-initiator MDEA, and determine whether the singlet excited state
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undergoes intersystem crossing to the triplet state. Transient absorption spectra obtained
under excitation at 380 nm evidenced the presence of a large absorption band between 400
nm and 800 nm starting from 100 ns to 40 ms delay times for POM-AQ, POM-AB, and POM-
AC (Figures 24-27).

Focusing first on the POM-AQ compound, we observed an absorption band at about 450 nm
in the early time (Figure 24, left). This band decays rapidly in several nanoseconds and can be
attributed to the singlet state absorption of the anthraquinone moiety. Then, a large
absorption band between 400 and 800 nm appears in less than 100 ns until 40 ms delay times.
Itis generally assumed that when anthraquinone is functionalized with electron-donor groups
(amine functional group), the lowest excited states show a strong charge transfer (CT)
character 7°. This band mainly results from the conjugation of the free electron pair located
on the p; orbital of the nitrogen with the m electronic system of anthraquinone. In the
presence of the POM moiety, the life-time associated with this CT band is evaluated to be
15+4 ms for POM-AQ (Figure 24, right). This long-lived CT state could be an intermediate in
photoinduced electron transfer reactions between POM derivatives and MDEA.
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Figure 24. Transient absorption spectra at indicated delay times (left) and the kinetic trace at 500 nm
(right) of POM-AQ in acetonitrile ([POM-AQ] = 2.7 x 10 M, Aex = 380 nm).

Similar results of long-lived CT in the millisecond time scale were obtained for POM-AB (CT
lifetime = 21 £ 6 ms) and POM-AC (CT lifetime = 17 £ 5 ms). However, no singlet state at short
delay times was observed in the case of POM-AB and POM-AC, which agrees with the absence
of fluorescence in these compounds (Figures 25 and 26).
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Figure 25. Transient absorption spectra at indicated delay times of POM-AB in acetonitrile with Aex =
380 nm. [POM-AB] = 1.9 x 10° mol.L™~.
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Figure 26. Transient absorption spectra at indicated delay times of POM-AC in acetonitrile with, dex =
380 nm. [POM-AC] = 3.1 x 10 mol.L™.

VIIL.5 EPR-ST Experiments

Additional electron paramagnetic resonance-spin trapping (EPR-ST) experiments have been
done to observe radical species generated from photoinduced processes in consideration of
the experimental results collected earlier, which highlights the excitation of POM
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hybrids/MDEA upon irradiation, quenching potential of MDEA on the imido-functionalized
hexamolybdate, and occurrence of electron transfer among the two entities.

EPR-ST technique identifies and qualifies radicals generated by photo-initiating systems under
light excitation. However, electron paramagnetic resonance (EPR) alone fails to detect the
free radicals due to their short lifetime, low concentrations, and high reactivity. Under these
circumstances, the spin trapping (ST) technique was combined with EPR to distinguish
different types of free radical species released from irradiation of photoinitiating systems. The
spin trapping concept relies on using unsaturated diamagnetic molecules called spin traps,
which will react with the radical products of photolysis (R®) through an addition reaction,
resulting in more stable paramagnetic spin adducts 8023,

In this work, the nitrone compound DMPO (5,5-Dimethyl-1-pyrroline N-oxide) (Figure 27) has
been used as the spin trap in the EPR-ST technique to distinguish different types of the free
radical species released from irradiation of the POM Hybrid/MDEA solutions in acetonitrile
under argon using LED irradiation at 405 nm. The reaction of the radical species of photolysis
(R*) with DMPO results in spin adduct nitroxide radical which is stabilized due to the
delocalization of the radical along the mnin.o three-electrons bond (Figure 28) 8.
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Figure 27. Principle of spin trapping with DMPO.(PIs abbreviation of photoinitiators radicals).®?
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Figure 28. Equilibrium between resonance structures of nitroxide.%?
The photoinitiation process for the generation of radicals upon irradiating the POM-hybrids
(photoinitiators Pls) and MDEA co-initiator with LED at 400nm is proposed in Scheme 1. The

process of electron transfer has been proven to be thermodynamically favored (AGs<0),
where the POM-hybrids act as electron acceptors, and the MDEA acts as the electron donor
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(see above the fluorescence experiments). This will result in a radical anion [POM-hybrid]*
and a radical cation [MDEA]** followed by a proton transfer process through H abstraction
from MDEA that will generate carbon-centered radicals as XC*—~OH in case of POM-AQ and
POM-AB or as XC* in case of POM-AC (X: phenyl groups with the POM), along with a-
aminoalkyl radical on the MDEA (Scheme 1, Figure 29) 8-, The carbon-centered and the a-
aminoalkyl radicals will undergo addition reactions into the double bond of the DMPO spin
trap, forming the nitroxide spin adducts, *DMPO-CR (aminoalkyl) and *DMPO-carbon-
centered radicals (Figure 30).

| POM-AB

[
¥

|wiable |§I“.

Pls 4 POM-AC & MDEA (co-initiator) ——— Pls' + MDEA"

POM-AQ -
| [POM-ABs
P + [MDEA]™ ™™™ o1 poM-ACe + [MDEA]"
| POM-AQe
Scheme 1. Photolysis of POM-hybrids/MDEA under visible light.
TBA:MogO1s =N OH (|:H3
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Figure 29. a-aminoalkyl radical and carbon-centered (R°) photolysis products.

The interactions between the unpaired electron of electronic spin (5=1/2) with the
neighboring nuclei of the nuclear spin (I=1 for N and % for 'H) in the presence of a magnetic
field applied (Bo) is known as hyperfine interaction (HF). Simultaneously, the electronic spin
energy will split into (2nI + 1) levels (n is the number of neighboring equivalent nuclei)
separated by values called hyperfine splitting constants a, expressed in Gauss (G) or millitesla
(mT). The energy states of the electron spin are defined as :
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E = hv = gUBBOMs + aMSmI

where g is the proportionality factor (or g-factor) derived from the equation hv/,BBO ,and it

is beneficial in the identification of the spin adduct as it is between 2.005 and 2.007 for all
nitroxides, and slightly changes with different radical structures &°.

ug is the Bohr magneton.

Bo is the magnetic field.

Ms is the electron spin quantum number.

a is the hyperfine coupling constant.

myis the nuclear spin quantum number for the neighboring nucleus.

The interaction between the unpaired electron and the hydrogen nucleus (I=1/2) located two
bonds (B-position) or three bonds (y- position) far away from the nitroxide group bearing the
radical causes electron spin energy level splitting into 21 + 1 =2(1/2) + 1=2 lines, separated by
hyperfine coupling constant ai® and ay’, respectively. In contrast, the interaction of unpaired
electron and nitrogen (I=1) causes energy splitting into three lines separated by hyperfine
coupling constant an.

The nitroxide nitrogen hyperfine coupling constant shows only minor variation (an =1.3 —1.6
mT), while the magnitude of hyperfine coupling constant related to the 3 hydrogen of the
spin trap adduct (an® =0.8 to 2.6 mT) depends significantly on the structure of the added
substituents. The structure of the added substituent into the spin adduct influences the
hyperfine constants because the bulkiness of the substituents may hinder the rotation of
hydrogen nuclei spin and consequently cause a decrease in au® value 8982,

In the case of *®DMPO-CR (aminoalkyl) radicals (Figure 30b), there are three types of hyperfine
couplings: an, awP, and an’.Notably, the interaction between the hydrogen nucleus at y-
position with the radical is negligible since it is far from the nitroxide group. Hence, the major
hyperfine interaction arises majorly from the interaction of the unpaired electron with
nitrogen and the hydrogen at 3 position belonging to the cyclic DMPO nitrone molecule. On
the other hand, in the *DMPO-carbon-centered radicals (Figure 30a), there are two types of
hyperfine couplings, an and anf 13,
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(b)

Figure 30. Structures of (a) “©DMPO-carbon-centered and (b) “DMPO-CR (aminoalkyl) radicals.

According to previous investigations °?, the irradiation of POM-AB/MDEA/DMPO solutions in
acetonitrile under argon using a LED@400 nm source resulted in the generation of an EPR
signal (Figure 31) representing the superposition of: a dominant signal characterized by the
spin-Hamiltonian parameters assigned to the DMPO-adduct with the aminoalkyl radical
(an = 1.495+0.001 mT, anP =1.745+0.01 mT, an’=0.136+0.01 mT, au’=0.072+0.003 mT;
g =2.0057+0.0001), and other signals of DMPO-adduct with carbon-centered radical
(an = 1.486+0.004 mT, anP = 2.12740.01 mT; g = 2.0058+0.0001) °2. The axP value in the case
of DMPO—aminoalkyl substituent (au® = 1.745+0.01 mT) is lower than that of carbon ketyl
substituents (anP = 2.127+0.01 mT), which is somehow less steric hindered due to the Mo-N
triple bond linearity within the POM-hybrid compound. The intensity of both signals gradually
increased upon the prolonged LED irradiation at 400 nm. The simulation best fit was
calculated considering the relative concentration of *DMPO-CR (aminoalkyl) and *DMPO-
carbon-centered radicals of 88 % and 12 %, respectively.
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Figure 31. The normalized experimental (1) and simulated (2) EPR spectra obtained after 900 s

LED@400 nm exposure of POM-AB/MDEA/ACN solutions in the presence of a DMPO spin-trapping
agent under argon.

The generation of identical DMPO-adducts and gradual rise of their intensity was observed
also upon LED@400 nm exposure of POM-AC/MDEA/DMPO (Figure 32) and POM-
AQ/MDEA/DMPO (Figure 33) solutions in acetonitrile under argon. However, their stability in
the experimental systems is very low, and the prolonged/stopped irradiation led to the rapid
decline, most probably due to the high reactivity of the photoactivated system towards
nitroxide moiety. The in situ generated alkyl radicals (a-aminoalkyl radical and carbon-
centered radicals) from the POM-AQ or POM-AC/MDEA system in the presence of DMPO

seem not stable, so they aren’t just added to the cyclic nitrone DMPO but also got scavenged
by the oxygen radical resulting in alkoxyamine products (Figure 34) 3,
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Figure 32. The normalized experimental (1) and simulated (2) EPR spectra obtained after 900 s
LED@400 nm exposure of POM-AC/MDEA/ACN solutions in the presence of a DMPO spin trapping
agent under argon. The simulation best fit was calculated considering the relative concentration of
eDMPO-CR (aminoalkyl) and eDMPO-carbon-centered radicals of 91 % and 9 %, respectively.
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Figure 33. The normalized experimental (1) and simulated (2) EPR spectra obtained during 225 s
LED@400 nm exposure of POM-AQ/MDEA/ACN solutions in the presence of a DMPO spin trapping
agent under argon. The simulation best fit was calculated considering the relative concentration of
eDMPO-CR (aminoalkyl) and eDMPO-carbon-centered radicals of 67 % and 33 %, respectively.
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Figure 34. Scavenging of a-aminoalkyl and carbon-centered radicals by the nitroxide radical.

IX. Photopolymerization studies with POM derivatives photoinitiating systems
and polymer characterization

IX.1 Free-radical photopolymerization

The use of polyoxometalates as photoinitiating systems have been scarcely studied %3, To
date, most of the investigations have used two- or three-component photo-initiating systems
for free-radical polymerization acrylates under UV light irradiation (Hg-Xe lamp), and to the
best of our knowledge, no photoinitiating systems based on POMs have been designed for
initiating radical photopolymerization under irradiation with wavelengths higher than 405
nm. This may be related to the fact that the POMs considered in the previous studies do not
absorb significantly in the visible range. In the following experiments, we will demonstrate
the capability of imido POM derivatives to promote free-radical photopolymerization (FRP)
under visible LEDs irradiation of commercial monomers, i.e., trimethylolpropane triacrylate
(TMPTA) and soybean oil epoxidized acrylate (SOA).

TPMTA has three acrylate groups that polymerize rapidly in the presence of free radicals. It is
widely applicable in manufacturing adhesives, packaging, and various wood, plastic, and
metal coatings. Curing formulations containing TMPTA (e.g., acrylate dental fillings) induce
cross-linking into the end product, providing improved mechanical properties, e.g., abrasion
resistance, and high gloss potential 3°. SOA also shows excellent potential to polymerize into
new materials in industrial and biomedical applications since it is renewable, biodegradable,
readily available, and extensively unsaturated because it contains many acrylic groups which
can polymerize with other double bonds of nearby molecules, upon exposure to UV light or
Visible light. Moreover, its low viscosity renders it an outstanding, environmentally safe
candidate in photocuring formulations in epoxy resin manufacturing. So, it is generally used
as a plasticizer, stabilizer, reactive modifier, and diluent °.

Photopolymerization experiments were done at room temperature under LEDs irradiation at
385, 405, 455, or 470 nm by dissolving 2 wt% and 5 wt% (with respect to the monomer weight)
of POM derivatives (POM-AC, POM-AB, or POM-AQ) and the reductive co-initiator MDEA in

127



acrylate monomer (TMPTA or SOA), respectively. Infrared spectrometry was performed in
parallel to monitor the decrease of the intensity of the C=C double bond characteristic band
(1648-1589 cm™) in acrylate, which enables the evaluation of the %conversion of the
monomer during polymerization (Figures 36-39). Table 6 summarizes the acrylate conversions
of the two functional acrylate monomers in these conditions.

Upon light absorption by the photoinitiating POM-hybrids (Pls) and the co-initiator (MDEA),
radicals designated as R*® are generated. The radicals will be added to the acrylate monomers
SOA and TMPTA (see their structures in Figure 1). Then, the acrylate chain propagates through
the addition of the monomer into the radical chain. Lastly, termination occurs when the two
active chain ends combine together or with the initiator radical (Figure 35).
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Figure 35. General mechanism of the free-radical polymerization of acrylates (TMPTA and SOA
monomers) under visible light.

Conspicuously, no polymerization occurs under visible light radiation when adding each of the
non-coupled precursors alone (hexamolybdate cluster or the organic entity) with the MDEA
and acrylate monomers. On the other hand, POM derivatives/MDEA systems show good
initiating properties, likely due to the formation of aminoalkyl and carbon-centered radical
species, as demonstrated by the EPR-ST technique. The kinetics of polymerization is much
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more effective in laminate (Figures 36,38) than under air (Figure 37,39) since the oxygen
molecules may inhibit free-radical polymerization by several means, such as reacting with the

initiators or growing chains to form stable peroxyl radical’s incapable of reinitiating
polymerization %46,

POM-AQ/MDEA photo-initiating system appears the most efficient as it records generally the
highest % conversion, likely due to the highly favorable electron transfer reaction (AGs (pow-
aq/mpea) = -1.1 eV). For instance, in laminate, the use of POM-AQ/MDEA leads to the highest
% of conversions with SOA (90% conversion) and TMPTA (50% conversion) at A = 405 and
470nm, respectively. Overall, it is observed that the photopolymerization process occurs
under LED irradiation in the visible range, with wavelength ranging from 405 to 470 nm,

which, to our knowledge, is the first example of the synthesis of such composites
incorporating POMs.
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Figure 36. Kinetic profiles were obtained by FT-IR by followeing the disappearance of the reactive
acrylate groups of TMPTA in laminate in the presence of POM-AQ/MDEA (a), POM-AC/MDEA (b), and
POM-AB/MDEA (c) upon exposure with 1) LED@385 nm, 2) LED@405nm, 3) LED@455 nm and 4)
LED@470 nm. The thickness of the film = 12 um.
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Figure 37. Kinetic profiles were obtained by FT-IR by followeing the disappearance of the reactive
acrylate groups of TMPTA under air in the presence of a) POM-AQ/MDEA, b) POM-AC/MDEA, and c)

POM-AB/MDEA upon exposure with 1) LED@385 nm and 2) LED@405nm. The thickness of the film =
12 um.
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Figure 38. Kinetic profiles were obtained by FT-IR by followeing the disappearance of the reactive
acrylate groups of SOA in laminate in the presence of a) POM-AQ/MDEA, b) POM-AC/MDEA, and c)

POM-AB/MDEA upon exposure with 1) LED@385 nm, 2) LED@405nm and 3) LED@455 nm. The
thickness of the film = 12 um.
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Figure 39. Kinetic profiles of were obtained by FT-IR by followeing the disappearance of the reactive
acrylate groups of SOA under air in the presence of a) POM-AQ/MDEA and b) POM-AC/MDEA upon
exposure with LED@405nm. The thickness of the film = 12 um.

Table 6. TMPTA and SOA final acrylate conversions (%) obtained by RT-FTIR after 800 s of irradiation
(LEDs@385, 405, 455, and 470 nm) in laminate (°) and under air (°), in the presence of Pls/MDEA with
Pls = POM-AC, POM-AB or POM-AQ.

