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Foreword / Avant-propos

MAPYRO: the French Fellowship of the Pyrrolic

Macrocyclic Ring

MAPYRO : la communauté francaise des macrocycles pyrroliques

Bernard Boitrel and Jean Weiss

For the last 50 years, pyrrolic macrocycles in gen-
eral (porphyrins and their structural isomers, ex-
panded or contracted porphyrins, phthalocyanines,
...) are the core of a very active research in France.

In the 70s, renowned French scientists promoted
the chemistry of porphyrins in various scientific ar-
eas such as biomimetic chemistry, supramolecular
chemistry, catalysis (i.e. oxidation) and material sci-
ence. At the turn of the century, structural isomers
and contracted or expanded isomers of porphyrins
joined the family of pyrrolic macrocycles and cor-
roles, with their robust structure, have proven their
ability to stabilize high oxidation degree of transi-
tion metals. Over the past years, research involv-
ing pyrrolic macrocycles has evolved according to
societal and industrial challenges and the funda-
mental progresses in the catalytic reduction of ei-
ther oxygen or carbon dioxide are the best proof
of it. However, although researchers endure grow-
ing pressure to develop applications, research in-
volving pyrrolic macrocycles requires fundamental
know-how combining synthesis, catalysis, analysis,
electrochemistry, photochemistry and life science. To
avoid a dispersion of knowledge and skills, the com-
munity of the macrocyclic polypyrroles needed to
be organized in a Groupement De Recherche and
the CNRS responded to this need in a favorable way,
leading to the creation of the GDR MAPYRO two years
ago (https://mapyro.chimie.unistra.fr).

So far, 23 research groups comprising 75 perma-
nent staff are members of the GDR which comprises
3 main research topics:

ISSN (electronic) : 1878-1543

¢ Biomimetic chemistry for the activation of
small molecules,

» Supramolecular chemistry of porphyrinic as-
semblies,

 Pyrrolic macrocycles in therapeutic chem-

istry.

In these categories, this special issue gathers 12
remarkable contributions of which several are high-
lighting results from collaborative work that has de-
veloped over the years between GDR members.

The Compte-Rendus Chimie being a diamond
open access, thanks to the efforts of our colleagues
who were convinced of the open science benefits, we
would like to thank the Editor in Chief Pierre Braun-
stein for his enthusiasm when we discussed this spe-
cial issue and Julien Desmarets for his help during
the preparation of the following pages. We definitely
hope that the readers will enjoy reading this issue as
much as we enjoyed the making of it. We also hope
that this issue will be a source of inspiration for any-
one attracted by the colorful chemistry of macro-
cyclic polypyrroles.

Enjoy your reading,

Bernard Boitrel
France
bernard.boitrel@univ-rennesl.fr

Jean Weiss
France
jweiss@unistra.fr

https://comptes-rendus.academie-sciences.fr/chimie/
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2 Bernard Boitrel and Jean Weiss

Avant-propos

Les macrocycles pyrroliques au sens large du terme
(porphyrines, isomeres de porphyrines, porphyrines
contractées, porphyrines étendues, phtalocycanines,
...) représentent depuis au moins un demi-siécle un
domaine de recherche trés actif en France.

Dans les années 70, des scientifiques francais
réputés ont développé la chimie des porphyrines
dans des domaines aussi variés que la chimie
biomimétique, la chimie supramoléculaire, la catal-
yse notamment d’oxydation, ou encore les matéri-
aux. A la fin du siecle dernier, les isomeres struc-
turaux et analogues contractés et étendus des por-
phyrines se sont invités dans la famille des macrocy-
cles pyrroliques et les corroles se sont établis comme
des structures robustes essentielles pour stabiliser
les hauts degrés d’oxydation de métaux de tran-
sition. Ces derniéres années, les thématiques de
recherche impliquant les macrocycles pyrroliques
ont évolué en méme temps que les préoccupations
sociétales et industrielles et les avancées fondamen-
tales dans la catalyse de la réduction de I'oxygeéne
ou du dioxyde de carbone en sont de parfaites il-
lustrations. Cependant, et méme si la nécessité
d’orienter nos recherches vers des domaines ap-
plicatifs est de plus en plus palpable, la recherche
faisant appel aux macrocycles pyrroliques requiert
un ccoeur de métier fondamental alliant synthése,
catalyse, analyse, électrochimie, photochimie et sci-
ences du vivant. Pour que ces multiples facettes de la
chimie des macrocycles pyrroliques n’aboutissent
pas a une dispersion des savoirs et des savoir-
faire, le besoin de structurer notre communauté
a trouvé un écho favorable aupres du CNRS et
le GDR « MAPYRO » a vu le jour il y a deux ans
(https://mapyro.chimie.unistra.fr).

C. R. Chimie— 2021, 24, n° S3, 1-2

Actuellement, 23 équipes rassemblant 75 cher-
cheurs permanents composent le GDR fédéré autour
de trois thématiques principales :

 Catalyseurs biomimétiques et activation de
petites molécules,

e Chimie supramoléculaire des assemblages
porphyriniques,

¢ Macrocycles pyrroliques en chimie théra-
peutique.

Dans ces trois domaines, ce numéro spécial dédié
au GDR MAPYRO rassemble 12 contributions remar-
quables d’équipes du GDR dont un certain nombre
fait apparaitre le tissu de collaborations établies au
fil des ans.

Les Compte-Rendus Chimie étant maintenant en
acces libre « diamant » grace aux efforts de collegues
convaincus par les bienfaits de la science ouverte,
nous tenons a remercier le Directeur de Publica-
tion Pierre Braunstein pour son enthousiasme lors
de la discussion de ce numéro spécial et Julien Des-
marets pour son assistance dans sa réalisation pra-
tique. Nous espérons que nos lecteurs auront autant
de plaisir a lire les pages qui suivent que nous en
avons eu a leur faire voir le jour. Nous souhaitons
également que ces pages soient source d’inspiration
pour celles et ceux qui voudraient s’aventurer dans la
chimie colorée des macrocycles polypyrroliques.

Bonne lecture !

Bernard Boitrel
France
bernard.boitrel@univ-rennes1.fr

Jean Weiss
France
jweiss@unistra.fr
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Guest editors

Rédacteurs inviteés
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Bernard Boitrel Jean Weiss

Bernard Boitrel, Research Director for the CNRS at the Institute of Chemical Sciences in Rennes (Bri-
tanny), was born in Lille (France) but studied biochemistry and then chemistry in Paris at Université Pierre
and Marie Curie where he obtained his PhD with Dr. Eric Rose in 1989. He was appointed CNRS researcher and
moved to Dijon in 1992 (Burgundy) working with Professor Roger Guilard in the fields of both porphyrins and
tetraazamacrocycles. In 1993, he was a postdoctoral fellow in Professor Jim Collman’s group at Stanford Univer-
sity, working on the very first functional models of cytochrome c oxidase. His current research interests, since
2001 in Rennes where he was appointed CNRS Director of Research, include bioinspired dioxygen activation,
the design and synthesis of new metal carriers for therapeutic applications and polypyrrolic macrocycles. He
developed quite simple synthetic pathways leading to functionalized metalloporphyrins that found possible
applications in the coordination of post-transition metals as well as the modulation of the binding of small
gaseous molecules.