Photo-initiating LED@385 nm LED@405 nm LED@455 nm LED@470
systems nm

Monomer: TMPTA

POM-AC/MDEA 58%°2,55%"°" (2805 69%2, 68% ° (130%) 23%2, 0%" 5%°

POM-AB/MDEA 62%2, 35%"°" (3605 60% 2, 60% P (200s) 0%2, 0% 6%

POM-AQ/MDEA 51%°2, 30%°" 3% 57%2 66%° (50 5292, 25%P°(200%) 50% 2

Monomer: SOA

POM-AC/MDEA 33%2, 0%"° 69%2, 70%°" (34 26%2, 0%" -

POM-AB/MDEA 9% 2, 0%° 36%2, 0%" 18%2, 0%" -

POM-AQ/MDEA 42%32, 8%"° 90%2, 70%" 43%°, 15%" 25%2

* (inhibition period in s under air)
IX.2 Materials characterization

Materials are synthesized with the best performing photo-initiating systems, i.e., POM-
AQ/MDEA. The synthesis of rectangular POM-AQ derived materials (POM-AQ/MDEA/SOA) is
performed under LED@405 nm irradiation and under air. The obtained materials adopted a
rectangular shape due to the fabrication method. DSC results demonstrate that no
endothermic peak is observable, meaning no further free-radical polymerization occurs

131



during thermal analysis in the -80°C to 200°C range. It seems that free-radical
photopolymerization of SOA is complete even under air. Tg is evaluated at around 14°C (Figure
40), similar to what is described in the literature for UV-photoinduced SOA material *’.
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Figure 40. Storage and loss modulus obtained by Dynamic Mechanical Analyses (DMA) between -140
and 50°C for POM-AQ derivatives samples. Tan (J) in red, storage modulus (E’) in blue, and loss
modulus (E”) in green.

Dynamic Mechanical Analysis were useful to characterize the viscoelastic behavior of the
SOA-based polymer. The elasticity behavior of the polymer or its ability to store energy is
given by storage modulus (E'), while the viscosity behavior or their ability to loss energy is
measured by loss modulus (E”’). The ratio of the loss to the storage moduli is expressed as tan
(8) and its maxima is indication of the transition glass (Tg) %.

As seen in the DMA scan in Figure 40, the storage modulus (E’) in blue, loss modulus (E”) in
green, and the Tan (8) for POM-AQ derivatives samples are measured between -140 and
50°C. At low temperature range -140 and -36°C,the value of the storage modulus (E’) is
maximum (ca. 1150) which means that the material is rigid since the polymer chains are
stable. As temperature increases towards Tg at around 14°C, the polymer chains are becoming
more flexible and thus the material is softer which explains the sharp decline of storage
modulus (E’). At the same time, the loss modulus (E”) and Tan (3) increases until reaching
maxima at Tg. Further increase of the temperature above Tg, reaching high temperature near
ca. 50°C, the storage (E’) and loss (E”) moduli are low ,reaching a plateau that signifies that
the material is rubbery( viscous).
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Loading and unloading curves of the nanoindentation tests on POM-AQ coatings were
overlapping, demonstrating an elastomeric behavior. The SOA-based polymer will expand
when enough force is applied (loading). On the contrary, the material will restore its original
shape gradually as applied forces decrease (unloading).

The SOA-based materials are fully elastic because they aren’t deformed as they go back to
their original shape, which explains how the unloading curve comes down very similarly to
the loading curve and arrives at the same point at which the loading curve started. The SOA
polymers are rich in cross-linking (extensive fatty acid chains), so forces applied will stretch
this cross-linking, while in the unloading, the cross-links will restore their original shape. The
elastic modulus of POM-AQ-based coatings is measured by fitting the load/displacement
curve by a pure elastic indentation model and was evaluated to 96 + 18 MPa. Surprisingly, in
the same conditions, the reference coatings based on the 2,2-Dimethoxy-2-
phenylacetophenone (DMPA). Surprisingly, in the same conditions, the reference coatings
based on the 2,2-Dimethoxy-2-phenylacetophenone (DMPA) photo-initiating system did not
lead to mechanically stable coatings for nanoindentation tests.

Considering the scratch resistance tests, the height profiles before and after scratches appear
similar, confirming thus the entire recovery of the POM-AQ-based coatings and their
noteworthy elastomeric behavior (Figure 41). It can be proposed that adding POM-AQ into
the polymer matrix decreases the intermolecular forces into SOA films, thus improving their
flexibility. Optical microscopy observation after scratches does not show any fracture,
delamination, or residual imprint, demonstrating also a very good resistance to brittle
fracture and adherence to the steel.
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Figure 41. Height profile before, during, and after a scratch on POM-AQ based coating on a steel
substrate. Complete recovery of the sample after scratch confirms the elastomeric behavior and
evidences a good adherence and resistance of the coating to fracture.
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X. CONCLUSION

In conclusion, we report herein a new synthetic strategy allowing shifting the photoinitiating
activity of organic aromatic molecules from UV to visible light. Three imido-Lindqvist POMs
obtained by reaction of amino aromatic derivatives of the anthracene, benzophenone, and
anthraquinone UV photosensitizers, respectively, and the [MosO19]> POM precursor have
been fully characterized in the solid state and solution. Notably, these compounds have been
obtained in one step in a very short reaction time (1 h).

Steady-State photolysis experiments evidenced a high interaction between the three
reported hybrid POMs and MDEA, the reductive agent considered here for radical
polymerization reactions. In addition, fluorescence studies highlight a favorable electron
transfer process between the singlet excited state of POM-AQ and MDEA, while EPR-ST
investigations allow the characterization of the MDEA-centered radical species generated
from the photoinduced processes.

Very importantly, the capability of such imido POM derivatives to promote free-radical
photopolymerization even under visible LED irradiation was demonstrated. After 800s,
acrylate conversion yields up to 50% under 470 nm LED irradiation for the POM-
AQ/MDEA/TMPTA photoinitiating system and 90% under 405 nm LED irradiation for the
POM-AQ/MDEA/SOA one was indeed observed, while in such conditions no polymerization
was evidenced considering 2-aminoanthraquinone as the photoinitiator.

Rectangular films prepared considering the POM-AQ/MDEA/SOA photosystem have been
obtained, the free-radical photopolymerization of SOA being complete even when performed
in the presence of air. The coatings exhibit very good flexibility, resistance to brittle fracture,
and adherence to stainless steel substrate.

Overall, this work paves the way for elaborating a large range of easy-to-synthesize visible-
light polymerization photoinitiators. Future work will focus on preparing related hybrids
incorporating thiophene derivatives, which present very interesting photocatalytic and
biological properties °°. Also, while we report here on synthesizing POM derivatives covalently
bonded to one organic fragment, imido-Lindqvist POMs incorporating up to six organic
fragments can be obtained °3. Investigation of the effect of the accumulation of organic
photoinitiators around a single Lindqvist unit on the properties of the hybrid systems thus
seems very appealing.
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Xl. Experimental Part

All chemicals and solvents for synthesis and characterizations were purchased from
commercial sources except (TBA)2[MoeO19] (TBA = tetrabutylammonium), which has been
synthesized as previously described 199,

XI.1 General procedures

1H NMR spectra were recorded at 298 K on a Bruker Advance 300 spectrometer operating at
300 MHz. Chemical shifts are expressed in parts per million (ppm) downfield from internal
TMS. The following abbreviations were used to explain the multiplicities: s, singlet; d, doublet;
t, triplet; br, broad peaks; m, multiplet or overlapping peaks.

Electrospray ionization (ESI) mass spectra were recorded on a Xevo QT of WATERS
(quadrupole-time-of-flight) instrument. The temperature of the source block was set to 120
°C, and the desolvation temperature to 200 °C. A capillary voltage of 1 kV was used in the
negative scan mode, and the cone voltage was set to 10 V to control the extent of
fragmentation of the identified species. Mass calibration was performed using a solution of
sodium formate in water: acetonitrile (2:8) from m/z = 50 to 3000. Sample solutions 50 umol/L
in acetonitrile were injected via a syringe pump directly connected to the ESI source at a 20
uL/min flow rate.

Infrared (IR) spectra were recorded on a Nicolet 30 ATR 6700 FT spectrometer. UV-vis spectra
were recorded on a Perkin Elmer Lambda 750 UV/Vis/NIR spectrometer.

X-ray Diffraction. Intensity data collections were carried out with a Bruker D8 VENTURE
diffractometer equipped with a PHOTON 100 CMOS bidimensional detector using a high
brilliance IuS microfocus X-ray Mo Ko. monochromatized radiation (A = 0.71073 A). The
absorption corrections were based on multiple and symmetry-equivalent reflections in the
data sets using the SADABS program %! based on the method of Blessing 1°2. The structures
were solved by direct methods and refined by full-matrix least-squares using the SHELX-TL
package '3, The hydrogen atoms were theoretically located based on the conformation of
the supporting atoms. The crystallographic data are gathered in Table 3,CCDC numbers of
POM-AB and POM-AC are 2257497 and 2257498, respectively. These data can be obtained
free of <charge from The Cambridge Crystallographic Data Centre Vvia
www.ccdc.cam.ac.uk/data_request/cif.

UV-Visible absorption spectra were recorded using a Perkin Elmer Lambda 2 UV-Vis
spectrophotometer.

Steady-State photolysis experiments. Fluorescence spectra were recorded from a
FluoroMax-4 spectrofluorometer according to the previously described method %, The
acetonitrile solutions of POM-AQ, POM-AC, and POM-AB were irradiated under LED@405 nm
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(25 mW/cm?) under air, with and without the presence of a reductive co-initiator MDEA to
observe their photostability.

Electron Paramagnetic Resonance Spin-trapping (EPR-ST) experiments. The X-band cw-EPR
spectra (modulation frequency of 100 kHz) were monitored with the EMXplus spectrometer
(Bruker) equipped with the High Sensitivity Probe-head (Bruker) in the small quartz flat cell
(Wilmad-LabGlass, WG 808-Q). The spin-trapping agent 5,5-dimethyl-1-pyrroline N-oxide
(DMPO; Sigma-Aldrich) was distilled prior to the application and dissolved in acetonitrile
(ACN; SeccoSolv® Merck). The solutions prepared by mixing stock solutions of POM-
derivatives, MDEA, and DMPO in ACN were carefully saturated by argon and immediately
irradiated at 295K directly in the EPR resonator utilizing an LED@400 nm source
(Amax = 400 nm; Bluepoint LED, Honle UV Technology). The EPR spectra were recorded in situ
during/after a defined exposure. The g-factors were determined with an uncertainty of
1+ 0.0001 by exploiting a nuclear magnetic resonance teslameter (ER 036TM, Bruker) and
integrated frequency counter. The experimental EPR spectra were analyzed by the WinEPR
software (Bruker), and the calculations of spin-Hamiltonian parameters were performed with
the EasySpin toolbox working on MatLab® platform 1. The standard EPR spectrometer
settings were as follows: microwave frequency, ~ 9.427 GHz; microwave power, ~11.10 mW
or ~20.93 mW; center field, ~335.8 mT; sweep width, 810 mT; gain, 2.00x10°;, modulation
amplitude, 0.1 mT or 0.05 mT; sweep time, 45 s; time constant, 10.24 ms; the number of
scans, 5 or 10.

Cyclic voltammetry. Cyclic voltammetry scans were done according to a previously described
procedure 10>, Measurements were carried out on acetonitrile solutions of POM derivatives
(C =103 M) between 0 and 2.15 V for oxidation and between 0 and -1V for reduction, with a
0.05 V. s'tscan rate. The data were analyzed on GPES electrochemical software 4.9 (Utrecht,
Netherlands).

Laser Flash Photolysis experiments. Nanosecond transient absorption measurements were
performed using a home-built setup, which has been described previously . Briefly, a Nd:
YAG pumped optical parametric oscillator (OPO) laser was used for sample excitation at 380
nm with an energy of ~ 2 mJ/pulse with a repetition rate of 10 Hz. A white light continuum
laser (STM-2-UV LEUKOS) at a repetition rate of 20 Hz was used as a probe. The probe beam
was split into two arms, one for probing samples and the other for reference, to compensate
for energy fluctuations. The probing arms were then coupled into a round-to-linear optical
fiber bundle before being analyzed by a spectrograph SPEX 270M (Jobin-Yvon). The dispersed
white light was detected by an intensified charge-coupled device (ICCD) detector PIMAX 4
(Princeton Instrument). Transient absorption spectra were calculated using the following
formula:
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Sgﬁob and are probe spectra when pump laser is on and off respectively.

Photopolymerization kinetic studies. 2 wt% (with respect to the monomer) of POM
derivatives (POM-AC, POM-AB, or POM-AQ) were dissolved with 5 wt% (with respect to the
monomer) of the reductive co-initiator MDEA in acrylate monomer (TMPTA or SOA). After
stirring and sonicating the respective formulations for 5 min, photopolymerizations were
performed at room temperature. 12 um-layers of solution were put down to a BaF; pellet and
irradiated with LED@385 nm (44 mW.cm2), LED@405 nm (25 mW.cm™2), LED@455 nm (15
mW.cm2) or LED @470 nm (25 mW.cm™2), under air or in laminate conditions. The Infrared
spectra of the sample were continuously recorded by Real-Time Fourier Transform InfraRed
Spectroscopy (RT-FTIR) with a JASCO FTIR 4700 Instrument, as previously described 1%7. The
photo-reactivity of the acrylate monomers was observed by following the acrylate functions

absorption bands at 1636 cm™.

Nanoindentation experiments. Nanoindentation and scratch experiments were performed
on steel substrate coatings at room temperature. A commercial Nano Indenter (G200 from
Agilent Technologies) using a Berkovich tip (Micro Star Technologies) was used. Thirty tests
were done. Samples were loaded and unloaded at a constant strain rate (0.05 s?) using a
homemade method 1. Loading was realized using the Continuous Stiffness Method (CSM)
until a 1 um depth was obtained. Unloading was performed after a hold load plateau of 60 s
to achieve the viscous response. Twenty parallel scratches face a forward distant from 200
um were performed, with a load increasing from 0 to 100 mN on a 500 um length.

DSC measurements. DSC measurements were performed on a TA Instruments DSC25
discovery series with a refrigerated cooling system RCS90.

Dynamic Mechanical Analyses (DMA). DMA experiments were done with a TA Q800 DMA
apparatus equipped with a tensile setup to characterize the thermo-mechanical behavior of
the POM-derived samples according to a previous procedure 9. Experiments were
performed in a closed environment, and samples were cooled to -140 °C and heated to 50 °C
with a 3 °C/min ramp rate. The applied stress frequency was 1 Hz, with a 0.1% deformation
and a pre-load static force of 0.01 N.
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XI.2 Synthesis of the molecular compounds
Xl.2.1 Synthesis of (TBA)z[M06018(NC5H4C(O)C5H5)] (POM-AB)

Under an inert atmosphere, (TBA)2[Mo0s0O19] (0.887 g, 0.65 mmol), 2-aminobenzophenone
(0.128 g, 0.65 mmol, 1 eq) and N,N’-dicyclohexylcarbodiimide (DCC) (0.188 g, 0.91 mmol, 1.4
eq.) were suspended in 8 mL of anhydrous DMSO. The pale-yellow mixture was heated at 70°C
for 1 hour, turning dark-red with time. Once the suspension cooled down to room
temperature, the mixture was filtered to remove the dicyclohexylcarbodiurea. The resulting
filtrate was then added into a flask containing diethyl ether (200 mL), leading to the
precipitation of the crude product as an orange powder, which was recrystallized from hot
acetonitrile (ca. 50°C, 10 mL). Orange crystals of POM-AB were then isolated by filtration and
washed with ethanol and diethyl ether (0.709 g, 0.46 mmol, yield 71%). *H NMR (CDsCN, 300
MHz): 6 = 7.84-7.19 (m, 9H, anthracene group), 3.12 (t, 16H, TBA), 1.62 (m, 16H, TBA), 1.39
(m, 16H, TBA), 0.98 (t, 24H, TBA). FT-IR (cm™): 2958 (s), 2933 (s), 2871 (s), 1656 (s), 1598 (m),
1581 (w), 1480 (s), 1377 (m), 1330 (m), 1315 (m), 1292 (m), 1273 (m), 1166 (w), 1151 (w),
1106 (w), 1025 (w), 976 (m, v(Mo-N)), 944 (s, v(Mo-0v)), 924 (sh), 879 (w), 764 (s, v(Mo-Oy-
Mo)), 588 (s). ESI/MS: [MogO19]> m\z = 439.67 (exp.), m\z = 440.15 (calc.); [MoeO1s(NCsHa-
C(O)-CeHs)]Z'm\Z= 529.20 (exp.), m\z_= 529.43 (caIc.); ((TBA)[|V|06018(NC6H4-C(O)-C6H5)])' m\z
= 1302.70 (exp.), m\z = 1301.31 (calc.). Anal. Calcd for MogO19N3CasHs1 (found) %: C, 35.01
(35.16); H, 5.29 (5.17); N, 2.72 (2.75).

X1.2.2 Synthesis of (TBA)2[M0O13(NC14Hg)] (POM-AC)

POM-AC was synthesized following the same protocol as that described for POM-AB but using
2-aminoanthracene (0.125 g, 0.65 mmol, 1 eq) instead of 2-aminobenzophenone. The reddish
crude product was recrystallized from hot acetonitrile (ca. 50°C, 3 mL) and isolated by filtration
as a red powder, which was washed with diethyl ether (0.349 g, 0.23 mmol, yield 35%).
Crystals suitable for X-rays diffraction were obtained through diffusion of tert-butylmethyl
ether into an acetonitrile solution. 'H NMR (CDsCN, 300 MHz): 6§ = 8.51 (d, 2H), 8.07 (m, 3H),
7.87 (s, 1H), 7.55 (m, 2H), 7.40 (dd, 1H), 3.12 (t, 16H, TBA), 1.61 (m, 16H, TBA), 1.36 (m, 16H,
TBA), 0.98 (t, 24H, TBA). FT-IR (cm): 2960 (s), 2932 (s), 2873 (s), 1480 (s), 1454 (s), 1377 (m),
1343 (m), 1309 (m), 1296 (m), 1239 (w), 1147 (w), 1107 (w), 1068 (w), 1029 (w), 975 (m, v(Mo-
N)), 945 (vs, v(Mo-0t)), 894 (s), 765 (s, v(Mo-Op-Mo)), 583 (s). ESI/MS: [MogO19]?> m\z=439.88
(exp.), m\z=440.15 (calc.); [MosO18(NC14Hs)]> m\z=528.19 (exp.), m\z= 527.5 (calc.); ((TBA)[
Mo6018(NC14Hg)]) m\z=1296.67 (exp.), m\z=1297.0 (calc.). Anal. Calcd for MogO1sN3CagHs1
(found) %: C, 35.90 (35.72); H, 5.30 (5.20); N, 2.70 (2.74).

X1.2.3 Synthesis of (TBA)2[M06018(NC14H702)] (POM-AQ)

POM-AQ was synthesized following the same protocol as that described for POM-AB but using
2-aminoanthraquinone (0.145 g, 0.65 mmol, 1 eq) instead of 2-aminobenzophenone. After
filtration of the dicyclohexylcarbodiurea, the resulting filtrate was then added into a flask
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containing diethyl ether (200 mL) and ethanol (50 mL), leading to the precipitation of the
crude product as a brown-reddish powder. The powder was collected, washed with ethanol,
and dried with ether (m = 0.856 g). It was then solubilized in a minimum of acetonitrile. After
a few hours, the resulting mixture was filtrated, the solid mainly consisting of unreacted POM
precursor. The filtrate was evaporated, and POM-AQ was isolated as a brown powder after
trituration with diethylether (0.450 g). *H NMR (CD3CN, 300 MHz): 6 = 8.22 (m, 2.4H), 7.85 (m,
2.4H), 7.53 (dd, 0.8H), 3.16 (t, 16H, TBA), 1.65 (m, 16H, TBA), 1.40 (m, 16H, TBA), 0.98 (t, 24H,
TBA). FT-IR (cm™): 2961 (s), 2933 (s), 2873 (s), 1672 (s), 1574 (s), 1464 (s), 1415 (w), 1379 (m),
1335 (s), 1315 (s), 1284 (s), 1151 (m), 1098 (w), 1063 (w), 977 (m, v(Mo-N)), 945 (vs, v(Mo-
04)), 852 (w), 765 (s, v(Mo-Op-Mo)), 586 (s). ESI/MS: [M0gO18(NC14H702)1> m\z=540.17 (exp.),
m\z = 542.48 (calc.); (H[O18Mogs (NC14aH70)]) m\z = 1085.39 (exp.), m\z = 1085.96 (calc.);
((TBA)[ M06018(NC14H702)]) m\z=1328.67 (exp.), m\z=1327.42 (calc.).
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Chapter Four



Chapter 4: Playing with the chaotropic effect to improve the encapsulation of

decaborate clusters within cyclodextrins.

l. Introduction

Cyclodextrins (CDs) are water-soluble natural macrocyclic oligosaccharides comprised of 6, 7,
and 8 D-glucopyranose units linked by a-(1,4) bonds and named a-, - and y-CD, respectively
(Figure 1). CDs are attractive for the design of drug delivery systems because of their
robustness, non-toxicity, and ability to host in their hydrophobic cavity a wide variety of
organic or inorganic guest species in aqueous media 1.
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Figure 1. (a) General structure of CDs composed of a-D-glucopyranose, (b) Structure of a-CD.

On the other hand, boron-based clusters show relatively low toxicity besides high thermal
and chemical stability. Hence, they are excellent for designing therapeutic and diagnostic drug
systems delivered selectively to cancerous cells through binding to specific receptors
(antibodies, proteins, etc.) 7. For example, icosahedral carbon-containing boron cages named
carboranes are well-known reagents for constructing HIV enzyme inhibitors and designing
drug systems useful for boron neutron capture therapy 8% however, they are extremely
hydrophobic. Therefore, complexing them within cyclodextrins' hydrophobic cavity enhances
their aqueous solubility and bioavailability %2, Such as the inclusion complex of carborane
carboxylate derivative {closo-1,2-C;B10H1:CH,COOH} and B-CD (Figures 2a,c), which reaches
binding constant in the range of 103-10* M1 13, close to standard affinities reported with well-
known complexes between CD and organic adamantane derivatives (e.g., 1-
adamantanecarboxylic acid) (Figure 2b) 4%,
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Figure 2. Chemical structures of (a) carborane carboxylate derivative {closo-1,2-C;B10H1:CH,COOH}, (b)
admantanecarboxylic acid, and (c) DFT-optimized structure of CDecarborane carboxylate complex.*?

The main driving forces for the formation of inclusion complexes between these guests or any
other hydrophobic organic guest molecules and the hydrophobic cavity of CD are i) size fit
between the solute and the cavity of cyclodextrin, ii) the hydrophobic effect described as the
destruction of the ordered water shell surrounding the weakly solvated solutes (hydrophobe)
which would fit into the hydrophobic cavity replacing the high energy water molecules inside.
This effect invariably presents a positive (favorable) entropy change as a thermodynamic
fingerprint 16718,

In contrast, bulky anionic compounds such as polyoxometalates (Keggin and Dawson POMs),’
metallic clusters of type MeXn, the closo-dodecaborate anion [B12H12]* (Figure 3a) and their
derivatives, metal bis(dodecaborate) [{M(C2BgH11)}2] (M = Metal) (Figure 3b), and closo-closo-
[B21H1g]  (Figure 3c) are highly soluble molecules and form very stable inclusion complexes
with cyclodextrins. Binding affinities were found to be extremely high, exceeding those
measured with carboranes or other neutral hydrophobic organic guest molecules 422,

(a) (b)

[B,,Hy )% closo-closo-[B,,H,5]

[{M(C,BoH,,) 1]

Figure 3. Chemical structures of (a) dodecaborate [Bi:Hiz]*, (b) metal bis(dodecaborate)
[{M(C2BsH11)}2] (M=Metal), and (c) closo-closo-[B21H1s] anions.

Nau, Gabel, Assaf, and coworkers evidenced in their work that the boron-based clusters
mentioned above have a chaotropic effect, different than the classical hydrophobic

interactions, which justifies their unexpected complexing with cyclodextrin with high
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measured values of binding affinities 8. Although solutes in the chaotropic and hydrophobic
effect are considered weakly solvated, they still behave differently than the hydrophobic
effect in terms of the structure of the hydration shell around them.

In the classical CD inclusion complexes, the hydrophobic guest molecules aggregate
spontaneously in the agueous medium and become surrounded by the ordered structured
hydration shell. Hence, the desolvation of the guest molecule and their association with CD
will destroy the hydration shell around and increase the disorder of the bulk water molecules;
therefore, the formation of the inclusion complex is entropically driven. Meanwhile,
chaotropic molecules have less structured hydration shell around them. Consequently, their
complexation with cyclodextrin will replace the frustrated high-energy water molecules inside
the macrocyclic hydrophobic pocket. At the same time, the bulk regains its intermolecular
hydrogen bonding, so water molecules become ordered. This process is classically driven by
a dominant negative enthalpic term.

The Chaotropic effect increases with polarizability, thus directly proportional to the
molecule's volume charge density. These factors play an important role in stabilizing inclusion
complexes with cyclodextrins by enhancing the host-guest dispersion interactions '8,

Nau et al. nicely explained that c/loso-dodecaborate derivatives have a superchaotropic effect
exceeding that of the classical small anionic chaotropes (ClO4 < SCN” < PFg << B12H12%) since
they are large molecules with a delocalized doubly negative charge which means they have
low charge density thus higher chaotropic effect. Furthermore, they have confirmed that
increasing the volume of the B1; cage through halogenation with Br-, CI', and I while all still
having (-2) charge generally resulted in strong affinity constants with cyclodextrins but
highest with [B1,Bri2]? and y-CD due to ideal size matching 2.

Accordingly, they continued their investigations with larger boron clusters having lower
charge (-1): the metallocarboranes {3,3'-Co[1,2-C2BsH11]%} (Figure 3b), and the macro-
icosahedral borane anion {closo-closo-[B21H1s] } (Figure 3c). Their lower charge density means
an enhanced chaotropic effect, thus showing binding affinities with CDs twice higher than
those of the halogenated Bi; cluster 2224, On the contrary, the closo-decahydrodecaborate
cluster [BioH10]? is slightly chaotropic. It has the same (-2) charge but with a smaller volume,
which means higher electron density. In this sense, the best binding affinity recorded by
Manal Diab during her PhD work (2014-2017) was with the [B1oH10]> @[3-CD inclusion complex
with a binding constant K= 40 M2, two orders of magnitude lower than the parent compound

[B12H12]% 2.

Following on from previous studies, and in order to highlight the parameters that will enable
encapsulation processes strong enough to be considered for biological application, we set out
to increase the chaotropic character of [BioH10]> by playing with its volume and charge.
Herein, we will study the encapsulation of [B1ogHsNCCHs] and [B2oH1s]? anions within o, B-
and y-CD in two different parts.
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Il. Encapsulation of [B1oHsNCCH3s] within cyclodextrins

We selected [B1oHsNCCH3] which is a bit bigger than [BioH10]? and less charged (Figure 4).
Moreover, adding a substituent on the Big cluster should also contribute to breaking the
symmetry around the cluster and avoiding the organization of water solvates, a key point for
the chaotropic effect. The encapsulation process must be favored for such a cluster compared
to [BioH10]*. Herein, the encapsulation of [B1oHoNCCHs]" within o-, B- and y-CD will
systematically be studied by ESI-MS, 'H NMR, and ITC.

B, ,Ho,NCCH.,]|
[BIOHIO]Z' [ 10° 79 3]
N 2 g S ,
A% Ve " (&
58A | i YA e cw/:r 4.7A
a?.& &f g
4.9 A T 83A

Figure 4. Molecular structures of the clusters [BioH1o]* and [BioHsNCCHs] with o-, [, and »
cyclodextrins highlighting host and guest sizes. (Legends: B in blue; H in white; C in grey)

11.1 Synthesis of (EtsNH)[B1o0HosNCCHjs]

The triethylammonium 2-(acetonitrilium) closo-decaborate anion (EtsNH)[B1oHsNCCHs] was
isolated as colorless crystals according to the literature procedure (see details in experimental
section) %6, As seen in Figure 5, the trifluoroacetic acid protonates the parent [closo-BioH10]*
anion to give [closo-B1gH11], then the exo-polyhedral hydride at the equatorial position (noted
as B2) was replaced by nucleophilic substitution with nitrilium group (-NCR, R = CH3) where
the solvent plays the role of the ligand (L = -NCCHs). The FT-IR spectrum (Figure S1 in the
appendix), ESI-MS (Figure 10), and NMR spectra perfectly agree with the expected compound
(Figures 6-9).
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Figure 5. Synthesis of acetonitrile derivatives of decaborate.

11.2 NMR studies of (EthH)[BmHgNCCHs]

The 1B{*H} and H{''B} NMR spectra of (EtsNH)[2-B1oHsNCCH3] and the parent compound
(EtsNH)2[B1oH10] given in Figures 6-9 are in agreement with the literature 2927, The 1B{'H}
spectrum of (EtsNH)2[B1oH10] (Figure 6) shows two singlets of the intensities 2:8 at -0.93 and
-28.92 ppm corresponding to the apical (Bap) and equatorial (Beq) boron atoms, respectively,
in agreement with the Dsg symmetry of [BioH10]? cluster.
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Figure 6. 11B{*H} NMR spectra (400 MHz) of (EtsNH)[B1oHsNCCH3] and (EtsNH):[BioH10] in CDsCN.

On the other hand, there is clearly a significant change in the chemical shifts as seen in the
1B{'H} spectrum of (EtsNH)[2-B1oHsNCCH3] (Figure 6) due to the loss of Dag sSymmetry upon
the functionalization of the B1g cage with -NCCHs group. The signal of the apical boron atoms
(Bap) at positions (B1,B10) at -0.93 ppm splits into two signals at +0.10 and -2.3 ppm, while
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the signals of the equatorial boron atoms (Beg) at positions B(3-9) split into four signals of the
following chemical shifts and intensities: -20.9 (1B), -26.1 (2B), -26.8 (2B), -28.7 (unresolved
2B + 1B).

The B NMR spectra without decoupling from H nuclei of the (EtsNH)[2-B1oHoNCCHs]
derivative (Figure 7) compared to the 1B NMR spectra with decoupling reveals that all signals
have split into doublets except for the signal at -20.9 ppm. This confirms that the hydrogen
atom at the B1o cage is monosubstituted at the equatorial position. The FT-IR experiment
(Figure S1 in the appendix) is in agreement with the reaction of (EtsNH)2[B1oH10] with CH3CN
showing a broad absorption band of stretching vibrations v(C=N) at 2467 cm™ overlapping
with v(B—H) at 2510 cm™126:27,

“B{lH} “ “
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Figure 7.%'B and *'B{*H} NMR spectra (400 MHz) of (EtsNH)[B1oHsNCCHs] in CDsCN.

In this context,*H and 1B NMR spectra recorded in CDsCN require decoupling from !B and 'H
nuclei, respectively, not only to facilitate the assignments of all signals but also to ensure no
unreacted compounds remain. In particular, the H spectra without decoupling from !B of
(EtsNH)[2-B1o0H9NCCHs3] (Figure 8) leads to broad multiplets of the BHeq and BHap protons in
theranges-0.4-1 and 3.2-4 ppm, respectively, which makes it difficult to assign chemical shifts
confidently.
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Figure 8. 1H and *H{*'B} NMR spectra (400 MHz) of (EtsNH)[B1o0HsNCCHs] in CDsCN.

Comparison between *H{*!B} of (EtsNH)[2-B1o0HsNCCH3] and (EtsNH)2[B1oH10] (Figure 9) reveals
a loss of symmetry in the [BioH10]?> cage upon grafting of -NCCHs. The broad signal of BHeq (-
0.05 ppm, 8H) in the parent [BioH10]? splits into four signals in the range 0.10-0.80 ppm. At
the same time, the signal of BHap (3.18 ppm, 2H), which is masked behind counter cation
signal at 3.18 ppm, also splits into two signals, at 3.29 and 3.36 ppm, present near the signal
of the methyl group (B1oHo-NCCH3) at 2.46 ppm.
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Figure 9. H{*’B} NMR spectra (400 MHz) of (EtsNH)[B1oHsNCCHs] and (EtsNH)2[B1oH1o] in CDsCN.
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I1.3 Interaction between cyclodextrins and (EtsNH)[B1oHoNCCHs] in D20
11.3.1 ESI-MS studies of [B1oHsNCCH3]/CD in D0

Following previous work concerning [BioH10]?>" encapsulation within CD 2°, we decided to
analyze 10° M aqueous mixtures of (EtsNH)[B1oHsNCCHs] and a-,3-, or y-CD with a 1:1 ratio.
The ESI-MS spectra are given in Figure 10. All spectra show the same peak at m/z 176.19,
which can be assigned to the monoanionic species {BioHsNCCH3(H,0)}. The free CD appears
as a monoanionic species {(CD)-H} at m/z 971.31 (a-CD), 1134.37 (B-CD), and 1296.43 (y-CD).

The formation of 1:1 adducts as dianionic species, {(Bi1oHsNCCH3)(CD)(H20)-H}?, is confirmed
by the peaks at m/z 547.25, 655.28 and 736.30 for a-, B- and y-CD, respectively. The relatively
low-intensity peaks of free a-CD and its 1:1 adduct compared to those of 3-CD and y-CD
suggest the lower boron cluster affinity for the a-CD and probably a less efficient
encapsulation.
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Figure 10. ESI-MS spectra of the aqueous mixtures in 1:1 ratio of (EtsNH)[B1oHsNCCH3] (10° M) and (a)
a-CD, (b) /-CD, and (c) y-CD.
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11.3.2 NMR studies of [B1ogHsNCCHz]/CD in D20

The encapsulation process of the [BioH10]? cluster was previously studied by using it as an
ammonium salt 2. In the present case, the triethylammonium salt of [B1oHsNCCH3] was used.
To verify that the countercation cannot play a significant role in the encapsulation process, a
titration of B-CD by EtsNHCI was first realized. By adding up to 8 equivalents of EtsNHCI per
CD, no significant change in the NMR spectrum of the CD was seen (see Figure S2 in the
appendix). This counter-cation plays no competitive role in CD complexation, and the
observed effects are solely due to the interaction of the boron cluster with the host.

The encapsulation of (EtsNH)[B1oHoNCCHs] cluster within the cavity of a-, - or y-CD has been
monitored by 'H NMR titration in D,O of fixed concentration CD solutions (3 mM) with
variable concentrations of [BigHsNCCHs].Two mother solutions of the concentrations C1= 6
mM and C; = 8C1=48 mM were prepared in D20 for CD and (EtsNH)[B1oHsNCCHs] compounds,
respectively. Then, 500 pL of CD solution was mixed with various volumes (uL) of Bio
compound of the concentrations C;= (0, 0.25, 0.5, 1, 2, 4, and 8) C;. Finally, D,O was added
to get a total volume of 1 ml.