Bernard Boitrel, directeur de recherche au CNRS a Ulnstitut des Sciences Chimiques de Rennes (Bretagne),
est né a Lille (France) mais a étudié la biochimie puis la chimie a Paris a I'Université Pierre et Marie Curie
ot il a obtenu son doctorat avec le Dr. Eric Rose en 1989. Il a été nommeé chercheur au CNRS et s'est installé
a Dijon en 1992 (Bourgogne), travaillant avec le professeur Roger Guilard dans les domaines des porphyrines
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et des tétraazacycles. En 1993, il est devenu chercheur postdoctoral dans le groupe du Professeur Jim Collman
a I'Université de Stanford, travaillant sur les tout premiers modeles fonctionnels de la cytochrome c oxydase.
Ses recherches actuelles, depuis 2001 a Rennes oi il a été nommé directeur de recherche CNRS, portent sur
Pactivation bioinspirée du dioxygene, la conception et la synthese de nouveaux supports métalliques pour des
applications thérapeutiques et les macrocycles polypyrroliques. Il a notamment développé des voies de synthese
tres simples conduisant a des métalloporphyrines fonctionnalisées qui ont trouvé des applications possibles
dans la coordination de métaux post-transition ainsi que dans la modulation du transport de petites molécules
gazeuses.

Jean WEISS is Research Director for the CNRS at the Institute of Chemistry in Strasbourg and head of this
Institute since February 2013. After his PhD on catenanes under the supervision of Jean-Pierre Sauvage in 1986,
he joined respectively Professor D. J. Cram at UCLA and Professor H. A. Staab at the Max Planck Institute of
Heidelberg as post-doctoral fellow and Alexander von Humboldt fellow. He was appointed CNRS researcher
in 1988 in the group of Professor Maurice Gross in Strasbourg and promoted Research Director in 1998. He
occupied several positions in foreign institutions as NSF-CNRS fellow with Professor Andrew D. Hamilton in
Pittsburgh and at the AIST in Tsukuba or as invited Professor at the Universities of Osaka and Hokkaido. Since
2004, he leads the CLAC team of the Institute of Chemistry in Strasbourg. His scientific interests range from
bio-inspired chemical processes to self-organization on surfaces and the design and synthesis of photo- and
electroactive molecular devices.

Jean WEISS est directeur de recherches au CNRS a l'Institut de Chimie de Strasbourg et directeur de 'UMR
7177 depuis février 2013. Aprés son doctorat sur les caténanes sous la direction du Dr. Jean-Pierre Sauvage en
1986 il a effectué deux stages post-doctoraux successifs a UCLA sous la direction du Professeur D. ]. Cram puis au
Max Planck Institut de Heidelberg en tant que boursier Alexander von Humboldt sous la direction du Professeur
H. A. Staab. Recruté Chargé de Recherche au CNRS en 1988 chez le Professeur Maurice Gross a Strasbourg et
promu DR en 1998, il a effectué plusieurs séjours a U'étranger en tant que chercheur NSF-CNRS chez le Professeur
Andrew D. Hamilton a Pittsburgh ou en tant que chercheur invité a I'AIST de Tsukuba, a l'université d’Osaka et
a l'université de Hokkaido. Depuis 2004, il dirige I'équipe CLAC a l'Institut de Chimie de Strasbourg. Ses centres
d’intérét vont de la modélisation de processus bio-inspirés a l'auto-organisation sur surface en passant par la
conception et synthese de composants moléculaires photo- ou électro-actifs.
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ORR activity of metalated phenanthroline-strapped
porphyrin adsorbed on carbon nanotubes

Manel Hanana?, Christophe Kahlfuss® ?, Jean Weiss® ?, Renaud Cornut® ¢,
Bruno Jousselme® ¢, Jennifer A. Wytko® * ¥ and Stéphane Campidelli® ** ¢

% Université Paris-Saclay, CEA, CNRS, NIMBE, LICSEN, 91191, Gif-sur-Yvette, France

b Institut de Chimie de Strasbourg, UMR 7177 CNRS-Université de Strasbourg, 4 rue
Blaise Pascal, 67008 Strasbourg, France

E-mails: manelhanana@yahoo.fr (M. Hanana), christophe. kahlfuss@gmail.com

(C. Kahlfuss), jweiss@unistra.fr (J. Weiss), renaud.cornut@cea.fr (R. Cornut),
bruno.jousselme@cea.fr (B. Jousselme), jwytko@unistra.fr (J. A. Wytko),
stephane.campidelli@cea.fr (S. Campidelli)

Abstract. Developing efficient noble metal-free systems for electrocatalysis and the reduction of oxy-
gen (ORR) is crucial for hydrogen economy. Bioinspired hybrids combining iron or copper/iron por-
phyrins with multiwalled carbon nanotubes were tested for ORR using a rotating ring-disk electrode
at pH 13 to 8. The porphyrin-nanotube hybrids exhibited better electrocatalytic properties than their
constituents alone due to the electrical network formed by the nanotubes, and they reduced oxygen via
a four-electron pathway to produce water. Whereas the presence of Cu was not mandatory to reduce
oxygen, its presence improved ORR activity and decreased the overpotential compared to monomet-
alic (iron porphyrin) hybrids.

Résumé. La conception de matériaux sans métaux nobles pour la réaction de réduction de I'oxygene
(ORR) est cruciale pour le développement d'une économie basée sur I'hydrogene. Ici, des matériaux
hybrides bioinspirés a base de porphyrines métallées et de nanotubes de carbone multi-parois ont
été testés pour I'ORR avec un systeme d’électrode disque-anneau entre pH 8 et 13. Les matériaux
hybrides présentent systématiquement de meilleures propriétés électrocatalytiques que celles de
leurs constituants pris individuellement et permettent de réduire I'oxygéne par un processus a quatre
électrons. La présence du cuivre dans les hybrides n’est pas obligatoire mais elle améliore légerement
les propriétés électrocatalytiques.

Keywords. Porphyrin, Carbon nanotubes, Oxygen reduction, Electrocatalysis, Energy.
Mots-clés. Porphyrine, Nanotubes de carbone, Réduction de I'oxygene, Electrocatalyse, Energie.

Available online 8th June 2021

* Corresponding authors.
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6 Manel Hanana et al.

1. Introduction

For the last decade, the development of non-noble
metal or metal-free catalysts for energy sources has
been a field of growing interest. The electrocatalytic
reduction of oxygen (oxygen reduction reaction—
ORR) is the key reaction for the efficiency of fuel cells.
Its slow kinetics, multistep process and the compe-
tition between the two-electron and four-electron
pathway make ORR the limiting reaction in fuel cells.
Whereas the best catalysts for this electrocatalytic re-
action remain platinum-based materials, in the last
ten years, much effort has been devoted to the de-
velopment of nonprecious metal or metal-free cata-
lysts for ORR [1-15]. In addition, recently, the com-
position and the morphology of the Fe-N-C active
sites in pyrolyzed catalyst materials have been inves-
tigated [16-20].

In Nature, the reduction of oxygen is performed
by the active center composed of an iron porphyrin
and copper-histidine complexes in cytochrome ¢ ox-
idase (CcO). In 1964, Jasinski discovered that a rela-
tively simple macrocycle like cobalt phthalocyanine
was able to reduce oxygen [21]. In metalated phthalo-
cyanines, the metal core is coordinated in a plane
of four nitrogen atoms bearing a global —2 charge.
Consequently, other tetrapyrrolic macrocycles, such
as metalated porphyrins, phthalocyanines or cor-
roles, have been extensively studied in the literature
as mimics of cytochrome c oxidase and/or as cat-
alysts for the reduction of oxygen to water in fuel
cells [11-14,22-41]. In these systems, the macrocy-
cle containing an inexpensive metal (mostly Fe or Co)
constitutes the active part of the catalyst and the elec-
trons and protons required for the reaction have to be
properly delivered to ensure the efficiency of the re-
duction. However, the electrocatalytic properties of
a material appear to be extremely dependent on its
environment [37]. In this context, we have system-
atically investigated the properties of porphyrin and
phthalocyanine complexes in the presence of car-
bon nanotubes as electron transporters and Nafion
as proton source [33,34,40,41].