11.3.3 Interaction between a-CD and (EtsNH)[B1oHsNCCH3] in D20

The 'H NMR spectra of various [BioHsNCCHs]/a-CD mixtures are given in Figure 11. The
variations of the chemical shifts of a-CD protons in various [Bi1oHoNCCH3]/a.-CD mixtures are
given in Table S1 in the appendix. As reported in our previous studies 2°, the boron cluster
encapsulation into CDs can induce slight shifts variation of the internal protons corresponding
to the primary (H5 and H6) and/or secondary (H3) CDs faces (Scheme 1).
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Scheme 1. Numbering of protons within a-cyclodextrin.

Thus, in the case of a-CD (Figure 11), increasing the [B1oHoNCCHs3]/a-CD ratio induces no
major changes in the NMR spectra except for a slight shift of H3 protons with a maximum
variation of only +0.058 ppm (see Table S1 in the appendix). This demonstrates weak
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interactions of the o-CD with the cluster, and an encapsulation process within the

cyclodextrin cavity is unlikely.

B,,/CD
8

H6/5 H2/4

T T T T T T T T,

PPM 50 4.8

4.6 4.4 42 40 3.8 3.6 34

Figure 11. 'H NMR spectra in D,O for different ratios of Bi1oHsNCCH3/a-CD from the titration of 3 mM
aqueous a-CD solution with (EtsNH)[B1oHsNCCH3].

Job’s plot represents the product of the molar fraction in CD (Xcp) and chemical shift variation

of H3 (Ad = Oobs - On3; Where Oobs is the chemical shift of H3 upon addition of Bip compound

while dus is the chemical shift of Hs in free CD) versus Xcp under boron cluster titration. The
variation of the chemical shift of H3 for a-CD with [B1gHoNCCHs] in D20 is very small; hence,
the Job’s plot (Figure 12) does not permit us to see a clear maximum on the curve. It suggests

a very weak interaction of the boron cluster with a-CD on its outer surface in a random

fashion, and the observed variation in the chemical shift of H3 does not reflect the formation

of a two-component adduct.
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Figure 12. Job’s plot for [B1o0HsNCCH;] with a-CD in D;0.
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11.3.4 Interaction between 3-CD and (EtsNH)[B1oHosNCCH3s] in DO

In contrast to a-CD, titration of B-CD with [B1oHoNCCHs]™ cluster leads to a stronger shift of
H5-CD protons with maximum variation up to +0.157 ppm (Figure 13). The variations of the
chemical shifts of -CD protons in various [B1oHsNCCHs]/B-CD mixtures are given in Table S2
in the appendix. This behaviour suggests stronger interactions of the boron cluster with 3-CD
and the encapsulation of the cluster within the cavity of this CD.

H3 H6
HS H2/4

¥ L Ll L)
PPM 50 48 46 44 4.2

Figure 13.’H NMR spectra in D0 for different ratios of B1oHsNCCHs/B-CD from the titration of 3 mM
aqueous [-CD solution with (EtsNH)[B1oHsNCCH3].

In the case of B-CD, Job’s plot represents the product of the molar fraction in CD (Xcp) and
chemical shift variation of H5 (Ad = Oobs - OHs) versus Xcp under boron cluster titration (Figure
14). The variation of the chemical shift of H5 for 3-CD with [B1o0HsNCCH3] in D20 permits us to
see a clear maximum on the curve at Xcp about 0.5, consistent with the formation of 1:1
adducts, {(B1oHsNCCH3)(B-CD)}.

T Y T 9
0.00 0.25 0.50 0.75 1.00

Molar fraction of CD, x,

Figure 14. Job’s plot for [B;o0HsNCCHs] with -CD in DO.
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11.3.5 Interaction between y-CD and (EtsNH)[B1oHosNCCH3s] in D20

As in the case of B-CD, the titration of y-CD with [B1o0HsNCCH3s] cluster (Figure 15) leads to a
strong shift of H5-CD protons with maximum variation up to +0.182 ppm. The variation of the
chemical shifts of y-CD protons in various [B1oHsNCCH3]/y-CD mixtures are given in Table S3
in the appendix. This behaviour suggests stronger interactions of the boron cluster with y-CD
and the encapsulation of the cluster within the cavity of this CD.

Job’s plot in Figure 16 focused on the variation of the chemical shift of H5 for y-CD with
[B1oHoNCCHs] in D0, permits us to see a clear maximum on the curve at Xcp about 0.5,
consistent with the formation of 1:1 adducts, {(BioHsNCCHs)(y-CD)}.
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B,/CD
o -

PPM50 48 46 44 42 40 38 36 34

Figure 15. 'H NMR spectra in D,O for different ratios of BijogHsNCCH3/y-CD from the titration of 3 mM
aqueous 6-CD solution with (EtsNH)[B1oHsNCCH3].
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Figure 16. Job’s plot for [B10HsNCCH3] with 4-CD in D,0.
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11.3.6 Determination of association constants by nonlinear least-squares method

Finally, the association constants of boron cluster to CDs have been determined from the
NMR titration applying a mathematical approach 22, As the NMR spectra indicate a fast
chemical exchange regime, the observed chemical shift variations of H3 or H5 protons (Jdobs)
of CD should correspond to a linear combination of the chemical shifts of the free CD and the
1:1 adducts (equation 1), noted 3o and 01.1 respectively. The Xo and x1.1 are the CD molar
fractions in the free state, and 1:1 adducts correspondingly.

8obs = X000 +X1:1061:1 (eq. 1)

Considering a 1:1 adduct, the association constant K is given by equation 2, using the CD molar
fractions Xo and x1.1 and expressed as a function of the initial concentration of CD (C° and the
molar ratio R = [B1oHsNCCH3s]/[CD].

X1,
K= L (eq.2)

% <R _ (%)) co

Combining equations 1 and 2 and considering that xo + x1:1 = 1, one can deduce the expression
of the observed chemical shift as a function of binding constant K (equation 3).

KCO—KCOR—1+,/(KCOR—KC?+1)2+4KCO KCO—KCOR+1—/(KCOR—KCO+1)2+4KCO
Bovs = 8 | Kl 81 e (eq.3)

Modeling the experimental data leads to the binding constants gathered in Table 1. The best
fits of the variation of the experimental chemical shift dobs as a function of the ratio R = B1o/CD
according to the equation 3 using these K values are shown in Figure 17. The simulated
variation of §,,s matches well the experimental data.
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Table 1. Formation constant K (M) of the 1:1 adduct complexes formed between [BioHsNCCHs] and

native cyclodextrins (a-, [, and y-CD), obtained from H chemical shifts at 298 K (equation 3), in

comparison with formation constants from previous data obtained with [BioH10/* ».

B1o Compound cD K (Mm?)
a-CD 34.1+0.8

[B1oHsNCCHs] B-CD 300 + 20
v-CD 720 £ 40
a-CD 35+10

2-25
[BioHao] B-CD 110 + 70

y-CD 60 + 20
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Figure 17. The variations of the observed chemical shift of (a) a-CD-H3, (b) -CD-H5, and (c) y-CD-H5
internal protons versus [Bi1o0HsNCCH3] content.

The association constants found by NMR first evidence that K values increase in the following
order a-CD < 3-CD < y-CD, suggesting again the low affinity of the boron cluster to the a-CD
and an optimal affinity with the y-CD. Previously, the optimal affinity of [B1oH10]?>" was found
for B-CD, while the cavity of y-CD was too large to accommodate this cluster ?°. In the present
case, the volume of the cluster [B1oHoNCCH3s] is a little higher, and logically the y-CD is better
adapted. Secondly, these data, in agreement with ITC results (vide infra), show that the
affinity constants are improved for host-guest systems with - and y-CD by replacing [B1oH10]*
with [B1oH9sNCCHs]". As expected, the affinity constant for y-CD appears 12 times higher with
[B1oHsNCCHs]™ due to the chaotropic effect. Finally, for both clusters, the affinity for a-CD
appears very weak as the size of the host cavity also plays a crucial role.

11.3.7 Association constants and thermodynamic data by ITC

Even if association constants of labile host-guest complexes in aqueous solution can be
determined from NMR titrations, isothermal calorimetric titration (ITC) measurements
usually lead to more reliable data. In a previous study, it was shown that the encapsulation of
[B1oH10]? was characterized by weak interactions between the host and the guest 2. In such
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a case, dedicated protocols have been employed for ITC measurements, i.e., release,
annihilated release, and reverse titration experiments, to increase ITC characterization
accuracy . In the case of [B1oHsNCCHj3], the affinity constant appears one order of magnitude
higher. Therefore, the (EtsNH)[B1o0HsNCCH3]@CD systems were studied by titration (injection
of 5 mM CD solution on a 0.5 mM (EtsNH)[B1oHoNCCH3s] solution) and release (injection of 5
mM CD and 5 mM (EtsNH)[BioHosNCCHs3] solution on water solution) protocols and
thermodynamic parameters were determined by global nonlinear regression analysis of these
experiments 2°. The corresponding ITC thermograms and isotherms are given in Figures 18
and 19, while the thermodynamic parameters are gathered in Table 2.
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Figure 18. ITC thermograms were obtained respectively for the titration and release experiments at
298 K (upper part) and global analysis of experimental isotherms (lower part) for the systems
[B10HsNCCH;s] /CD (- and S-forms). Dots and lines correspond to experimental and theoretical heats,
respectively.
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Figure 19. ITC thermograms were obtained respectively for the titration and release experiments at
298 K (upper part) and global analysis of experimental isotherms (lower part) for the systems
[B10HsNCCH;s] /y-CD. Dots and lines correspond to experimental and theoretical heats, respectively.
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Table 2. Binding constants, enthalpy, entropy, and Gibbs energy of 1:1 adduct complexes formation
between (EtsNH)[B1oHsNCCH3] or (NH4)2[B1oH10] % and native cyclodextrins (c-, - and y-CD), obtained
from ITC data, at 298 K.

K(M?)  AH(kl.mol?) TAS (kl.mol?) AG (kJ.mol?)

a-CD 4511 -25.2+4.1 -15.8+4.7 -9.4+0.6

(EtsNH)[B1oHsNCCHs] B-CD 1494 -51.2+0.5 -39.2+0.6 -12.4+0.1
y-CD  577+8 -29.1+0.1 -13.4+0.2 -15.7+0.1

a-CD  4+3 -25+16 21+ 16 -29+1.6

(NHa)2[B1oH10] & B-CD  40:4 -34.7+0.8 -25.5+1.2 -9.2+0.5
y-CD  19%5 -39.7£2.0 -32.2+2.8 -7.5+0.9

All experimental data agree with a 1:1 stoichiometric model. As expected from a qualitative
evaluation of the ITC isotherms, the inclusion of [BigHsNCCHs] in a-, B-, and y-CD was
characterized by an important compensation between a strong enthalpic stabilization and a
slightly lower entropic destabilization, leading to significant affinities: 45, 149 and 577 M for
a-, B- and y-CD, respectively, in agreement with NMR studies.

From a thermodynamic point of view, the negative enthalpy values found in all cases
demonstrate that the process of encapsulation of the [BioHsNCCHs]™ cluster is enthalpically
driven, while the negative entropy variations indicate that the inclusion process of the
monoanionic [BioHsNCCH3]™ within cyclodextrins is associated to a chaotropic effect, in
agreement with the previous study on [BioH10]? 2> and the work of Nau and coworkers 1°-2!
for dodecaborate derivatives [B12X12]?". This solvent effect can be explained by the migration
of the borate cluster from the bulk aqueous medium into the pockets of CD, allowing the
recovery of the water structure distorted by the chaotropes.

The strength of the chaotropic behavior is notably related to the volume charge density of
the anion. A lower chaotropic effect is expected when the volume charge density increases.
The volume charge density decreases from [B1oH10]> to [B1oHsNCCHs]". Thus, the chaotropic
character of the latter is increased, resulting in an increase in the entropy change associated
with the recovery of the water structure upon inclusion in CDs.

Additionally, as commonly observed for cyclodextrins, the increasing enthalpic contribution
is counterbalanced by an increasing entropy penalty called enthalpy-entropy compensation.
Figure 20 gives the AH vs TAS plot associated with the 1:1 complexes of [Bi1oHsNCCH3]™ with
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CDs (red dots) in comparison to previous thermodynamic data reported for [BioH10]? 2°> and

21 The thermodynamic parameters determined for adducts

dodecaborate derivatives
obtained with [BioHsNCCH3]" showed a stronger enthalpy-entropy compensation contrast,

which is the typical signature of the chaotropic effect in the complexation of CDs 2.
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.10 +

20 4+

(plowrny) SVL

R*=0.9338
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Figure 20. Enthalpy-entropy compensation plot for 1:1 complexes formed between o-, /-, and y-CD
with [BioH10]?* (green dots), [B1oHsNCCHs] (red dots) and [B12X12]* derivatives (blue dots).?*

In summary, this work reports the host-guest processes involving the anionic cluster
[B1oH9NCCHs]™ with a-, B- and y-cyclodextrins through solution studies using ESI-MS, NMR,
and ITC, demonstrating the formation of 1:1 inclusion complexes between [B1gHosNCCHs] and
- and y-CDs, while weaker interactions are evidenced with the a-CD.

lll. Encapsulation of the cluster [B2oH1s]*

The octadecahydro-eicosaborate dianion [trans-ByoHis]> corresponds to the dimeric
derivative of [BioH10]%. This cluster was chosen because its volume is twice that of [BioH10]*
while retaining the same charge (-2). Its charge density is therefore lower, which would
enhance its chaotropic effect. The encapsulation of [trans-ByoH1g]* within a-, B-, and y-CD will
be studied by NMR and ITC.

The macropolyhedral trans-octadecahydro-eicisaborate anion [trans-BxoHis]> was first
discovered in 1962 by the Kaczmarczyk’s group through oxidation of the closo-
decahydrodecaborate anion [BioH10]% by ferric anion Fe3* in refluxing aqueous medium 3.
Structurally, it consists of two parallel [BioHo]™ cages, resulting from losing a hydride atom
from each [BioH10]? anion. The two Bio units are connected through two pairs of 3c-2e (three
centers-two electrons) B-B-B bridges involving two adjacent equatorial (eq) and apical (ap)
boron atoms from each Bio unit sharing two electrons, as seen in Figure 21 3%,
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Figure 21.Structure of the trans isomer of [BaoH1s]*.

Bao derivatives such as Nas[B2oH17NH3] and Naa[B2oH17NH3] have been proven to be effective
in Boron neutron capture therapy (BNCT). They allow the biodistribution of boron content
selectively into murine tumors in vivo through encapsulation inside synthetic spherical
vesicles called liposomes having a hydrophilic cavity and outer lipophilic membrane
analogous to the natural phospholipid bilayer membrane 3233, We therefore decided to
investigate the encapsulation of the By clusterin CD cavities, which would pave the way for
the development of novel Byo systems effective in tumor therapy. The lithium salt of [trans-
BaoH1g]? is of particular interest as it is water-soluble with a potentially high chaotropic effect.

l1l.1 Synthesis of Liz[trans-BxoH1s]

First, we synthesized the triethyl ammonium salt of [B2oH1s]>” based on the literature 3* by
refluxing (EtsNH)[trans-BioH10] with excess of FeCls in distilled water. In cold water,
(EtsNH)[trans-BaoH1g] was formed as an insoluble pale-yellow solid, which was purified
through recrystallization from boiling water and isolated in a high yield (74%).

Since (EtsNH)[trans-ByoH1g] isn’t soluble in an agueous medium, we performed a cationic
exchange of EtsNH* with Li* cation through a column packed with Li* resin in H,O/CH3CN
(50/50) mixture as the eluent. Li,B2oH1s was isolated as a yellow powder with 97% yield (see
experimental section for detailed synthesis procedures). FT-IR (Figure S4 in the appendix) and
NMR spectra perfectly agree with the expected compound (Figures 22-23,25-26).

111.2 NMR studies of EtsNH* and Li* salts of [B2oH1s]*

The identification of the [trans-BaoH1s]> was based for so long on primitive H and !B NMR
studies done early in the 1960s 39353 However, we have carried out advanced structural
NMR studies using correlation experiments, e.g., 2D (*'B{*H} - 11B{*H}) COSY and 2D (*'B{'H} -
'H{*'B}) HETCOR. These 2D NMR studies have proved very useful in differentiating the
structures of position isomers, as recently demonstrated by Avdeeva and coworkers ¥’.
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The MB{*H} NMR spectrum of [trans-BxoH1s]? in CD3CN (Figure 22) has characteristic seven
singlets as following: 29.88 (2Bap), 15.32 (2Beg), -7.49 (2BHeq), -12.9 (4BHeq),-16.52 (4BHeq), -
19.96 (4BHeq), and-26.18 ppm (2BHap). In comparison with the non-decoupled B NMR
spectrum, all peaks become doublets due to the coupling with H atoms except for the singlet
at 15.32 ppm, which means it correlates with the two equatorial boron atoms that have lost
their hydrogen atoms during oxidative dimerization.

4xB_[(5)
4xB_(4) '16)52 4xB.(6)
2xBH, (1) 2xB(2) -12.99 -19.96
29.88 ppm 15.32 2xB_[3) 2xBH,(7)
1B{IH} A Jk -7.49 -26.18
ppm 30 20 10 0 10 20 30

Figure 22. 11B{*H} and 1B NMR spectra (400 MHz) of [trans-BzoH1s]* in CDsCN.
The 2D (Y1B{*H} - 11B{*H}) COSY NMR spectrum of [BaoH1s]? (Figure 23) has allowed us to figure

out its geometry as “trans” configuration as designated in Figure 24, through the correlations
between boron chemical shifts, as seen in Table 3, in agreement with !B NMR.
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Figure 23. 2D *1B-1B COSY NMR spectrum (400 MHz) of [trans-BzoH1s]* in CD3CN.

Table 3. The correlations between boron chemical shifts from 2D !B-1B COSY NMR spectrum of
[B2oH1s]*.

Bl B2 B3 B4 B5 B6 B7
B1 X X
B2 X X X
B3 X X X
B4 X X X X X
BS5 X X X X
B6 X X X X
B7 X X X
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One B, unit

Bn(1,3-7) = BH
B2*=B

O Multiplicity = 1
@ Multiplicity = 2

Figure 24. The trans configuration of [BzoH1s]* proposed from the 2D 1B-1B COSY NMR spectrum (400
MHz) in CDsCN. (Legends: B in blue; H in pink)

The comparison between H{*'B} of [BioH10]?> with the macropolyhedral cluster [BzoH1s]*
(Figure 25) reveals the appearance of six new peaks upon dimerization of the B cluster. The
signal of BHeq (1.05 ppm, 8H) in the parent [B1oH10]? splits into four signals in the range 0.7-
1.9 ppm. At the same time, the signal of BHap (3.18 ppm, 2H), masked behind the counter
cation signal at 3.18 ppm, also splits into two signals at ca. 2.73 and 5.40 ppm. Clearly, the
disappearance of EtsNH* signals in the *H{''B} spectrum of Liz[B2oH1s] confirms the cationic
exchange. This also makes it possible to visualize the H4 signal, which is superimposed with
the counter-cation signal at 1.26 ppm in the organic salt.

O BH

[Et;NH],[B2oH,e]

U
e
[Et;NHL[B,oH,o] (1,10)
: |

ppm 6 4 2 1

Figure 25. lH{llB} NMR spectra (400 MHZ) Of (Et3NH)2[B1oH1o], (Et3NH)2[Bon13], and Liz[Bon13] in
CDsCN.
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The 2D (*B{*H} - 'H{*'B}) HETCOR NMR spectrum of [BaoHis]*> (Figure 26) shows the
correlations between boron and proton chemical shifts involved in the direct B-H bond. This
experiment makes it possible to assign the six types of protons in the “trans” configuration,
with the help of 1*B{1H}, *H{''B}, and 2D ''B-1!B COSY NMR spectra.
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Figure 26. 2D (“B{*H} - 'H{*'B}) HETCOR NMR spectrum (400 MHz) of (EtsNH)2[BzoH1s] in CDsCN. Note
the signal H4 in the 1D *H NMR spectrum (shown in the indirect dimension) is overlapping with the
signal of (EtsNH)*, and becomes visible in the 2D map.

l11.3 Interaction between cyclodextrins and Liz[B2oH1g] in D20
111.3.1 NMR studies of the interaction between cyclodextrins and Li2[B2oH1s] in D20

As in the case of (EtsNH)[B1oHsNCCHs] and CD, the interaction of Liz[B2oH1g] within a-, - and
v-CD will systematically be studied by NMR and ITC. The H{!!B} and 'B{*H} NMR titrations
are done in two different manners.

The first method consists of preparing two mother solutions in D0 of the concentrations C;
=6 mM and C ;= 8C1 = 48 mM for CD and Liz[BzoH1s] compounds, respectively. Then, 500 pL
of CD solution was mixed with various volumes (uL) of Bip compound of the concentrations
C;=(0,0.25,0.5, 1, 2, 4, 8, and 16) Ci. Finally, D20 was added to get a total volume of 1 ml.
This method allows to better visualize the effect of increasing the amount of By species on
CD signals during the complexation process. In contrast, the second method involves a
constant amount of Liz[BaoH1s] while that of CD was varied to better see the effect of
increasing the amount of CD on the B2o NMR resonances (*H and !B).
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111.3.1.1 Interaction between a-CD and Li2[B20H18] in D20

The *H{*'B} and *'B{*H} NMR spectra of various {a.-CD (3 mM) + [B2oH1s]?*} solutions are given
in Figure 27 and S5, respectively. As seen in Figure 27, increasing [B2oH1s]>/a-CD ratio induces
no major changes in the NMR spectra except for a slight downfield shift of the H3 signal of a-
CD with a maximum variation of only +0.097 ppm compared to free a-CD. The variations of
the chemical shifts of a-CD protons in various [B2oH1g]?/a-CD mixtures are given in Table S4
in the appendix. On the boron side, no shifts are detected either for BH signals or boron (B)
signals in comparison with *H{*'B} and 'B{*H} spectra of free [B2oH1s]* in Figure 27 and S5,

respectively. This demonstrates weak interactions of the a-CD with the cluster.
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Figure 27. *H{*'B} NMR spectra in D,0 for different ratios of BzoH1s/a-CD from the titration of 3 mM
aqueous a-CD solution with Li>[B2oH1s].

Job’s plot represents the product of the molar fraction in a-CD (Xa-cp) and the chemical shift
variation of H3 (Ad = Oobs - OH3) Versus Xecp under boron cluster titration (Figure 28). The
variation of the chemical shift of H3 for a-CD with [B2gH1s]? in D20 permits us to see a clear
maximum on the curve at Xe-cp about 0.5, consistent with the formation of 1:1 adduct,
{(B2oH18)(a-CD)}*. This adduct does not necessarily represent an inclusion complex, as the
effect on the host NMR signals is too weak.
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Figure 28. Job’s plot for [B2oH1s]* with a-CD in D;O.

To get insight of the effects on the boron side, inverse titration was carried out. The *H{!!B}
and 1B{*H} NMR spectra of various {[B20H1s]* (3 mM) + a-CD} solutions are given in Figures
S6 (in the appendix), 29, and 30. Increasing the amount of a-CD added while keeping [B2oH1s]*
concentration constant induces a slight upfield shifts of the BH1 and BH6 protons with a
maximum variation of only -0.05 ppm relative to the free B,o anion, while no significant shift
was observed with the other BH protons (Figure 29). At the same time, the 'B{*H} NMR
spectra show a broadening of all By signals (Figure 30). Such a broadening should be an
indication of some inter-species interaction between the boron cluster and the CD, restricting
the molecular tumbling of the anionic species. The variations of the chemical shifts of (BH)
protons and boron atoms (B1-B7) are collected in Tables S5 and S6 in the appendix,
respectively.
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Figure 29. *H{*' B} NMR spectra in DO for different ratios of a-CD/BasHis from the titration of 3 mM
aqueous Liy[BzoH1g] with a-CD solution, focusing on BH protons.
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Figure 30. “1B{*H} NMR spectra in D,0 for different ratios of a-CD/BasHis from the titration of 3 mM

aqueous Lis[BzoH1s] with a-CD solution.

111.3.1.2 Interaction between -CD and Liz[B2oH1s] in D.O

The *H{*'B} and !B{*H} NMR spectra of various {B-CD (C = 3mM) + [B2oH1s]*} solutions are
given in Figures 31, S7, and S8. Increasing [B2oH1s]*/B-CD ratio provokes a split of the two H6
protons signal beside strong downfield shifts of the H3 and H5 peaks of the CD, up to +0.224
and +0.427 ppm, respectively (Figure 31), while the other protons are much less affected,

compared to free B-CD. The variations of the chemical shifts of 3-CD protons are given in

Table S7 in the appendix.

Figure 31.'H{"'B} NMR spectra in D,O for different ratios of BzoH1s/-CD from the titration of 3 mM

aqueous -CD solution with Li>[BzoH1s].



Concomitantly, in comparison with the spectra of free B2 anion, the BH4, BH5, and BH7,
located far from the apices, are strongly downfield shifted by +0.33, +0.40, and +0.36 ppm,
respectively (Figure S7 in the appendix). On the boron side, all boron signals show prominent
broadening (Figure S8 in the appendix). This suggests deep inclusion of [B2oH1g]? within the
cavity of B-CD. The variations of the chemical shifts of (BH) protons and boron atoms(B1-B7)
for various ByoHis/B-CD mixtures are collected in Tables S8 and S9 in the appendix,
respectively.

Job’s plot represents the product of the molar fraction in B-CD (Xgco) and chemical shift
variation of H5 (A3 = Oobs - Ons) versus Xzcp under boron cluster titration (Figure 32). The
variation of the chemical shift of H5 for 3-CD with [B2oH1s]? in DO permits us to see a clear
maximum on the curve at Xzcp about 0.5, consistent with the formation of 1:1 adduct,
{(BaoH1s)(B-CD)}*.
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Figure 32. Job’s plot for [BaoH1s]* with B-CD in D;0.

The *H{*'B} and !B{*H} NMR spectra of various {[B20H1s]* (C = 3mM) + B-CD} solutions are
given in Figures S9, 33, and 34. Increasing the amount of B-CD while keeping the
concentration of Bz constant has the same effect on B-CD chemical shifts as the previous
experiments of {B-CD (C = 3 mM) + [BaoH1s]*}, such as the chemical shifts of H3 and H5 are
respectively shifted by -0.194 and -0.419 ppm, while other protons are much less affected.
Also, the two peaks (dd) of the H6 protons overlap into a broad, intense signal (Figure S9).
The variations of the chemical shifts of 3-CD protons are given in Table S10 in the appendix.

In comparison with the spectra of free By anion, the BH groups have an important upfield
shift of BH4, BH5, and BH7 by -0.32, -0.34, and -0.35 ppm, respectively (Figure 33). Concerning
Boron signals, 1*B{*H} NMR spectra show strong broadening of all Byo signals (Figure 34), which
is clearly much more pronounced than the previous broadening observed with a-CD. We can
then confirm here the efficient inclusion between -CD and [BaoH1s]%. The variations of the
chemical (BH) protons and boron atoms (B1-B7) in various B-CD/[B2oH1s]* mixtures are given
in Tables S11 and S12 in the appendix.
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Figure 33.'H{"'B} NMR spectra in D,0 for different ratios of -CD/BaxH1s from the titration of 3 mM
aqueous Lis[BoH1s] with f-CD solution, focusing on BH protons.
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Figure 34. 11B{f*H} NMR spectra in D,O for different ratios of -CD/BzoH1s from the titration of 3 mM
aqueous Liy[BzoH1s] with $-CD solution.

111.3.1.3 Interaction between y-CD and Liz[B2oH1s] in D20

The H{*!B} and 'B{*H} NMR spectra of various {y-CD (3 mM) + [B2oH1s]*} solutions are given
in Figures 35, S10 and S11. Increasing [B2oH1s])?/y-CD ratio provokes a split of the two H6
protons signal beside strong downfield shifts of the H3 and H5 peaks of the CD, up to +0.071
and +0.145 ppm, respectively, while the other protons are much less affected (Figure 35).
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These variations are bigger than those observed with a-CD (maximum +0.1 ppm, Figure 27),
but smaller than those observed with B-CD (maximum + 0.4 ppm, Figure 31). The variations
of the chemical shifts of y-CD protons in various [B2oH1s]*/y-CD mixtures are given in Table
S13 in the appendix.

At the same time, in comparison with the spectra of free Byg anion, all BH groups signals have
shown slight downfield shift variations of ca. +0.1 ppm (Figure S10 in the appendix), which is
also smaller than those observed with B-CD (maximum +0.4 ppm, Figure S7 in the
appendix).On the other hand, the signals of the Boron atoms B1, B3 and B7 show major
chemical shift variations of +1.03, +0.5, and -0.6 ppm; respectively, , as seen in Figure S11 in
the appendix. The variations of the chemical shifts of (BH) protons and boron atoms(B1-B7)
for various BaoH1g/y-CD mixtures are collected in Tables S14 and S15 in the appendix,
respectively.
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Figure 35.'H{"'B} NMR spectra in D,0 for different ratios of BzoHis/y-CD from the titration of 3 mM
aqueous y-CD solution with Li>[BsoHs].

Job’s plot in Figure 36 focused on the variation of the chemical shift of H5 for y-CD with

[B2oH1g]? in D20, permits us to see a clear maximum on the curve at Xcp about 0.5, consistent
with the formation of 1:1 adduct, {(B2oH1s)(y-CD)}*.
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Figure 36. Job’s plot for [BaoH1s]* with ¥-CD in D,0.

The *H{*'B} and !B{*H} NMR spectra of {[B20H1s]* (C = 3 mM) + y-CD} are given in Figures S12,
37, and 38. Increasing the amount of y-CD provokes upfield shifts of the H3 and H5 protons
by -0.065 and -0.139, respectively, while other protons are much less affected. Also, the two
peaks (dd) of the H6 proton overlap into a broad, intense signal (Figure S12). The variations
of the chemical shifts of y-CD protons are given in Table S16 in the appendix.

The BH groups have an important upfield shift majorly of the BH3, and BH7 groups by -0.17
ppm (Figure 37). These variations are between those observed for a-CD (maximum variation
of -0.05 ppm, Figure 29) and 3-CD (maximum variation of -0.35 ppm, Figure 33). Concerning
Boron signals, the B1 and B7 groups are mostly affected since they are shifted by -1.43 and
+0.6 ppm, respectively (Figure 38). These strong variations may indicate efficient inclusion
between y-CD and [B2oH1s]* but most probably different from the one observed with B-CD
since the !B line broadening is also different and less extensive than that resulting with 3-CD
(Figure 34).The variations of the chemical shifts (BH) protons and boron atoms (B1-B7) in
various y-CD/[B2oH1s]* mixtures are given in Tables S17 and S18 in the appendix, respectively.
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Figure 37. 'H{**B} NMR spectra in D,0 for different ratios of yCD/BaoH1sfrom the titration of 3 mM
aqueous Liy[BaoH1s] with y-CD solution, focusing on BH protons.
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Figure 38. 1'B{*H} NMR spectra in D,O for different ratios of -CD/BzoH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with y-CD solution.

111.3.2 Determination of association constants by nonlinear least-squares method

NMR titration experiments with fixing the initial concentration of CD (C° and varying the
molar ratio R = [B2oH1s]>/[CD] allows us to estimate the association constants between CDs
and [B2oH1s]? by the nonlinear least-squares method using equation 3 as applied previously
to [B1oH9NCCHs]  (see section 11.3.6). The chemical shifts of the free CD and the 1:1 adducts,

178



noted do and d1.1, respectively, are used as input constants. Modeling the experimental data
leads to the binding constants gathered in Table 4. The best fits of the variation of the
experimental chemical shift dops as a function of the ratio R = B2o/CD according to the equation
3 using these K values are shown in Figure 39. The simulated variation of §,,¢ of H3 protons
for a-CD and H5 for - and y-CDs matches well the experimental data.

Table 4. Formation constant K (M) of the 1:1 adduct complexes formed between [B:oH1s]* and native
cyclodextrins (a-, [, and y-CD), obtained from *H chemical shifts at 298 K (equation 3) in comparison
with [B1oHsNCCH3sJ.

B Compound cD K(M1)
a-CD 37104
Li2[B2oH1s] B-CD 100000 + 40000
y-CD 4000 + 2000
a-CD 45+ 11
(EtsNH)[B1oHoNCCH;3] [-CD 149+ 4
v-CD 577 +8

The association constants found by NMR for binding of [B2oH1s]* cluster were 37 M with a-
CD, ca. 100000 M with B-CD and 4000 M with y-CD. Hence, as expected, the affinity
constants have enhanced greatly with large CDs compared to [BioH10]?>" and [B1oH9NCCH3]
clusters since [BaoH1g]? has lower charge density which would enhance its chaotropic effect.
However, with the smallest a-CD the affinity constant remained weak as for the case of
[B1oHaNCCHs], because this cavitant molecule is too small to encapsulate the boron cluster.
The optimal affinity was found with the 3-CD, probably because it matches well the size of
the cluster.
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Figure 39. The variations of the observed chemical shift of (a) a-CD-H3, (b) S-CD-H5, and (c) y-CD-H5
internal protons versus [BHis]* content.

111.3.3 Association constants and thermodynamic data by ITC

Isothermal calorimetric titration (ITC) was also used to determine the binding affinities, , the
enthalpy (AH) and the entropy (AS) of the reactions of systems [B2oH1s]?>/a-,-, and y-CD
solutions. The corresponding ITC parameters are given in Table 5.
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As expected, the inclusion of [ByoH1s]?> in a-, B-, and y-CD was characterized by a strong
enthalpic stabilization. Thus, the process of encapsulation of the [BaoHig]> cluster is
enthalpically driven, leading to a dramatic increase in binding affinities, particularly with 3-
and y-CD, probably due to adequate size match fit.