Inspired by Nature, early, elaborate, covalent
models of CcO reported by Collman [22,23] and
Boitrel [24] are considered as milestones in the de-
sign of artificial hemoproteins. These models em-
ployed caps and straps that served to differentiate
both faces of tetra-aryl-porphyrin derivatives and

C. R. Chimie— 2021, 24, n° S3, 5-12

to create steric hindrance that mimicked the distal
site of the hemoprotein. Over the past years, the
properties of a phenanthroline-strapped porphyrin
have been exploited in several domains such as the
specific recognition of imidazole or the formation
of hetero-bimetalic structures containing Fe and Cu
for the electrocatalytic reduction of oxygen [42]. In
these ditopic ligands, the phenanthroline binds and
stabilizes a copper(I) ion at a distance of approxi-
mately 4.7 A from an iron porphyrin, mimicking a
heme. In previous studies, these structures, deco-
rated with pendant pyridine or imidazole ligands
were evaluated as models of cytochrome ¢ oxidase
in physiological media [43] (phosphate buffer) but
were never studied under the working conditions of a
proton exchange membrane fuel-cell (PEMFC). The
absorption of phenanthroline-strapped iron (Fe-P)
and iron(Ill)/copper(l) porphyrins (Cu/Fe-P) on
multiwalled carbon nanotubes (MWNTs) and their
electrocatalytic properties are reported hereafter.
These studies demonstrate that the MWNT-Fe-P and
Cu/Fe-P hybrids efficiently reduce oxygen via a four-
electron pathway to yield water. In contrast to our
previous work in which a multilayer of porphyrins
decorated the nanotube surface [34], here, the pres-
ence of the rigid phenanthroline strap on the por-
phyrin prevents the formation of a multilayer on the
MWNTs and the porphyrins likely interact with the
nanotubes by 7t-stacking and C-H-7t interactions.

2. Results and discussion

The porphyrin complexes Fe-P and Cu/Fe-P were
prepared from the phenanthroline-strapped por-
phyrin (H»P) [44] as shown in Scheme 1. Metalation
of the porphyrin with FeCl, in refluxing DMF af-
forded Fe-P in 62% yield. The insertion of iron(III)
and the presence of an axial chloride on the iron cen-
ter were confirmed by mass spectrometry. The bimet-
alic Cu/Fe-P complex was prepared quantitatively by
subsequent reaction of Fe-P with [Cu(CH3CN)4]PFg
under inert atmosphere.

The nanotube-porphyrin hybrids were prepared
by mixing MWNT with porphyrins Fe-P or Cu/Fe-P
(in a 3:1 ratio by weight) in tetrahydrofuran (THF) in
an ultrasound bath. It was assumed that the presence
of the phenanthroline strap would eliminate stacking
and subsequent formation of multilayers on the side-
walls of the nanotube. The 3:1 ratio was chosen by
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Scheme 1. Synthesis of the porphyrin metal complexes.

a) b) 1.0

0.8

' = Fe-P or Cu/Fe-P

0.6

Abs /a.u.

0.0

b\\\ ZEZ:U:

CH,Cl,
argon
OCgHy7  CgH470
Cu/Fe-P
L = MeCN
c)

C1s

Cu2pFe2p O 1s N1s

Binding energy / eV

1200 1000 200
Wavelength / nm Binding energy / eV
d) Fe 2p;/, Fe 2p;, Cu 2p3/,
MWNT-Fe-P MWNT-Cu/Fe-P MWNT-Cu/Fe-P
716 712 708 716 712 708 940 936 932 928

Binding energy / eV Binding energy / eV

Figure 1. (a) Representation of MWNT-Fe-P and MWNT-Cu/Fe-P hybrids; (b) absorption spectra of Fe-P
(pink) and Cu/Fe-P (green) and of MWNT (black), MWNT-Fe-P (blue) and MWNT-Cu/Fe-P (red) recorded
in N-methylpyrrolidone; (c) XPS Spectra of MWNT (black), MWNT-Fe-P (blue) and MWNT-Cu/Fe-P (red).
The signals labeled (x) are due to fluorine from the PTFE membrane. (d) High resolution XPS spectra of Fe
2p3/2 of MWNT-Fe-P and MWNT-Cu/Fe-P and Cu 2p3,2 of MWNT-Cu/Fe-P.

assuming that the specific surface area of the MWNTs
was ca. 320 m?/g [45] and that a porphyrin (without
alkyl chains) could be represented by a rectangle of
1.7 x 0.9 = 1.5 nm?. The available surface of 3 mg of
nanotubes is estimated to be 1 m? that roughly corre-
sponds to the surface occupied by 1 mg of porphyrin:
mporph/Mporph x Nyp x Aporph =08 mZ.

After mixing, THF was evaporated with a N, flow
and the catalytic inks were prepared by dispersing by
ultrasound sonication the MWNT/porphyrin hybrids
(3 mg) of interest in 750 mL of ethanol and 75 mL of
Nafion solution (5% in alcohol). Similarly, the inks of
the reference compounds MWNT, Fe-P and Cu/Fe-P

C. R. Chimie— 2021, 24, n° S3, 5-12

were prepared by mixing the nanotubes or the por-
phyrins in 750 mL of ethanol and 75 mL of Nafion so-
lution (5% in alcohol). The different catalysts and ref-
erence materials were drop-casted on a glassy carbon
disk and tested in a series of rotating ring-disk elec-
trode (RRDE) experiments at pH 13 (0.1 M NaOH), 10
and 8 (phosphate buffer).

A representation of the nanotube-porphyrin hy-
brids is shown in Figure 1a and their absorption spec-
tra are given in Figure 1b. The spectra of MWNT-Fe-
P and MWNT-Cu/Fe-P are the sum of the absorption
of the two counterparts (nanotubes and porphyrins),
thus confirming the presence of the porphyrins. The
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Table 1. Atomic composition of the MWNT-Fe-
P and MWNT-Cu/Fe-P hybrids

%C %N %0 %Fe %Cu
MWNT-Fe-P  92.22 1.20 6.50 0.09 —
MWNT-Cu/Fe-P 94.09 1.30 4.39 0.11 0.11

hybrids were characterized by absorption and X-ray
photoelectron spectroscopies (XPS). The XPS spec-
tra of MWNT, MWNT-Fe-P and MWNT-Cu/Fe-P are
shown in Figure 1c. The spectrum of MWNT shows
an intense peak of carbon, the presence of oxygen
and a small peak at ca. 690 eV coming from the
PTFE membrane that supports the nanotubes for
the analysis. This peak is also observed in the spec-
trum of MWNT-Cu/Fe-P. The spectra of MWNT-Fe-
P and MWNT-Cu/Fe-P show additional peaks attrib-
uted to the presence of nitrogen, iron and copper (for
MWNT-Cu/Fe-P) (Figure 1d). The extremely weak
peaks of iron and copper reflect the low amount of
porphyrins absorbed on the nanotubes. The weak
signals of the Soret band in the UV-Vis-NIR spec-
tra of MWNT-Fe-P and MWNT-Cu/Fe-P (Figure 1b)
also support this observation. The composition of the
MWNT-Fe-P and MWNT-Cu/Fe-P determined by XPS
is summarized in Table 1. Note that the percentage of
iron and copper must be considered with caution be-
cause of the uncertainty of the XPS measurements.
The redox potentials of the metals in the por-
phyrins and in the phenanthroline strap were deter-
mined by cyclic voltammetry with 1 mM solutions of
Fe-P or Cu/Fe-P porphyrin in a 0.1 M tetrabutylam-
monium hexafluorophosphate (NBusPFg) THF solu-
tion. The electrochemical cell was equipped with a
glassy carbon working electrode, a platinum counter
electrode and an Ag/AgNO; (10 mM) reference elec-
trode. The potentials are reported vs ferrocene used
as internal reference. The solutions were degassed
by bubbling argon and the cyclic voltammetry was
performed at a scan rate of 20 mV/s. The voltam-
mograms of Fe-P and Cu/Fe-P (Figure S1) show a
reversible reduction peak (I) attributed to the first
reduction of the porphyrin macrocycles at —1.57
and —1.60 V, respectively. A second more complex
signal (II), observed between —0.50 and —0.90 V,
is attributed to the reduction of Fe(IIl)/Fe(II) in
the porphyrins. The complex shape of this redox cou-
ple associated with this process is attributable to the
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presence and exchange of an axial ligand (residual
H,0, a solvent molecule, CI” or no ligand) on the
iron(II) center. As previously observed, when cop-
per is present in the phenanthroline strap (Cu/Fe-P),
the apical ligand exchange is slow or hindered and
can result in an irreversible reduction wave [43,46].
Finally, in the Cu/Fe-P derivative, an additional re-
versible signal (III) is observed at 0.09 V and corre-
sponds to the oxidation of Cu(I) to Cu(II).

The ORR electrocatalytic properties of two hybrids
(MWNT-Fe-P and MWNT-Cu/Fe-P) and of MWNT,
Fe-P and Cu/Fe-P used as references, were investi-
gated by rotating ring-disk electrode (RRDE) mea-
surements. Figure 2 presents the ORR activity at
different pHs of the catalyst inks deposited on the
glassy carbon (GC) electrode (0.196 cm?). The rotat-
ing ring electrode (RDE) curves are the average cur-
rents calculated from the forward (reduction) and
backward (re-oxidation) scans. Figures 2a and b show
the polarization curves at 0, 400, 800, 1200, 1600
and 2000 rpm at pH 10 of the MWNT-Fe-P and
MWNT-Cu/Fe-P series, respectively. First, the cata-
lyst inks made by mixing the nanotubes with the por-
phyrins (MWNT-Fe-P and MWNT-Cu/Fe-P) exhibit
higher current density and lower overpotential (by
about 0.2 V) than Fe-P and Cu/Fe-P alone and also
higher current density than bare MWNT. These dif-
ferences can be explained by the difficulty for elec-
trons to reach the porphyrins embedded in Nafion
and by the [2 + 2] electron pathway of the ORR for
pure carbon materials [47], respectively. Figures 2c—
h show the polarization curves recorded at 800 rpm
at different pH, from pH 13 to 8. In all cases, the nan-
otube/porphyrin hybrids exhibit better ORR proper-
ties than the materials MWNT and Fe-P or Cu/Fe-P)
taken separately. The polarization curves of MWNT,
Fe-P, Cu/Fe-P, MWNT-Fe-P and MWNT-Cu/Fe-P be-
tween 0 and 2000 rpm at pH 13 and 8 are summa-
rized in Figure S2. For all pH considered, Fe-P and
Cu/Fe-P alone exhibit an overpotential between 130
to 240 mV (determined for current density at the
disk of —0.1 mA-cm~2) compared to the nanotubes
hybrids (MWNT-Fe-P and MWNT-Cu/Fe-P). More-
over, on the RDE curves, it is interesting to note that,
for the hybrid catalysts, the disk currents reach a
plateau, indicating that the reduction of oxygen is
limited by diffusion (by the supply of oxygen) and
not by the catalyst itself. Finally, comparison of the
properties of the monometalic and bimetalic hybrid
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for (a) Fe-P (pink curves), MWNT (black curves) and MWNT-Fe-P (blue curves) and for (b) Cu/Fe-P
(green curves), MWNT (black curves) and MWNT-Cu/Fe-P (red curves) recorded for ORR in O,-saturated
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Figure 3. Example RRDE curves with disk and ring currents for (a) MWNT-Fe-P (blue) and (b) MWNT-
Cu/Fe-P (red) (b) at pH 10 with a rotation rate of 800 rpm.

catalysts demonstrates that the presence of copper
slightly improves the reduction potential and the cur-
rent density (see Figures 2a, b and S2).

The electrocatalytic properties of Fe-P and
Cu/Fe-P and of their nanotube hybrids (MWNT-
Fe-P and MWNT-Cu/Fe-P) degrade rapidly in acidic
conditions (pH 6 and below—result not shown), thus
requiring the deposition of a new catalyst ink for each
rotation cycle. This observation is in agreement with
our previous report [41] and could be due to demet-
alation and/or degradation of the porphyrin [48-50].
Therefore, the catalytic properties of these materials
in acidic media were not investigated in detail.

The number of electrons involved in the reduc-
tion of oxygen was determined from the disk and
ring currents at —0.75 V according to the equa-
tion: n = 4;,/(Ip+Ir/N,) with a collection coeffi-
cient N, = 0.2 determined using the one-electron
[Fe(CN)g]3~/[Fe(CN)g]*~ redox couple. Figure 3
shows the ring and disk current for MWNT-Fe-P
and MWNT-Cu/Fe-P at pH 10 for a rotation rate of
800 rpm; the RRDE curves of the reference materials

C. R. Chimie— 2021, 24, n° S3, 5-12

MWNT, Fe-P and Cu/Fe-P and those of MWNT-Fe-P
and MWNT-Cu/Fe-P at pH 13, 10 and 8 are given in
Figure S3. The number of electrons for the reduction
of oxygen is reported in Table 2. The RRDE curves
(Figures 3 and S3) show that the reduction of O, is
accompanied by the production of hydrogen per-
oxide for MWNT, Fe-P and Cu/Fe-P. Conversely, for
MWNT-Fe-P and MWNT-Cu/Fe-P, almost no pro-
duction of H»0, is detected at the plateau and the
reduction proceeds via a four-electron pathway. As
seen in Table 2, in the absence of nanotubes, Cu/Fe-P
seems more active in ORR than the copper-free por-
phyrin Fe-P. In the absence of nanotubes, the limited
conductivity of electrons may affect the performance
of the monometalic porphyrin. This assumption is
supported by a report of Collman [23], which sug-
gests that under limited electron flux, copper and
phenol are required to enhance the selective reduc-
tion of oxygen to water. In the presence of the nan-
otubes, the two porphyrins behave similarly and no
noticeable differences are observed between MWNT-
Fe-P and MWNT-Cu/Fe-P in terms of reduction of
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Table 2. Summary of the number of electrons involved in the reduction of oxygen for MWNT, Fe-P,

Cu/Fe-P, MWNT-Fe-P and MWNT-Cu/Fe-P

MWNT Fe-P

Cu/Fe-P MWNT-Fe-P MWNT-Cu/Fe-P

pH 13 3.62 3.08 3.61
pH 10 3.86 3.34 3.72
pH8 3.91 3.73 3.95

3.99 3.98
3.98 3.98
3.99 3.98

oxygen because MWNTs ensure a sufficient flux of
electrons to the iron porphyrin reactive sites for the
reduction.

The data in Table 2 are also consistent with previ-
ous studies of Fe-P and Cu/Fe-P adsorbed on edge-
oriented pyrolytic graphite (EOPG) electrodes [51]
and reports by Boitrel and coworkers [24] showing
that Fe-porphyrins alone can perform four-electron
reduction of oxygen to some extent, possibly due to
the presence of face-to-face oriented species.