On the other hand, entropy variations are negative for a- and B-CD, indicating that the
inclusion process of the [BaoH1s]? cluster within cyclodextrins is associated to a chaotropic
effect 8. This is due to the recovery of the solvation water structure when the chaotropes
migrate into CD pockets distorting its solvation shell, which represent an energy-intensive
process. The binding constants obtained by ITC showed increasing values with increasing CD
size. While the orders of magnitude recorded for 1:1 complexes of [B2oH1s]? with a- or B-CD,
are in agreement with the values obtained from NMR titrations, different result is observed
with the largest y-CD. ITC revealed not only a very strong association with this CD, but also a
higher stoichiometry, i.e., 1CD:2Byo clusters. This latter observation could explain the
discrepancies between the NMR and ITC data, as NMR analysis is based on the simple 1:1
binding mode. Hence, to obtain more information, ESI-MS measurements are in progress to
investigate the stoichiometry of Boo@y-CD complexes, while DFT calculations in collaboration
with Dr. Xavier Lopez in Spain are also underway. Finally, new ITC measurements using the
competitive titrations method are needed to clarify these data.

Table 5. Binding constants, enthalpy, entropy, and Gibbs energy of adduct complexes formation
between Liz[BzoH1s] and native cyclodextrins (a-, - and y-CD), obtained from ITC data, at 298 K.

K AH (kJ.molt) TAS (kJ.mol!) AG (kJ.mol?)
a-CD 35+7 M1 -43.516.4 -34.7+6.9 -8.8+0.5
Li2[BxoH1s] B-CD 137414 + 3570 M? -60.3+0.3 -31+0.3 -29.310.1
y-CD  3.33x10%°+ 0.795x10'° M -54.0+0.4 61 -60+ 0.6

I11.4 Effect of CD interaction with [B2oHis]* cluster on its proton-deuterium exchange
process

The proton-deuterium (H/D) exchange process has already been reported for various
polyhedral boranes such as carborane (CB11H12, CBsH10), [B12H12]%, and [BioH10]? anions in
deuterated solvents. Regarding [BioH10]? , the precursor of our compound of interest
[BaoH1s]?, several papers have focused on understanding the mechanism, rate, and
regioselectivity of the proton-deuterium (H/D) exchange process to get more insight into
dihydrogen contact between B-H....HX (N, O) 3840,
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To our knowledge, no reports have been recorded by now for H/D exchanges with [B2oH1s]%".
Therefore, we decided to study the behavior of the latter in D,0 solution over a period of time
by *H{*'B},1*B{*H}, and !B NMR experiments.

111.4.1 Proton-Deuterium exchange in [B2oH1s]*
111.4.1.1 NMR studies

The *H{*1B} NMR spectrum of freshly prepared [B2oH1s]% solution in D,0O has been repeated in
two different periods: twenty days and five months later (Figure 40).

B,H,; + 16 D,O - (3,4,5,6,7)-B,,H,D,. + 16 HDO

No H/D exchang Tine

_ S%EHﬁramain&d_“ After 5 months
I l 4 % BH remained After 20 days
‘ T Bh4 g
BH5 BH6
BH1 BH7 BH3 [B,oH,s]*
‘h A Fresh solution
pom 5 4 3 2 1

Figure 40. *H{*'B} NMR spectra of Li[B2oH1s] in D0 solution, in freshly prepared solution, after twenty
days and after five months.

Comparison between the three spectra reveals an important decrease in the intensities or
almost disappearance of BH protons by 96 and 97 % after 20 days and five months,
respectively. Remarkably, no change in the BH1 protons has been detected over time. This
suggests that the BH protons at the position (3-7) are exchanged with deuterium except for
the BH1 protons, as seen in Figure 41.
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Figure 42. 1B NMR spectra of Liz[B2oH1s] in D0 solution, in freshly prepared solution, after twenty days
and after five months.

On the boron side, 1'B{*H} NMR spectra recorded over time (Figure 42) reveal the appearance
of a few new peaks near 21 ppm and the range between -29 and -31 ppm, which evidence
the beginning of degradation of [B2oH1s]>. Noteworthy, H/D exchange can’t be detected from
11B{*H} NMR alone since all peaks appear as singlets. Interestingly, boron atoms in B-D and B-
H groups could be easily distinguished through comparison between B NMR (!B nuclei
coupled with H nuclei) and NMR *B{*H} (}'B nuclei decoupled from *H nuclei).
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As seen in Figure 43, there is a splitting of BH singlets in the *'B{*"H} NMR spectrum of [B2oH1s]*
fresh solution into doublets in the !B due to the presence of Jgy coupling, which means no
H/D exchange in [BaoHis]?> fresh solution, in agreement with H{*!B} NMR (Figure 40).
However, there was no splitting of BH signals after twenty days, regardless of the
experiment’s proton coupling condition, except for the signal of the Boron atom in position
(2). This is because Jgn is equal to zero due to the replacement of BH protons at the positions
(3,4,5,6,7) with deuterium nuclei (Figure 40).
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Figure 43. 2B and 'B{*H} NMR spectra of Liz[B2oH1s] solution in D0, recorded just after preparation,
and after twenty days.

We can conclude from *H and B NMR studies that [B2oH1s]?> compound is stable in fresh D20
solution. Over time, however, it undergoes slow H/D exchange accompanied by degradation,
as shown by B NMR spectra (Figure 42). Thus, we had to protect the By cluster from H/D
exchange and degradation in the D,O solution so its quality doesn’t decline with time and can
be used as long as possible.

111.4.2 Proton-Deuterium exchange in solutions of [B2oH1s]* with CD

On the other hand, cyclodextrin interactions with guest molecules are well known to improve
the guest's physiochemical properties, protecting them from degradation, oxidation, or
deterioration. Accordingly, the complexation of [B2oH1s]? with cyclodextrin could protect the
boron cluster from H/D exchange and, consequently, from degradation through time.
Therefore, we repeated the *H{*'B} and 'B{*H} NMR experiments for solutions of [B2oH1s]*
with o, B and y-CD after four months to see the effect of cyclodextrin in the H/D exchange
and the stability of [B2oH1s]%. It should be noted that {*'B} and 'B{*H} NMR experiments for
freshly prepared solutions of [B2oH1s]> with a-, B- and y-CD are already mentioned in previous
section.
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111.4.2.1 Proton-deuterium exchange in solutions of [B2oH1s]> with a.-CD

Mixing just a small amount of [B2oH1s]%> (0.25 eq) with a-CD didn’t prevent the H/D exchange
that happens over time in the BH (3-7) groups of [B2oH1s]? in the D,0 solution. As seen in the
'H{*'B} NMR spectra recorded after four months for [BaoH1s]?/a-CD mixture of the ratio 0.25
(Figure 44), there is complete H/D exchange as in the case of [B2oH1s]? being alone in solution
(Figure 40). Furthermore, the *'B{*H} NMR spectrum shows new strong peaks at -30.1 and 19
ppm, compared to [BaoH1s]? fresh solution, which refers to degradation products (Figure 45).
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Figure 44. 'H{*'B} NMR spectra of Liz[B2oH1s]/a-CD (3 mM) solution of the ratio 0.25 in D,0 solution, in
the freshly prepared solution and after four months.
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Figure 45. 1’ B{*H} NMR spectra of Liz[B2oH1s]/a-CD (3 mM) solution of the ratio 0.25 in D,0 solution, in
freshly prepared solution and after four months.
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Figure 46.H{*'B} NMR spectra in D;O for different ratios of a-CD/BzoH1s from the titration of 3 mM
aqueous Liy[BaoH1s] with a-CD solution.

Notably, there is still complete H/D exchange and degradation of [B2oH1s])?” despite increasing
the amount of a-CD added to [B2oH1s]% of fixed concentration, as revealed in the *H{*'B} and
1B{IH} NMR spectra of various o-CD/[BxoH1s]> ratios measured after four months,
respectively (Figures 46 and 47).
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Figure 47. 1B{*H} NMR spectra in D,0 for different ratios of a-CD/BaoH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with a-CD solution.
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111.4.2.2 Proton-deuterium exchange in solutions of [B2oH1s]* with 3-CD

In contrast to the ineffectiveness of a-CD on protecting the [B2oH1s]?> from degradation in D,0
with time, mixing 0.5 eq of [B2oH1s]?> with B-CD shows in the *H{'B} spectra that 70% of the
BH (3-7) protons are retained after four months compared to that of [BaoHis]? alone in
solution (Figure 48), at the same time, minor new signals are detected in the 'B{*H} spectrum
of [B2oH18]%/B-CD solution of the ratio 0.5, so only slight degradation has happened with time
(Figure 49).
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Figure 48. 'H{*’B} NMR spectra of Li2[B2oH1s]/-CD (3 mM) solution of the ratio 0.5 in D,O solution,
freshly prepared solution, and after four months.
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Figure 49. *2B{*H} NMR spectra of Liz[B2oH1s]/}-CD (3 mM) solution of the ratio 0.5 in D0 solution, in
freshly prepared solution and after four months.
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Fixing the concentration of [BagH1s]? while increasing the amount of B-CD shows that after
four months, complete H/D exchange occurs for [B2oH1s]> up to the ratio 1:1 for the B-
CD/[B2oH1s]*mixture (Figure 50). Nevertheless, excess of 3-CD sustains 90-100% of the BH (3-
7) protons in the Byo cluster. Whereas the 'B{H} spectrum reveals that degradation of the
cluster takes place for B-CD/[B2oH1s]* < 2 (Figure 51). Clearly, B-CD provides better protection
to [BaoH1s]* from H/D exchange and degradation than o-CD.
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Figure 50. 'H{"'B} NMR spectra in D,O for different ratios of -CD/B2xH1s from the titration of 3 mM
aqueous Liy[BxoH1s] with [-CD solution.
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Figure 51. 'Bf'H} NMR spectra in D,0 for different ratios of f-CD/BaxoH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with -CD solution.
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111.4.2.3 Proton-deuterium exchange in solutions of [B2oH1s]* with y-CD

The same studying pattern has been done with y-CD and [B2oH1s]>” mixture in D2O. Mixing
equivalent amounts of y-CD and [B2oH1s]? results in a partial H/D exchange of 45% in [B2oH1s]*
after four months (Figure 52), which is less effective in protecting the boron cluster than in
the case B-CD (%H/D = 30%) (Figure 48). Subsequently, reasonable degradation is spotted
through the appearance of a new peak at 18.2 ppm in the *B{*H} spectrum of and [B2oH1s]*
/vy-CD mixture (Figure 53).
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Figure 52. TH{*'B} NMR spectra of Li2[B2oH1s]*/y-CD (3 mM) solution of the ratio 1 in D,0 solution, in
freshly prepared solution and after four months.
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Figure 53. B{*H} NMR spectra of Liz[BaoH1s]*/y-CD (3 mM) solution of the ratio 1 in D0 solution, in
freshly prepared solution and after four months.
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Fixing the concentration of [B,oH1s]> while increasing the amount of y-CD shows that after
four months (Figure 54), complete H/D exchange occurs for [B2oH1s]?" up to the ratio 0.5 for
the y-CD/[B2oH1s]?> mixture. Excess of y-CD sustains 55-65% of the BH (3-7) protons in the Byo
cluster. Concomitantly, the 'B{H} spectrum reveals two types of new peaks related to
degradation products at -30.1 and 19 ppm (Figure 55). Notably, maximum degradation occurs
at the ratio y-CD/[B2oH1s]> =0.25, then decreases significantly as the ratio y-CD amount

increases.
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Figure 54. 'H{*'B} NMR spectra in DO for different ratios of y~CD/BzoH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with y-CD solution.
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Figure 55. 11B{*H} NMR spectra in DO for different ratios of y-CD/B2oH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with y-CD solution.
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IV. Conclusion

As a conclusion of this chapter, we reported the host-guest process involving the anionic
clusters [BioHoNCCHs] and [B2oH1s]% with a-, B- and y-cyclodextrins.

Solution studies performed by ESI-MS, NMR, and ITC with [BioHsNCCHs]™ and the three CDs
evidenced the formation of 1:1 inclusion complexes between [B1o0HsNCCHz] and - and y-CDs
for which the association constants were determined by NMR and ITC, while weaker
interactions are evidenced with a-CD. As expected, both techniques evidence a drastic
enhancement of the encapsulation process of [B1oHsNCCH3] compared to [B1oH10]%, while the
most stable host-guest system is obtained with y-CD.

The ITC studies evidenced the chaotropic character of the cluster [BioHsNCCHs]". The stability
increases compared to previous studies with [BioH10]%> , perfectly matches with a higher
chaotropic effect expected when the charge density decreases. The less charged and more
voluminous [B1oHsNCCHs] induces a change in its solvation properties that favors adsorption
onto hydrophobic cavities such as the macrocyclic CDs. Despite that, this effect of solvent
alone on the encapsulation process of [BiopHsNCCH3z]™ could not be sufficient, and the size-
matching effect between host and guest may also play an important role.

Nevertheless, this process remains moderate. In fact, even if the global charge is 1-, locally,
the charge of “"BioHs moiety globally remains 2- while a 1+ charge is localized on the nitrogen
atom of the grafted acetonitrile molecule. A stronger effect would probably be observed if
the charge's delocalization occurs on the entire molecule. This work is now in progress.

On the other hand, solution studies performed by NMR and ITC with [B2oH1s]> and the three
CDs allowed demonstrating the formation of weak inclusion complexes with a-CD, while
stronger with -, and y-CDs for which the association constants were determined by NMR and
ITC. As expected, both techniques evidence a drastic enhancement of the encapsulation
process compared to [BioH10]?> and [B1oH9NCCHs] . ITC experiments agree with this dramatic
increase and affinity constants appears exceptional and comparable to those found by Nau
and coworkers on Bi; derivatives 3. However, the model to adjust the ITC titrations seems to
indicate and unexpected stoichiometry of two clusters to one y-CDs. Such an adduct has not
been evidenced by NMR. ESI-MS measurements are in progress to evidence (or not) such a
species, while DFT calculation in collaboration with Dr Xavier Lopez in Spain is in progress.
Finally, new ITC measurements using competitive titrations method are needed to clarify
these data.

In the last part of the chapter, we studied H/D exchange process with [B2oH1s]%, which is to
our knowledge, has never been discussed in the literature. *H{''B} and *'B{*H} NMR studies
of [B2oH1s]? anion in D20 reveal the presence of degradation and selective deuterium-proton
exchange processes with the protons at equatorial positions over a period of time.
Interestingly, after four months, the same NMR studies for various [B2oH1g]?/CD solutions in
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D,0 signify the efficiency of B,o@CD complexes in protecting the anion from degradation and
H/D exchange. Particularly, B-CD has been shown to prevent efficiently both decomposition
and H/D exchange, while y-CD reduces significantly H/D exchange but to a lesser extent
decomposition. In the contrast, a-CD cannot protect the Byo against neither decomposition
nor H/D exchange. Notably, no studies discuss the stability of boron compounds over such a
long period (4-5 months). However, in this work, we succeeded in (1) investigating the
encapsulation of new boron compounds (B1oHsNCCH3™ and BaoH1s%) that have never been
tested with CD, (2) maximizing their binding affinity, and (3) protecting them from
degradation for a long time. These three outcomes would open the way for developing new
boron derivatives presenting candidates for drug designing.
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V. Experimental Part
V.1 General methods

Fourier Transform Infrared (FT-IR) spectra were recorded on a 6700 FT-IR Nicolet
spectrophotometer, using the diamond ATR technique. ATR correction was applied.

Electrospray lonization Mass Spectrometry (ESI-MS) spectra were collected using a Q-TOF
instrument supplied by WATERS. Samples were solubilized in water at a concentration of 10
4 M and were introduced into the spectrometer via an ACQUITY UPLC WATERS system while
a Leucine Enkephalin solution was co-injected via a micro pump as an internal standard.

Nuclear magnetic resonance (NMR) solution spectra were recorded at 25 °C in D,0. 'H and
1B NMR were measured with a Bruker Avance 400 MHz spectrometer equipped with a 5 mm
BBI probe head and operated at a magnetic field strength of 9.4 T. Quartz NMR tubes are used
to avoid background signals from standard glass tubes in case of 1'B. Typically, 'H spectra
were recorded with one pulse sequence at a 30° flip angle (pulse duration 2.4 pus), using 1 s
recycle delay, 1.6 s acquisition time, and 80 number of scans. In the case of samples containing
boron, 1B decoupling was systematically applied during the acquisition of H spectra. The !B
spectra were recorded with Hahn echo sequence (echo delay 117 us) under proton
decoupling condition, using 0.1 s recycle delay, 21 ms acquisition time, and 1024 number of
scans. Chemical shifts are reported relative to 1% MeSi in CDCls for *H and 15% BFs.Et,0 in
CDCls for 1B using external standards 4.

Isothermal titration calorimetry ITC. Formation constants and inclusion enthalpies of host-
guest systems [BioHoNCCH3] @CD were simultaneously determined for each system by the
use of an isothermal calorimeter (ITC200, MicroCal Inc.) at 298 K. Degassed water solutions
were used in both cell (202.8 pL) and syringe (40 puL).

Each (EtsNH)[B1oHsNCCHs] system was studied by titration (injection of 5 mM CD solution on
a 0.5 mM (EtsNH)[B1oH9NCCHs] solution) and release (injection of 5 mM CD and 5 mM
(EtsNH)[B1oHoNCCH3s] solution on water solution) protocols. Experiments involved one initial
aliquot of 0.5 pL followed by ten aliquots of 3.5 uL of the syringe solution, delivered over 7 s
for each injection. The time interval between two consecutive injections and agitation speed
was set to 90 s and 1000 rpm, respectively.

The resulting heat flow was recorded as a function of time. The heat of dilution was eliminated
from each titration by subtracting the raw signal obtained for the corresponding blank
titrations. The peak area following each addition was obtained by integrating the resulting
signal and expressed as the heat effect per injection. Thermodynamic parameters were
determined by global nonlinear regression analysis of the titration and release isotherms
using a dedicated homemade program 2°.
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V.2 Syntheses and isolation of products

All reagents were purchased from commercial sources and used without further purification.
All synthetic reactions were performed under an argon atmosphere using a vacuum line and
Schlenk-techniques. All solvents were dried and distilled unless stated otherwise because of
the sensitivity of the boron precursor used. (EtsNH)2[B1oH10] is provided by katchem company.

V.2.1 Synthesis of (EtsNH)[B1oHsNCCHs3]

The synthesis of (EtsNH)[B1oHoNCCH3] was performed according to literature procedure 2°.
(EtsNH)2[B1oH10] (0.2 g, 0.62 mmol) was dissolved in 10 ml of distilled CH3CN. Next, 1 ml of
CF3sCOOH was added while stirring at room temperature under an inert atmosphere. The
solution was warmed to 60°C for 30 min, then cooled at room temperature. Afterwards, it
was cooled by liquid nitrogen. The volume of the solution was reduced by half under reduced
pressure and cooled at -10°C for 24 hours. A white precipitate (0.15 g, 0.57 mmol, 93% vyield)
was collected by filtration. The product was characterized by ESI-MS, FT-IR, and NMR. FT-
IR/cm™ (ATR Diamond) (see Figure S1 in the appendix): 3075 (s), 2510 (s, BH), 2467 (s, CN),
1476 (m), 1461 (m), 1451 (m), 1404 (m), 1389 (m), 1364 (m), 1299 (w), 1156 (m), 1072 (w),
1033 (w), 1001 (s), 936 (w), 881 (w), 835 (m), 813 (w), 777 (w). *H{*!B} NMR (8 ppm, CDsCN):
0.10 (1H), 0.30 (2H), 0.36 (2H), 0.80 (2H), 2.46 (3H, Me), 3.29 (1H), 3.36 (1H), 1.29 (9H, EtsNH"),
3.21 (6H, EtsNH*), 6.70 (3H, EtsNH*); 1*B{H} NMR (5 ppm, CD3CN): 3.36 (1B), -2.3 (1B), -20.9
(1B), -26.1 (2B), -26.8 (2B), -28.7 (3B). ESI-MS (CH3CN) m/z found 176.19 (calculated for
{[B1o0HsNCCH3](H20)} m/z 176.25).

V.2.2 Synthesis of (EtsNH)2[B2oH1s]

The synthesis of (EtsNH),[BaoH1s] was performed according to literature procedure 34
(EtaNH)2[B1oH10] (3 g, 9.3 mmol) was refluxed in 30 ml H,0 at 85°C. A solution of FeCl3.6H,0
(7.5 g, 27.7 mmol) was added dropwise while stirring under an inert atmosphere. Then, the
mixture was kept refluxing for three hours at 80°C. After cooling the solution at room
temperature, a yellow solid was collected by filtration and recrystallized from boiling water,
yielding (EtsNH)2[B2oH1s] (1.5 g, 3.42 mmol, 74% vyield). The product was characterized by FT-
IR and NMR. FT-IR/cm™ (ATR Diamond) (see Figure S3 in the appendix): 3151 (s), 2520 (s, BH),
1457 (m), 1398 (m), 1361 (m), 1276 (w), 1187 (w), 1159 (m), 1030 (m), 993 (w), 958 (w), 877
(m), 826 (w), 793 (w), 675 (w). H{**B} NMR (5 ppm, CDsCN): 0.73 (4BHeq), 1.26 (4BHeq,
overlapped with EtsNH*:-HN*CH.CH3 peak), 1.37 (4BHeq), 1.70 (2BHeq), 2.74 (2BHap), 3.16
(18H,EtsNH* :-HN*CH2CH3), 5.36 (2BHap), 6.72 (2H,EtsNH*:-HN*CH2CH3) ; *B{*H} NMR (& ppm,
CD3CN) : 29.88 (2B, d; Bap), 15.32 (2B, s; Beg), -7.49 (2B, d; Beg), -12.99 (4B, d; Beg), -16.52 (4B,
d; Beg), -19.96 (4B, d; Beg), -26.18(2B, d; Bap).
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V.2.3 Synthesis of Liz[B2oH1s]

(EtsNH)2[B2oH1g] (0.2 g, 0.45 mmol) was dissolved in 12 ml of acetonitrile-water solution of
the proportions (50:50), then it was passed through a column packed with Li* resin.
Approximately 50 ml of the mobile phase (CH3CN-H,0) was collected. The organic phase was
evaporated in a rotatory evaporator. A brown residue (0.11 g, 0.44 mmol, 97% yield) was
obtained after the aqueous phase was evaporated in vacuum. The product was characterized
by FT-IR and NMR. FT-IR/cm (ATR Diamond) (see Figure S4 in the appendix): 3570 (br), 3517
(br), 2538 (s, BH), 2494 (s, BH), 1629 (m), 1610 (m), 959 (w), 873 (m), 821 (w), 751 (w), 699
(w). *H{*'B} NMR (5 ppm, CD3CN): 0.79 (4BHeg), 1.34 (4BHeg), 1.43 (4BHeg), 1.76 (2BHeq), 2.86
(2BHap), 5.44 (2BHap); *B{*H} NMR (5 ppm, CD3CN) : 29.23 (2B, d; Bap), 14.63 (2B, s; Beg), -8.04
(2B, d; Beg), -13.32 (4B, d; Beg), -17.07 (4B, d; Beg), -20.52 (4B, d; Beg), -26.29(2B, d; Bap).
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General Conclusion



General Conclusion

The initial goal of this work was the development of new POM-borate hybrids and optimizing
their properties, especially towards biological applications. We started by isolating and
characterizing the mono-adduct of the Keggin POM SiW1o and the decaborate derivative [2-
B1oHsCOJ], namely [(SiW10036)(B1o0HsCONHC3HsSi)(NH2C5H6Si)O]®, using the protocol
established by Manal Diab. However, we performed an additional unusual technique,*H-1>N
HMQC NMR, which helped us visualize the free amine group involved in the H-H interaction
with the decaborate cluster, as evidenced in previous DFT calculations. To synthesize the
target multifunctional compound, we reacted the nucleophilic free amine group of the SiW1o-
monoBio derivative with different organic ligands containing electrophilic groups. *H and !B
NMR reveal no reactions with pyridine-4-carboxaldehyde and 4-chloromethyl benzonitrile,
probably because of the stability of the SiW1p-monoBio compound due to the intramolecular
hydrogen bonding formed between the free amine group and hydrides of the Bio cluster.
Hence, we chose another ligand 3-(lodomethyl)pyridine with a strong leaving group. 'H and
1B NMR reveal that the syntheses were very sensitive to many parameters, such as the ratio
of the reactants and the quantity of the base. The adducts were possibly formed but not
stable in time . We assume that intermolecular interactions between reactants are more
favored than covalent coupling in the organic medium and discussion with other groups
working on similar topics seems in agreement with that. This point would deserve a full study
in organic medium but this is not the purpose of the PhD work. Hence, in the following parts,
we focused on investigating POM and borate chemistries, each on its own.

In the next part, we aimed to shift the activity of organic photoinitiators from UV to Visible
light via covalent grafting to polyoxometalates. We succeeded in synthesizing new
organoimido POM hybrids through covalent coupling of anthracene, benzophenone, and
anthraquinone-based UV photosensitizers with the [MogO19]> POM precursor, denoted as
POM-AC, POM-AB, and POM-AQ, respectively. These derivatives were characterized in the
solid state by FT-IR, elemental analysis, and X-ray diffraction and characterized in CDsCN
solution by 'H NMR, ESI-MS, and UV-visible spectroscopy and electrochemistry. 'H NMR
spectra confirm the formation of POM-hybrids in agreement with FT-IR, ESI-MS, and X-ray
diffraction. UV-Visible spectra evidence strong electronic interactions between the
hexamolybdate core and the organic part through the Mo-N triple bond, leading to a strong
red shift of the absorption bands along with higher € values compared to the organic
precursors. To our knowledge, the potential of such functionalized POMs to act as
photoactive species in the visible range has never been explored. Therefore, photophysical
properties of photosystems made of the POM-AC, POM-AB, and POM-AQ complexes,
respectively, and N-methyldiethanolamine (MDEA) as reducing agent have been studied, and
the relevance of these hybrids as Pls for acrylate monomer photopolymerization under
visible-light LED irradiation has also been investigated. Steady-state photolysis experiments
suggested a photoinduced electron transfer reaction between the three POMs and MDEA,
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acting as a reducing agent. The fluorescence studies evidenced a favorable electron transfer
process between the singlet excited state of POM-AQ and MDEA. In addition, EPR-ST
investigations allowed us to distinguish different types of free radical species released from
irradiation of the POM Hybrid/MDEA systems. Consequently, we demonstrated the capability
of imido POM derivatives to promote free-radical photopolymerization (FRP) under visible
LEDs irradiation with wavelengths ranging from 405 to 470 nm of commercial monomers, i.e.,
trimethylolpropane triacrylate (TMPTA) and soyabean oil epoxidized acrylate (SOA), which to
our knowledge is a first example for the synthesis of such composites incorporating POMs.
Characterization of the polymer materials synthesized with the best performing
photoinitiating systems, i.e., POM-AQ/MDEA, has been investigated. Coatings prepared using
the POM-AQ/MDEA/soybean oil epoxidized acrylate photosystem exhibit excellent
mechanical properties, with very good flexibility, resistance to brittle fracture, and adherence
to the steel. Finally, POM-AQ was shown to have a remarkable capacity to generate singlet
oxygen species under visible light irradiation.

In the last part, we aimed to prepare novel CD/borate complexes strong enough to envision
biological applications. We reported 1:1 inclusion complexes between [B1gHsNCCHz] and (-
and y-CDs while weaker interactions are evidenced with a-CD studies through ESI-MS, NMR,
and ITC studies of [B1opHsNCCHs] and the three CDs . The binding affinities of the two domains
determined by NMR and ITC seems drastically enhanced compared that of [BioH10]*> with
CDs. ITC studies evidenced the chaotropic character of the cluster [BioHsNCCHs]™ which was
expected to increase with the decrease of the charge. The less charged and more voluminous
[Bi1oHosNCCHs]™ induces a change in its solvation properties that favors adsorption onto
hydrophobic cavities such as the macrocyclic CDs. Despite that, this effect of solvent alone on
the encapsulation process of [BioHsNCCHs]™ could not be sufficient, and the size-matching
effect between host and guest may also play an important role. Thus, most stable host-guest
system is obtained with y-CD due to the well match-size fit.

Solution studies performed by NMR and ITC with [B2oH1s]> and the three CDs also allowed
demonstrating the formation of weak inclusion complexes with a-CD, while stronger with 3-
, and y-CDs. The association constants found by NMR for binding of [B2oH1s]? cluster were
enhanced greatly with large CDs compared to [BioH10]> and [B1oHsNCCHs]™ clusters since
[B2oH18]? has lower charge density which would enhance its chaotropic effect. However, with
the smallest a-CD the affinity constant remained weak as for the case of [BigHsNCCHs],
because this cavitand molecule is too small to encapsulate the boron cluster. The optimal
affinity was found with the 3-CD, probably because it matches well the size of the cluster.

On the other hand, entropy variations are negative for a- and B-CD, indicating that the
inclusion process of the [BaoH1s]? cluster within cyclodextrins is associated to a chaotropic
effect. The binding constants obtained by ITC showed increasing values with increasing CD
size. While the orders of magnitude recorded for 1:1 complexes of [B2oH1s]? with a- or B-CD,
are in agreement with the values obtained from NMR titrations, different result is observed
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with the largest y-CD. ITC revealed not only a very strong association with this CD, but also a
higher stoichiometry, i.e., 1CD : 2 By clusters. This latter observation could explain the
discrepancies between the NMR and ITC data, as NMR analysis is based on the simple 1:1
binding mode. Hence, to obtain more information, ESI-MS measurements are in progress to
investigate the stoichiometry of Boo@y-CD complexes, while DFT calculations in collaboration
with Dr. Xavier Lopez in Spain are also underway. Finally, new ITC measurements using the
competitive titrations method are needed to clarify these data.

Furthermore, we investigated the stability of [B2oH1s]? in aqueous solutions for the first time.
'H{*B} and 'B{*H} NMR studies of [B2oH1s]> anion in DO revealed selective deuterium-
proton exchange processes with the protons at equatorial positions, in addition to formation
of degradation products over a period of time. Same NMR studies recorded in D20 for BaoH18>
in the presence of CD showed that encapsulating Bao cluster in CD complexes decrease H/D
exchange and protects the anion from degradation and H/D exchange. Particularly, 3-CD has
been shown to prevent efficiently both decomposition and H/D exchange, while y-CD reduces
significantly H/D exchange but to a lesser extent decomposition.In the contrast, o-CD cannot
protect the Byo against neither decomposition nor H/D exchange. These results would open
the way for designing new compounds with interesting biological properties desirable as
drugs in the medical field.
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Appendix of Chapter 2
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Figure S1. *H and *H{*'B} NMR spectra of SiWi..monoB;, in CDsCN at 400MHz.
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Figure 52.11B and B {*H} NMR spectra of TBAB1oHsCO in CDsCN at 400MHz.
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Figure $S3.11B and 1B{*H} NMR spectra of SiW10-monoBig in CH3CN at 400MHz.
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Figure $4.21B and 1B {*H} NMR spectra of SiWio-monoBio/CsHsNI.HI (1/1) in CDsCN at 400MHz.
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Figure S7. Infrared spectra for y-SiWio (green) and y-SiW10-APTES (black). Dashed lines represent a
guide for the eye to highlight the appearance of a band at 1100 cm™ for Si-O-Si.

TBA,B,,H,CO
SiW,-APTES
SiW, ~monoB,; : . /P
-C{O)NH-
g -€0
iB-H
POM bands
2000 3500 1000 2500 2000 1500 1000 500

Figure S8. IR spectra comparing TBA[B1oHsCO], SiW1o-APTES, and SiW1o-monoB;,.
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Appendix of Chapter 3

Equation S1: Stern-Volmer relationship 13

I
7° = 1 + K., [MDEA] eq.S1

Where /and /[ stand for the fluorescence intensity of the POM hybrid with and without a
guencher (here is MDEA), respectively, and K, is the fluorescence quenching constant.

Equation S2: Rehm-Weller equation 4°
AG=E, — Ejoq + Es + C eq.S2

Where FEox, Ereq, Es, and C are the oxidation potential of the electron donor, the reduction
potential of the electron acceptor, the excited singlet state energy and the Coulombic term,
respectively. Cis usually neglected as experiments are done in polar solvents.

Equations S3-57:

E=2.48 eV was estimated using Tauc’s relationship (eq.S3) as proposed by Davis and Mott ©.
(ahv)” = K(hv — Ej) eq.S3

« : absorption coefficient

h : Planck’s constant

v : photons frequency

K : proportionality constant

Egor Es: band gap energy

v : nature of electronic transition (y=2 direct allowed transition, y=1/2 indirect allowed
transition)

Hence, the basic procedure for Tauc analysis is to acquire the optical absorbance data of the
sample that spans a range of transition energies from below the bandgap transition to above.
Plotting (ahv) versus (hv-Eg) is a matter of testing y=2 or 1/2 to compare which provides the
better fit and thus identifies the adequate transition type, which brings the necessity to
evaluate the absorption coefficient o from the absorbance values A in the UV-Vis spectra of
the POM-hybrids, according to the Beer-Lambert Law (eq. S4a).

— = e % eq.S4a
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Appendix of Chapter 4
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Figure S1.The infrared spectrum of (EtsNH)[B10HsNCCH3].
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Figure S2. 'H{*'B} NMR spectra in D,0 for different ratios of EtsNHCI/-CD from the titration of 3 mM
aqueous B-CD solution with EtsNHCI.
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Figure S3. The infrared spectrum of (EtsNH)[B2oH1s].
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Figure S4. The infrared spectrum of Liz[BaoH1s].
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Figure S5. 11B{1H} NMR spectra in D,O for different ratios of BaHis/a-CD from the titration of 3 mM

aqueous a-CD solution with Liz[BzoH1s].
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Figure S6. H{*B} NMR spectra in D,0 for different ratios of a-CD/BzoH1sfrom the titration of 3 mM
aqueous Liy[BzoH1g] with a-CD solution.
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Figure S7. *H{*'B} NMR spectra in DO for different ratios of BzH1s/F-CD from the titration of 3 mM
aqueous [-CD solution with Liz[B2oH1s], focusing on BH protons.
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Figure S8. 1’ B{*H} NMR spectra in D0 for different ratios of BzoH1s/f-CD from the titration of 3 mM
aqueous -CD solution with Li>[BzoH1s].
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Figure S9. *H{*’B} NMR spectra in D,O for different ratios of f-CD/BxoH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with 5-CD solution.
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Figure S10. *H{*'B} NMR spectra in D,0 for different ratios of BaoH1s/7-CD from the titration of 3 mM
aqueous Liy[BzoH1s] withy-CD solution, focusing on BH protons.
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Figure $11. 11B{'H} NMR spectra in D,O for different ratios of BaoH1s/y~CD from the titration of 3 mM
aqueous y-CD solution with Li>[BzoH1s].
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Figure S12. *H{"'B} NMR spectra in D0 for different ratios of y-CD/B2oH1s from the titration of 3 mM
aqueous Liz[BzoH1s] with y-CD solution.
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Table S1. *H{**B} NMR data of a-CD protons in D,0 for different ratios of BioHsNCCH3/a-CD from the
titration of 3 mM aqueous a-CD solution with B;oHsNCCH3'.