Beyond their academic interest for the reduction
of oxygen, it is clear that carbon nanotube/porphyrin
hybrids cannot compete with the performance of
platinum-based materials or platinum alloys for
PEMFC. However, the recent development of noble
metal-free pyrolized materials for fuel cells sheds
light on the need for comprehensive studies to un-
derstand the structures of the ORR active sites. Iron
porphryins combined with nanotubes can play a role
in this understanding. Moreover, the combination of
the electronic properties of the nanotubes with the
catalytic properties of iron or other metalated por-
phyrins may be of interest for CO, reduction [52,53]
and small molecule activation [54,55].

3. Conclusion

Iron and copper/iron strapped porphyrins were
combined with multiwalled carbon nanotubes and
the electrocatalytic properties of the hybrids were in-
vestigated for the oxygen reduction reaction in alka-
line media. The combination of nanotubes with the
iron or copper/iron porphyrins systematically gave
better catalytic ORR properties in terms of overpo-
tential and current density than for the components
taken separately. In particular, when the porphyrin
inks were directly deposited on the glassy carbon
electrode, a low efficiency was observed. This behav-
ior is due to the lack of electrons available for the re-
duction of oxygen. In the catalyst ink, the porphyrins
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are embedded in Nafion and only the molecules di-
rectly in contact with the glassy carbon disk can ben-
efit from efficient electron transfers from the elec-
trodes. The bimetalic porphyrin (Cu/Fe-P) exhibited
slightly better ORR properties than the monometalic
Fe-P. When carbon nanotubes were added, both the
MWNT-Fe-P and MWNT-Cu/Fe-P hybrids were able
to reduce oxygen via a four-electron pathway.
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1. Introduction

Lead(Il) and bismuth(III) porphyrin complexes are
known to form generally under harsh conditions [1-
3] and to be mononuclear, that is one metal cation for
one porphyrin unit although dimeric structures have
also been reported [4,5]. However, these observations
are valid for unfunctionalized macrocycles and the
behavior of the porphyrin can be changed if not do-
mesticated by additional functional groups around
its binding site. With this target in mind, coordi-
nation of either lead(Il) or bismuth(III) cations [6,
7] have been significantly investigated in decorated
porphyrin ligands, particularly those bearing one
or two straps in diametrically opposed meso posi-
tions [8-10]. The formation of such a structure is
due to the grafting of the strap(s) on the 5,15 or
10,20 meso positions of the macrocycle. Our group
has previously studied the influence of different
types of functionalities such as the overhanging car-
boxylic acid porphyrins that open the way to a new
supramolecular coordination chemistry. These lig-
ands exhibit a carboxylic acid group in the apical po-
sition above the N-core binding site. As a result, dif-
ferent coordination modes of lead(II) complex have
been observed as either coordinated to the N-core,
or bound at the level of the strap stabilized by an ex-
ogenous acetate group [9], further leading to unusual
pentanuclear supramolecular assemblies (Scheme 1,
top) [11].

These types of complexes are of importance in
supramolecular chemistry of porphyrins which usu-
ally rely on the coordination/decoordination of lig-
and(s) on the N4-bound metal [12]. Indeed, with
such dynamic bimetallic complexes, compartimen-
talized and non-compartimentalized translocations
were observed and opened the way to photoredox
processes [13-15] dynamic constitutional evolu-
tion [16] or stereoselective metalations [17] for in-
stance. However, as suspected with bis-strapped
“pearl oysterlike” porphyrins [18], the very same
strap connected in adjacent meso positions (5,10
and/or 15,20) can also deliver an overhanging car-
boxylic acid but with an increased flexibility of the
strap [19]. Indeed, comparison of “5,10-strapped”
Zn(I) and Bi(Ill) complexes evidenced conforma-
tional adaptation of the strap leading to different
orientations of the overhanging carboxylic acid (to-
wards/outwards the N-core, Scheme 1, bottom).
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This is the reason why we decided to investigate
the coordination properties of single strapped por-
phyrins 2 and 3 (Schemes 1 and 2) for which two
stereoisomers are present depending on the po-
sition of the carboxylic acid group relative to the
N-core. The coordination chemistry of overhanging
carboxylic acid porphyrin 3 bearing an additional
coordinating function (cyano) above the center of
the macrocycle may be of interest to form adaptable
supramolecular coordination assemblies [12,20,21].

2. Results and discussion

As described earlier for porphyrins 2 [19] the prepa-
ration of porphyrin 3 (Scheme 2) was performed
via the same procedure by condensation of ethyl-2-
cyanoacetate in basic medium on porphyrin 5 which
led to the formation of porphyrin 4 as two different
isomers (40 and 4i) separated by flash chromatogra-
phy onssilica gel column, and obtained with a yield of
10% and 75%, respectively. Porphyrins 40 and 4i were
then saponified by treatment with KOH in ethanol
for 2 h, to give porphyrins 30 and 3i in quantita-
tive yields. The corresponding conformation of these
isomers was determined at the stage of ester com-
pounds, where the ethoxy carbonyl group is located
in different positions (“in” or “out”).! The formation
of the two isomers in different yields (40: 10% yield
and 4i: 75% yield) can be explained by the steric
hindrance generated by the cyano group, smaller
than that of the carbethoxy group in the W-shaped
conformation as reported for previous cyano com-
pounds [22].

Conventionally, the overhanging ester group (i)
(position “in”) represents the location of the group
with respect to the macrocycle, which is closer to
the macrocycle than ester (o) (position “out”) when
the strap adopts a broken-shape conformation (foot-
note 1) [23,24]. '"H NMR shows that the ethoxy car-
bonyl group resonates at 2.97 ppm and 0.11 ppm
in 4i but at 1.64 ppm and 0.5 ppm in 4o0. This in-
dicates that the “out” position is actually closer to
the porphyrin plane than the “in” position. Moreover,
proton Ha resonates at 3.50 ppm and 3.29 ppm for

INote that the “in” and “out” labeling was initially chosen with
the strap in a broken-shape conformation before we realized that
most of these ligands adopt a W-shape conformation; see Ref. [18].
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O—=5="

20.Zn

Scheme 1. Top: dinuclear lead complex of 1 (left, Ar; = 3,5-dimethoxyphenyl) which assemblies as a
pentanuclear complex in the solid state (ball and stick view, X-ray structure, right). Bottom: zinc and
bismuth complexes of porphyrin 20 (Ar, = 4-methoxyphenyl) exhibiting two different conformations of

the strap, either bent-over or straight-up, respectively.

4i and 4o respectively. This conformational analysis
deduced from proton NMR spectroscopy is consis-
tent with a bent conformation of the strap exhibiting
a W-shaped structure as depicted in Scheme 2. Later
on, this conformation was confirmed at the stage of
the acid with compound 3i. Indeed, an X-ray single-
crystal analysis was performed and confirmed a W-
shaped structure of the CH, benzylic carbon atoms
C1 and C3 (Figure 1).

The X-ray structure of 3i also indicates that the
porphyrin is saddle-shaped with an average displace-
ment of four diametrically opposed {3-pyrrolic car-
bon atoms above the 24-atom mean macrocyclic

C. R. Chimie— 2021, 24, n° S3, 13-26

plane (24MP) (0.369 A) while the four other ones are
displaced of —0.368 A below the 24MP of the por-
phyrin. This distortion is observed together with only
a light ruffling (4°) [25]. The W-shaped strap is bent
over the macrocycle with a mean angle of 40° relative
to the 24MP. In this conformation of the free-base lig-
and, the carboxylic group is rejected away from the
coordination site.