B,,H,NCCH, : a-CD H1 H2 H3 H4 H5 H6
8:1 4.967 3.541 3.961 3.509 3.803 3.778
4:1 4.969 3.546 3.940 3.506 3.803 3.780
2:1 4.971 3.546 3.922 3.509 3.805 3.780
1:1 4.972 3.550 3.914 3.507 3.805 3.782
211 4.973 3.550 3.908 3.508 3.805 3.782
311 4.974 3.550 3.904 3.510 3.805 3.782
0:1 4.977 3.554 3.903 3.511 3.807 3.783
8,y O -0.001 -0.013 +0.058  -0.002 -0.004 -0.005

obs

H(a-CD)

Table S2. 'H{*'B} NMR data for 3-CD protons in D0 for different ratios of B;oHsNCCHs/3-CD from the
titration of 3 mM aqueous [-CD solution with B1oHsNCCH3'.

B,,H,NCCH, : B-CD H1 H2 H3 H4 H5 H6
8:1 4.965 3.548 3.926 3.519 3.942 3.821
4:1 4.967 3.545 3.916 3.512 3.929 3.817
2:1 4.973 3.548 3.916 3.508 3.884 3.814
1:1 4.979 3.555 3.906 3.506 3.847 3.811
% 01 4.985 3.560 3.898 3.506 3.823 3.807
% 01 4.987 3.564 3.890 3.506 3.803 3.804
0:1 4.991 3.570 3.882 3.506 3.785 3.784
8.5 ~ Suipeco) -0.026 -0.022 +0.044 +0.013 +0.157 +0.037
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Table S3. H{*'B} NMR data for y-CD in D0 for different ratios of B1o0HsNCCHs/y-CD from the titration

of 3 mM aqueous y-CD solution with B1oHsNCCHs'.

B,,H,;NCCH, : y-CD H1 H2 H3 H4 H5 H6
8:1 4.998 3.564 3.877 3.504 3.965 3.807
4:1 5.000 3.563 3.877 3.504 3.954 3.808
2:1 5.004 3.561 3.875 3.503 3.928 3.809
1:1 5.012 3.564 3.871 3.505 3.884 3.809
% 01 5.020 3.566 3.863 3.506 3.832 3.809
i 01 5.025 3.569 3.860 3.508 3.814 3.804
0:1 5.033 3.575 3.857 3.512 3.783 3.799
obs ~ Oniy-co) -0.04 -0.011 +0.02 -0.008 +0.182 +0.008

Table S4. *H{**B} NMR data for a-CD in D;0 for different ratios of BzoH1s/a-CD from the titration of 3
mM aqueous a-CD solution with BzoH1s?".

B2oH1s* : a-CD H1 H2 H3 H4 H5 H6
8:1 4.965 3.545 3.996 3.527 3.820 3.823
4:1 4.968 3.540 3.962 3.525 3.815 3.816
2:1 4971 3.540 3.935 3.524 3.812 3.814
1:1 4971 3.549 3.921 3.495 3.805 3.809
% :1 4.973 3.549 3.911 3.510 3.808 3.807
% 11 4.974 3.551 3.906 3.506 3.807 3.807
0:1 4.972 3.548 3.899 3.502 3.804 3.804

Oobs = OH(Free a-cD) -0.007 -0.003 +0.097 +0.025 +0.016 +0.019
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Table S5. *H{**B} NMR data of BH protons in D;0 for different ratios of a-CD/BzoH1s from the titration
of 3 mM aqueous BzH1s% solution with a-CD.

0.-CD : ByoH1s > BH1 BH3 BH4 BH5 BH6 BH7
16:1 5.39 1.75 1.36 1.43 0.74 2.88
8:1 5.41 1.75 1.35 1.43 0.76 2.87
4:1 5.42 1.75 1.35 1.43 0.78 2.86
2:1 5.43 1.77 1.35 1.43 0.78 2.86
1:1 5.44 1.76 1.35 1.43 0.79 2.86
% 11 5.43 1.77 134 1.43 0.79 2.86
% :1 5.44 1.77 1.34 1.43 0.79 2.85
0:1
(Free B ) 5.44 1.76 1.34 1.43 0.79 2.86
20
Oobs - O H(Free B20) -0.05 -0.01 +0.02 0.00 -0.05 +0.02

Table S6. 'B{*H} NMR data for Boron atoms in DO for different ratios of a-CD/BxHis from the
titration of 3 mM aqueous BxoH1s% solution with a-CD.

0-CD : ByHis > B1 B2 B3 B4 B5 B6 B7
16:1 29.43 15.13 -7.84 -13.12 -16.93 -20.32 -26.19
8:1 29.24 15.20 -7.77 -13.18 -16.77 -20.26 -26.13
4:1 29.27 14.92 -7.84 -13.14 -16.94 -20.32 -26.18
2:1 29.30 14.83 -7.90 -13.20 -16.93 -20.36 -26.13
1:1 29.45 14.71 -8.00 -13.31 -17.05 -20.48 -26.18
% 11 29.49 14.70 -8.05 -13.31 -17.07 -20.51 -26.19
i 11 29.65 14.72 -8.02 -13.28 -17.05 -20.49 -26.17
0:1

(Free B ) 2923 1463 -804  -13.32  -17.07  -2052  -26.19
20
Oobs - OB(Free B20) +0.2 +0.5 +0.2 +0.2 +0.2 +0.14 0.00
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Table S7. *H{*'B} NMR data for -C in D0 for different ratios of B2oH1s/-CD from the titration of 3 mM

aqueous [-CD solution with BxoH1s?".

B,,H,,: B-CD H1 H2 H3 H4 H5 H6
8:1 4.932 3.500 4.117 3.500 4.205 3.797
4:1 4.936 3.508 4.093 3.508 4.201 3.804
2:1 4.964 3.510 4.052 3.510 4.196 3.821
1:1 4.962 3.547 3.983 3.529 4.182 3.712
% i1 4.981 3.558 3.922 3.558 3.971 3.743
% 01 4.989 3.564 3.906 3.564 3.920 3.800
0:1 4.996 3.576 3.893 3.511 3.778 3.807
B s ™ Oui(eree poco) -0.064 -0.076 +0.224 -0.011 +0.427 -0.01

Table S8. *H{*'B} NMR data of BH protons in D,0 for different ratios of BaoH1s/}-CD from the titration
of 3 mM aqueous3-CD solution with BzoH1s*

B, H,,: B-CD BH1 BH3 BH4 BH5 BH6 BH7
0:8

(Free B, ) 5.44 1.76 1.34 1.43 0.79 2.86

8:1 5.43 1.76 1.35 1.44 0.78 2.87

4:1 5.41 1.76 1.35 1.43 0.77 2.87

2:1 5.40 1.75 1.32 1.40 0.75 2.85

1:1 5.38 1.72 1.29 1.22 0.72 2.74

% i1 5.40 1.69 1.08 1.02 0.70 2.54

% i1 5.37 1.68 1.01 1.03 0.69 2.50

8 3 0.07 0.08 +0.33 +0.4 0.1 +0.36

H(Free B20) -

obs
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Table S9. "’ B{*H} NMR data for Boron atoms in DO for different ratios of BaoH1s/f-CD from the titration

of 3 mM aqueous [-CD solution with BxoH1s? .

B,H,,: B-CD Bl B2 B3 B4 B5 B6 B7
16:0
(Free Bzo) 29.23 14.63 -8.04 -13.32 -17.07 -20.52 -26.19
16:1 28.97 14.58 -7.99 -13.15 -16.97 -20.48 -26.06
8:1 28.81 14.54 -7.99 -13.09 -16.95 -20.50 -26.02
4:1 28.60 14.44 -7.84 -13.16 -17.00 -20.51 -26.00
2:1 28.40 14.10 -8.19 -12.80 -16.70 -20.50 -25.85
1:1 br br br br br br br
% :1 br br br br br br br
% 11 br br br br br br br
) ) +0.83 +0.53 +0.15 -0.52 -0.37 -0.02 -0.35

B(Free B20) -

obs

Table S10. *H{*'B} NMR data for /-CD in D,0 for different ratios of f-CD/B2oH1s from the titration of 3
mM aqueous BzoH1s * solution with [-CD.

p-CD:B,H,, H1 H2 H3 H4 H5 Hé6
16:0 4.996 3.576 3.893 3.511 3.778 3.807
(Free B-CD)
16:1 4.986 3.548 3.898 3.548 3.798 3.798
8:1 4.988 3.549 3.899 3.549 3.800 3.800
4:1 4.985 3.542 3.906 3.560 3.789 3.789
2:1 4.978 3.556 3.920 3.556 3.804 3.742
1:1 4.962 3.552 3.976 3.532 4.174 3.708
% 01 4.942 3.701 4.047 3.507 4.195 3.933
% i1 4.931 3.698 4.087 3.504 4.197 3.902
O p(free p-co) ~ Oobs 0.065 -0.122 -0.194 0.007 -0.419 -0.095
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Table S11. *H{**B} NMR data of BH protons in D,0 for different ratios of f-CD/B2zoH1s from the titration

of 3 mM aqueous BoH1s? solution with -CD.

B-CD:B,H,, BH1 BH3 BH4 BH5 BH6 BH7
16:1 5.40 1.69 1.02 1.09 0.70 2.51
8:1 5.39 1.69 1.01 1.08 0.70 2.51
4:1 5.40 1.68 1.02 1.08 0.70 2.52
2:1 5.40 1.69 1.02 1.08 0.70 2.52
1:1 5.38 1.71 1.21 1.21 0.70 2.64
% 01 5.39 1.74 1.33 1.40 0.75 2.87
;i1 5.41 1.75 1.34 1.43 0.77 2.87

(FrZ;lB ) 5.44 1.76 1.34 1.43 0.79 2.86
20
5, -8 -0.04 -0.07 -0.32 -0.34 -0.09 -0.35

obs

H(Free B20)

Table S12. B{ H} NMR data for Boron atoms in D,0 for different ratios of -CD/BzoHis from
titration of 3 mM aqueous BzoH1s? solution with S-CD.

the

B-CD : BxoH1s B1 B2 B3 B4 B5 B6 B7
16:1 28.10 br br br br br br
8:1 28.40 br -7.40 br br -20. 30 -25.20
4:1 28.7 br -8.40 br br -20.30 -25.50
2:1 28.40 14.70 -8.20 br br -20.20 -26.00
1:1 28.40 14.1 -7.6 -13.9 -15.7 -20.17 -26.00
% 11 28.53 14.39 -7.86 -13.03 -16.70 -20.45 -25.91
% 11 28.81 14.57 -8.01 -13.40 -16.94 -20.51 -26.03
0:1 29.23 14.63 -8.04 -13.32 -17.07 -20.52 -26.19

Oobs - OB(Free B20) -1.13 0.07 +0.64 -0.58 +1.37 +0.22 +0.99
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Table S13. 'H{*'B} NMR data for y-C in DO for different ratios of BzoH1s/y-CD from the titration of 3
mM aqueous y-CD solution with BzoH1s?".

B,oH,5 1 7-CD H1 H2 H3 H4 H5 H6
16:1 4.971 3.513 3.932 3.487 3.932 3.802
8:1 4.968 3.509 3.930 3.484 3.930 3.801
4:1 4.966 3.506 3.928 3.482 3.928 3.802
2:1 4.964 3.506 3.927 3.481 3.927 3.800
1:1 4.989 3.509 3.921 3.497 3.881 3.777
21 5.014 3.541 3.880 3.510 3.845 3.805
i1 5.024 3.544 3.827 3.513 3.824 3.800
0:1 5.034 3.551 3.861 3.515 3.787 3.796

B s~ Busree o) -0.06 -0.038 +0.071 -0.028 +0.145 +0.006

Table S14. 'H{"'B} NMR data for y-C in D,O for different ratios of Bz2H1s/y-CD from the titration of 3
mM aqueous »-CD solution with BzoH1s?".

B,H,,:7-CD BH1 BH3 BH4 BH5 BH6 BH7
0:8
(Free B, 5.44 1.76 1.34 1.43 0.79 2.86
16:1 5.46 1.76 1.34 1.43 0.79 2.86
8:1 5.42 1.75 1.34 1.43 0.78 2.84
4:1 5.40 1.73 1.32 1.43 0.76 2.82
2:1 5.36 1.70 1.30 1.42 0.73 2.79
1:1 5.33 1.68 1.29 1.4 0.70 2.77
21 5.32 1.66 1.28 1.34 0.70 2.76
% :1 5.32 1.66 1.27 1.39 0.69 2.76
) 8 +0.12 +0.1 +0.07 +0.04 +0.1 +0.1

H(Free B20) -

obs
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Table S15. Y'B{*H } NMR data for Boron atoms in DO for different ratios of BzH1s/y-CD from the
titration of 3 mM aqueous y-CD solution with BzoH1s?.

B,H,,: B-CD Bl B2 B3 B4 B5 B6 B7
16:0
(Free B, ) 29.23 14.63 -8.04 -13.32 -17.07 -20.52 -26.19
16:1 29.10 14.64 -8.01 -13.32 -16.96 -20.47 -26.05
8:1 28.95 14.63 -8.04 -13.23 -16.93 -20.51 -26.01
4:1 28.74 14.61 -8.09 -13.22 -16.89 -20.57 -25.92
2:1 28.12 14.52 -8.18 -13.13 -16.74 -20.72 -25.70
1:1 27.93 14.52 -8.27 -13.25 -16.47 -20.83 -25.58
% :1 28.20 14.51 -8.29 -13.29 -16.72 -20.85 -25.47
i 01 28.20 14.43 -8.54 -13.52 -16.97 -20.89 -25.59
B{Free B20) . +1.03 +0.2 +0.5 +0.2 -0.1 +0.37 -0.6

Table S16. 'H{*'B} NMR data for y-CD in D,0 for different ratios of y-CD/B2oH1s from the titration of 3
mM aqueous BoH1s% solution with y-CD.

y-CD : B,H.;s H1 H2 H3 H4 H5 H6

16:0 5.034 3.551 3.861 3.515 3.787 3.796
(Free CD)

16:1 5.039 3.558 3.867 3.523 3.787 3.804
8:1 5.037 3.555 3.867 3.521 3.784 3.804
4:1 5.09 3.548 3.867 3.517 3.784 3.799
2:1 5.023 3.544 3.875 3.515 3.842 3.803
1:1 5.011 3.533 3.891 3.508 3.904 3.804
% . | 4.983 3.518 3.913 3.492 3.930 3.802
% 01 4.964 3.517 3.926 3.480 3.926 3.798

H(Freey-co) ~ Oabs 0.07 0.034 -0.065 0.035 -0.139 -0.002
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Table S17. *H{**B} NMR data of BH protons in D,0 for different ratios of -CD/BzoH1s from the titration

of 3 mM aqueous BaoH1s? solution with y-CD.

y-CD:B, H. . BH1 BH3 BH4 BH5 BH6 BH7
16:1 5.32 1.59 1.21 1.32 0.65 2.69
8:1 5.39 1.69 1.01 1.08 0.70 2.51
4:1 5.40 1.64 1.25 1.37 0.68 2.74
2:1 5.32 1.66 1.27 1.40 0.70 2.76
1:1 5.33 1.67 1.28 1.41 0.70 2.76
% 11 5.33 1.69 1.29 1.41 0.71 2.78
% 01 5.38 1.72 1.31 1.42 0.74 2.80
0:1
(Free B, ) 5.44 1.76 1.34 1.43 0.79 2.86
6, -9 -0.12 -0.17 -0.13 -0.11 -0.14 -0.17

obs

H(Free B20)

Table S18. 1B{ 'H} NMR data for Boron atoms in D0 for different ratios of y~CD/BxH1s from the
titration of 3 mM aqueous BaoH1s? solution with y-CD.

y-CD:B,H B1 B2 B3 B4 B5 B6 B7
16:1 27.80 1463 827  -1332  -16.73  -2093  -25.59
8:1 27.80 1463 827  -13.23  -16.66  -20.93  -25.46
4:1 27.86 1463 841  -13.16  -16.58  -20.84  -25.59
2:1 27.80 1463  -825  -13.09  -16.63  -20.83  -25.56
1:1 27.80 1463 831  -13.12  -16.84  -20.82  -25.55
% 01 27.80 1463 813  -13.09  -16.83  -20.83  -25.48
i 01 2857 1463  -8.07 -13.25  -16.86  -20.60  -25.83
0:1 2923 1463 -804  -1332  -17.07 2052  -26.19

8, -8 143 000  -0.23 0.00 +0.34 -0.41 +0.6

obs

B(Free B20)

224



225