In order to compare the two series of ligands, with
and without a cyano group, we first investigated the
coordination of 20 and 2i toward Pb(II) (Scheme 3).
Complexation properties of porphyrins 20 and 2i
towards Pb(II) were studied at 298 K by IH NMR
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O 30 O OMe

OMe

CO,Et(i)

Scheme 2. Synthesis of single strapped ligands (labeling detailed for 3i). (i) ethyl-2-cyanoacetate (50 eq),
THE EtONa, RT, 2 h (40: 10% yield and 4i: 75% yield). (ii) EtOH, KOH (30 eq), THE 2 h, RT, quantitative

yields.

titration experiments in DMSO-dg with an excess of
diisopropylethylamine (DIPEA). In contrast to harsh
conditions usually required for non-functionalized
porphyrins, the insertion of Pb(II) was instantaneous
with 20 whereas it took 4 h with 2i (Scheme 3a, b).

C. R. Chimie— 2021, 24, n° S3, 13-26

The addition of 1.5 equiv of Pb(NO3), to 20 in the
NMR tube led to the observation of a broad 'H NMR
spectrum (Figure 2b). No significant change in the
spectrum was observed with an excess of this salt
(3.5 eq) (Figure 2c), indicating the formation of a
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Figure 1. X-ray structure of 3i (CCDC 1971401): (a) side view and (b) apical view. Note: solvents of
crystallization and hydrogen atoms were omitted for clarity.

mononuclear species. A well-resolved spectrum was
obtained by recording the NMR tube at 333 K (Fig-
ure 2d), and indicated the formation of two com-
pounds in a 9:1 ratio. Two different conformations
of the strap were observed based on the chemical
shift changes of protons Ha, He and Hf. For instance,
Ha which resonates at 4.42 ppm in 20 is split into
two protons upon coordination, as Ha' deshielded at
5.59 ppm (major, A6Ha' = 1.17 ppm) and Ha shielded
at 4.37 ppm (minor, A6Ha = —0.05 ppm) (Figure 2d).
Similarly, He resonating at 1.07 ppm in 2o, is split at
1.45 ppm (major, A6He' = 0.38 ppm) and 0.14 ppm
(minor, AOHe = —0.93 ppm). Finally, Hf resonating
at —0.61 ppm in 20, becomes downfield shifted to
1.32 ppm (major, AGHf = 0.71 ppm) and —0.24 ppm
(minor, A6GHf = 0.37 ppm) during the metal inser-
tion. These observations are consistent with the pres-
ence of two major and minor compounds (20.Pbgg
and 20.Pbg). On the one hand, 20.Pbg incorporates
Pb(I) on the same side of the strap, promoting a
conformational change of the strap from a shielded
“bent-over” position to a deshielded “straight-up”
one. On the other hand, 20.Pb,s has Pb(II) attached
to the N-core of the macrocycle on the opposite side
of the strap (Scheme 3a).? It should be noted that
the coordination of Pb(II) from the naked side of the

Zss: metal coordinates from the same side of the strap. os:

metal coordinates from the opposite side of the strap.

C. R. Chimie— 2021, 24, n° S3, 13-26

macrocycle allows the strap to stay bent over the por-
phyrin plane.

The complexation of Pb(II) with 2i is quite simi-
lar to 20, where two compounds (2i.Pbgg and 2i.Pbgs)
were observed but in equal proportions (Scheme 3b).
One complex (2i.Pbgs) has Pb(II) coordinated from
the same side of the strap, while the second (2i.Pbgs)
has Pb(II) coordinated from naked side of the macro-
cycle. Although there is no evidence for a coordina-
tion bond between the overhanging carboxylic group
and the lead cation, an assistance mechanism in the
insertion of lead cation by the carboxylic acid group
can easily explain the 9:1 ratio in the case of 20 in
which the overhanging group could perform a de-
convolution [26,27] of the metal salt with lead cation
bound at the level of the strap before coordinating
the N-core.

Having understood the coordination behaviors of
the two isomers of 2 with lead, the coordination of
Pb(NO3);, was investigated with compound 3i bear-
ing an additional cyano group as the more abun-
dant isomer of porphyrins 3. Similarly to the case of
2i, titration with up to 3 equiv of Pb(NO3), showed
the formation of a broad 'H NMR spectrum at 298 K
after 5 h. No evolution occurred in the spectrum
even after 24 h at room temperature. The coordi-
nation of Pb(Il) occurred from the opposite side of
the strap (Scheme 3c) as deduced from the shield-
ing of Ha, He and Hf during coordination. For in-
stance, Ha shifted from 3.35 to 2.66 ppm (AdHa =
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Figure 2. IH NMR spectra (selected regions) in DMSO-dg at 298 K of: (a) 20, (b) 20 with 1.5 eq Pb(NO3),,
(c) 20 with 3.5 eq Pb(NO3)2, (d) 20.Pb at 333 K, (e) 2i.Pb.

—0.69 ppm), He shifted from 1.05 ppm to 0.59 ppm
(A6He = —0.46 ppm) and Hf from —2.47 ppm to —3.30
ppm (AOHf = —0.83 ppm).

An X-ray structure was obtained and established
the coordination of Pb(Il) from the opposite side of
the strap (Figure 3). The coordination sphere of lead
in 3i.Pbyg contains only the four nitrogen atoms of
the macrocycle with an average bond length N-Pb of
2.382 A with the metal cation standing 1.333 A away
from the 24MP. The strap exhibits a W-shaped struc-
ture and is bent over the coordination site with a
mean angle of 40° relative to the 24MP, as in the free-
base. It should be noted that the cyano group is lo-
cated between two aromatic groups of the strap with
its nitrogen atom at 3.354 A from the 24MP whereas
the carboxy residue is oriented outside of the cavity
with its carbon atom 5.544 A away from the 24MP.
Therefore, the coordination of Pb(II) in the presence
of an additional cyano group in « position of the
carboxylic acid group (3i.Pbgs) leads to the exclusive
formation of a complex in which the metal coordi-
nates from the opposite side of the strap. This can
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be explained by the steric hindrance created by the
cyano group which forces the metal to approach the
N-core of the macrocycle from the naked side.

It was also interesting to investigate bismuth(III)
insertion in these new ligands. The formation of a
bismuth complex with a single strapped porphyrin
(20 and 2i) requires a long time of reaction (4-16 h
at 85 °C) in the case of bismuth nitrate [19]. To in-
crease the kinetics of Bi(IIl) insertion, a transmet-
alation of Pb(II) by Bi(Ill) was envisaged as it was
found efficient with related porphyrins [28,29]. The
transmetalation process was achieved by the addi-
tion of bismuth nitrate on the two lead complexes,
2i.Pb and 20.Pb. In both cases, the formation of
the bismuth complex was observed quasi instanta-
neously as attested by the 'H NMR spectra (Fig-
ure 4a, d). As an example, in the case of 2i, the addi-
tion of Bi(NO3)3 bismuth salt to the mixture of Pb(II)
complexes 2i.Pbgs and 2i.Pbyg led to the formation
of a single bismuth complex, in which the metal
coordinates from the side of the strap (Scheme 3b
and Figure 4a). Likely, in this complex, the bismuth
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Scheme 3. Coordination of 20 (a), 2i (b), and 3i (c) with Pb(NO3), (3.5 eq) in DMSO-dg at 298 K, followed
by instantaneous formation of bismuth complex by transmetalation of Pb(II) by Bi(IIl) (3 eq of Bi(NO3)3
added). Note: ss = Pb(II) coordinates from the same side of the strap. os = Pb(II) coordinates from
opposite side of the strap. Ar, = 4-methoxyphenyl.
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Figure 3. X-ray structure of 3i.Pbos (CCDC 1971367): (a) side view and (b) apical view. Note: solvents of
crystallization and hydrogen atoms were omitted for clarity. Selected distances: N1-Pb 2.387 A, N2-Pb

2.387 A, N3-Pb 2.392 A, N4-Pb 2.365 A, Pb-24MP 1.333 A.
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Figure 4. 'H NMR (selected regions) in DMSO-ds at 298 K of (a) 2i.BiNO3, (b) 2i.Pb (1:1 mixture),

(c) 20.Pb at 333 K (9:1 mixture), (d) 20.BiNOs3.

nitrato counter-ion is stabilized by two hydrogen
bonds with the amide functions of the strap, which
stands in a straight-up position to accommodate the
“BiNO3” moiety in the cavity, in an inverted W-shape

C. R. Chimie— 2021, 24, n° S3, 13-26

conformation. This was deduced by analogy with the
previously reported X-ray structure of the 20.BiNO3
bismuth complex obtained directly from the free-
base (Scheme 1, bottom) [19]. Therefore, owing to
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Figure 5. 'H NMR spectra (selected regions) of 3i.Pbg treated with 3 eq Bi(NO3)3 in DMSO-dg at 298 K,

leading to the formation of 3i.BiNO3.

the specific arrangement of this strap, it becomes
possible to form instantaneously a bismuth complex
at room temperature by transmetalation instead of
heating 4-16 h at 85 °C.

We applied with success this strategy to the co-
ordination of Bi(Ill) with 3i, difficult to achieve at
room temperature as no coordination was observed
after the addition of 3 eq of Bi(NOs)3 to the free
base. Furthermore, heating the NMR tube up to 353 K
to insert Bi(Il) into the N-core led to decarboxyla-
tion. Thus, the bismuth complex was formed instan-
taneously through transmetalation of lead complex
3i.Pb,s with 3 eq of bismuth salt (Scheme 3c). The 'H
NMR spectrum recorded at 298 K evidenced the coor-
dination of Bi(III) with changes in the conformation
of the strap from bent-over to straight-up (Figure 5)
as revealed by the variation of the chemical shifts of
Ha, He and Hf. For instance, Ha which initially res-
onated at 2.66 ppm was shifted to 5.93 ppm during
the transmetalation process (§AHa = 3.27 ppm). In
the same line, He and Hf shifted from 0.59 ppm and
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—3.30 ppm in 3i.Pbgs to 1.96 ppm and 1.93 ppm, re-
spectively after Bi(II) insertion. Therefore, bismuth
likely coordinates from the strap side and could be
stabilized by an exogenous nitrate molecule, likely
linked to the strap by two hydrogen bonds as in the
case of 2i.BiNOg3. With this type of complex, the strap
is likely arranged in an inverted W-shape straight-up
conformation with the Ha protons lightly oriented
outward the center of the macrocycle. This confor-
mation remains consistent with its chemical shift
at 5.93 ppm (instead of Ha = 7.32 ppm in case of
2i.BiNO3). However, only the resolution of the X-ray
structure of this bismuth complex would allow a def-
inite structural validation of its conformation.

3. Conclusions

We have designed new strapped porphyrins bear-
ing a cyano group in « position of the overhang-
ing carboxylic acid group. Coordination studies of
Pb(II) and Bi(Ill) cations with/without cyano group
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beside the carboxylic acid have shown different con-
formational behaviors of the strap leading to unex-
pected metal complexes. The coordination of Pb(I)
with compound 2 lacking the cyano group led to the
formation of two metal complexes in which Pb(II) co-
ordinates either from the side of the strap or from the
naked side of the macrocycle with different sterose-
lectivity depending on the considered stereoisomer
2i or 20. For the former, no stereoselectivity was ob-
served as both complexes (2i.Pbgs and 2i.Pbg) were
formed. In contrast, for the latter, a significant stere-
oselectivity was achieved as 20.Pbgs was formed with
a9:1ratio. Conversely, the steric hindrance generated
by the presence of the cyano group in compound 3i
resulted in the stereoselective formation of a single
metal complex with Pb(II) coordinated on the naked
side. Moreover, transmetalation of Pb(II) by Bi(III)
was shown to be an efficient method for the instanta-
neous and stereoselective formation of the bismuth
complex, which forms exclusively from the side of
the strap with 3i. Coordination of these isomers at
the level of the strap with different metals, targeting
supramolecular coordination assemblies, is currently
being under investigation by our group.

4. Experimental section
4.1. General

'H and '3C NMR spectra were recorded at respec-
tively 500 MHz and 125 MHz and referenced to the
residual protonated solvents. THF was distilled over
Na/benzophenone according to a standard proce-
dure. Other chemicals were used as received with-
out any further purification. All reactions were per-
formed under argon and monitored by TLC (sil-
ica, CHCl,/CH30H). Column flash chromatography
was performed on silica gel (Merck TLC-Kieselgel 60
H, 15 pm).

Typical procedure for the porphyrin synthesis here
detailed in case of 3i: sodium (50 eq) in EtOH was
stirred at room temperature for 30 min in a two-
neck round bottom flask and ethyl-2-cyanoacetate
(50 eq) was added. After 1 h, the resulting mixture
was added to a solution of porphyrin 5 (1 eq) in
CH,Cl,. The reaction mixture was stirred for 2 h at
RT, then water was added. The organic layer was sep-
arated from water and evaporated under vacuum. Fi-
nally, the two isomers 40 and 4i were separated on a
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silica gel chromatography column eluted with 0.1%
MeOH/CH,Clpwith a yield of 10% and 75%, respec-
tively. In the next step, a 100 ml two-neck round bot-
tom flask equipped with stir bar was charged with
KOH (30 eq) in distilled ethanol. After 30 min, por-
phyrin 4i (38 yumol, 40 mg, 1 eq) was dissolved in
80 mL THF and slowly added to the reaction mix-
ture, which was stirred for 2 h at room temperature.
The reaction was quenched by adding distilled water,
neutralized by 1 M HCI], and filtrated. The resulted
product was recovered by MeOH/CH,Cl,. The sol-
vent was removed under vacuum. The product was
obtained in quantitative yield.

«-5,10-bis{2,2'-[3,3'-(2-(cyano)-2-(ethoxycarbo-
nyl)propane-1,3-diyl)benzoylamino]phenyl}-
-15,20-bis(4-methoxyphenyl)porphyrin: 40. 'H
NMR (CDCl3, 298 K, 500 MHz): 6y, ppm 8.96 (2H, s,
Hs), 8.93 (2H, s, Hg), 8.67 (2H, d, ] = 4.2 Hz, Hy), 8.65
(2H, d, J = 8.3 Hz, H;), 8.61 (2H, d, J = 4.2 Hz, Hy),
8.52 (2H, d, J/ = 7.5 Hz, Hy), 8.21 (2H, d, J = 8.3 Hz,
H;), 7.95 2H, t, ] = 7.7 Hz, Hp), 7.75 (2H, t, ] = 8 Hz,
Hjy), 7.72 (2H, d, J=8 Hz, Hy), 7.30 (2H, d, / = 7.5 Hz,
Hy),7.27 (2H, d, J =8.2 Hz, Hy), 7.09 (2H, t, ] = 7.6 Hz,
H), 7.07 (2H, m, Hj), 7.06 (2H, s, NHCO), 6.74 (2H,
d, J = 6.8 Hz, Hy), 4.07 (6H, s, O-CHj3), 3.29 (2H,
s, Ha), 1.64 (2H, q, J = 7 Hz, CHaester), 0.89 (2H, d,
J =124 Hz, He), 0.5 (3H, t, J = 7 Hz, CH3ester),
-1.97 (2H, d, J = 12.6 Hz, Hy), —-2.06 (2H, s, NH
pyn).HSQC (CDCls, 298 K, 500 MHz): §, ppm, 135.82
(Cx), 135.64 (Cj), 135.22 (Cg), 134.18 (Cy), 132.54 (C7),
131.95 (Cp), 129.99 (Cp), 129.15 (C¢), 129.11 (Cs),
128.98 (Cg), 127.90 (Cq), 124.42 (Cy), 123.67 (Cg),
121.85 (Cy), 112.33 (Cj), 112.57 (Cyp), 59.77 (Cester),
56.11 (Come), 39.98 (Ce), 39.98 (Cy), 12.33 (Cester)-
UV-vis (CHCl3): AM/nm (¢, dm3-mol~t-cm™): 426
(272120), 520 (26710), 556 (14080), 595 (5000), 652
(6800). ESI-HRMS: m/z calcd. 1050.39734 [M + H]*
for C47H52,N70g, found 1050.3968 (0 ppm).

«-5,10-bis{2,2'-[3,3'-(2-(cyano)-2-(ethoxycarbo-
nyl)propane-1,3-diyl)benzoylamino]phenyl}-
-15,20-bis(4-methoxyphenyl)porphyrin: 4i. 'H
NMR (CDCls, 298 K, 500 MHz): 6y, ppm 8.98 (2H, s,
Hs), 8.97 (2H, s, Hg), 8.71 (2H, d, J = 4.3 Hz, H7), 8.61
(2H, d, J = 4.3 Hz, Hy), 8.56 (2H, d, J = 7.5 Hz, H;),
8.54 (2H,d, J =8.7Hz, Hy), 8.22 (2H, d, ] = 7.9 Hz, H;),
7.95 (2H, t, J =8 Hz, Hy), 7.78 (2H, t, ] = 7.4 Hz, H3),
7.67 2H, d, J = 7.7 Hz, Hy), 7.31 2H, d, ] = 7.9 Hz,
H)),7.24 (2H,d, J = 8.2Hz, Hy), 7.05 (2H, d, ] = 7.6 Hz,
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Hj), 6.94 (2H, s, NHCO), 6.92 (2H, t, J = 7.8 Hz, H,),
6.27 (2H, d, ] = 7.5 Hz, Hy,), 4.06 (6H, s, O-CHj3), 3.50
(2H, s, Ha), 2.97 (2H, q, J = 7 Hz, CH2ester), 1.06 (2H,
d, J = 12.5 Hz, He), 0.11 (3H, t, J = 7 Hz, CH3ester),
—2.15 (2H, s, NH pyr), —2.44 (2H, d, J = 13.2 Hz, Hy).
HSQC (CDCl3, 298 K, 500 MHz): 8., ppm, 136.12
(Cy), 135.53 (Cy), 135.28 (Cg), 133.44 (C,), 132.72 (Cy),
130.95 (Cp), 129.83 (Cp), 128.51 (C), 128.35 (Cg),
127.94 (Cs), 127.71 (Cq), 125.54 (Cy), 123.98 (C3),
123.43 (Cy), 112.80 (Cyp), 112.21 (C;), 61.32 (Cester),
56.06 (Come), 39.44 (Ce), 39.44 (Cp), 12.77 (Cester)-
UV-vis (CHCl3): AM/nm (¢, dm®mol™'-cm™!): 426
(264950), 520 (41900), 557 (20200), 593 (8400), 650
(3800). ESI-HRMS: mi/z calcd. 1050.39736 [M + H]*t
for Cg7Hs52N70g, found 1050.3970 (0 ppm).

«-5,10-bis{2,2'-[3,3'-(2-(cyano)-2-(carboxyl) prop-
ane-1,3-diyl)benzoylamino]phenyl}-15,20-bis-
-(4-methoxyphenyl)porphyrin: 30. 'H NMR
(DMSO, 298 K, 500 MHz): 6y, ppm 8.92 (2H, s,
Hs), 8.81 (2H, s, Hg), 8.55 (2H, broad, Hy), 8.52 (2H,
d, ] = 4.3 Hz, Hg), 8.35 2H, d, J = 7.7 Hz, H,), 8.27
(2H, d, J = 8.1 Hz, Hy), 8.19 (2H, s, NHCO), 8.11
(2H, d, J = 8.1 Hz, Hj), 7.91 (2H, t, J = 8 Hz, Hj),
7.73 (2H, d, ] = 7.9 Hz, H,), 7.51 (2H, t, ] = 8.2 Hz,
Hy), 7.33 (2H, broad, Hy), 7.32 (2H, broad, Hj), 7.17
(2H, d, J = 7.8 Hz, Hj), 6.94 2H, t, ] = 7.6 Hz, H,),
6.69 (2H, d, J = 7.6 Hz, Hy), 4.31 (2H, s, Hy), 3.99
(6H, s, O-CH3), 0.72 (2H, d, J = 12.8 Hz, H.), —0.63
(2H, broad, Hy), —2.48 (2H, s, NH pyr), 1H of car-
boxylic acid was not observed. HSQC (CDCls, 298 K,
500 MHz): 6., ppm, 135.73 (Cy), 135.48 (C;), 134.80
(Cyp), 132.59 (Cg), 132.11 (Cp), 129.81 (C3), 128.02
(Co), 127.77 (Cg), 126.10 (Cq), 124.95 (Cp), 123.36
(Cy), 112.74 (Cj), 112.98 (Cy), 40.45 (Ce), 40.45 (Cy).
UV-vis (DMSO0): A/nm (¢, dm®mol~t-cm™1): 426
(218250), 520 (24600), 560 (15440), 592 (10080), 649
(7810). ESI-HRMS: mi/z calcd. 1022.36606 [M + H]*t
for Cg5HygN7Og, found 1022.36660 (0 ppm).

«-5,10-bis{2,2'-[3,3'-(2-(cyano)-2-(carboxyl) prop-
ane-1,3-diyl)benzoylamino]phenyl}-15,20-bis-

-(4-methoxyphenyl)porphyrin: 3i. 'H NMR
(DMSO, 298 K, 500 MHz): dy, ppm 9 (2H, s, Hs),
8.97 (2H, s, Hg), 8.55 (2H, broad, Hy), 8.6 (2H, d,
J = 7.6 Hz, H;), 8.55 (2H, broad, Hg), 8.40 (2H, d,
J =8 Hz, Hy), 8.23 (2H, d, J = 7.9 Hz, Hj;), 7.98 (2H,
t, J = 8.5 Hz, H3), 7.9 H, d, J = 7.1 Hz, Hj), 7.84
(2H, t, J = 7.2 Hz, Hy), 7.50 (2H, d, J = 8.8 Hz, Hy),
7.37 (2H, d, J = 8.8 Hz, H)), 7.21 (2H, d, J = 7.4 Hz,
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Hy), 6.92 (2H, s, NHCO), 7.05 (2H, t, ] = 7.6 Hz, H),
6.43 (2H, d, J = 7.7 Hz, Hy,), 3.98 (6H, s, O-CH3), 3.35
(2H, s, Hp), 1.05 (2H, d, J = 12.5 Hz, He), —2.32 (2H,
s, NH pyr), —2.47 (2H, d, J = 13.2 Hz, Hy), 1H of car-
boxylic acid was not observed. HSQC (CDCls, 298 K,
500 MHz): é., ppm, 135.70 (Cy), 135.49 (Cg), 135.37
(Cy), 133.60 (C;), 132.40 (C;), 131.88 (Cp), 130.25
(Cs), 129.51 (Cs), 129.34 (C.), 128.35 (Cg), 127.33
(Cq), 124.93 (Cp), 124.56 (Cy), 123.36 (C4), 113.10
(Gy), 113.03 (Cy), 55.61 (Come), 37.70 (Ce), 37.70 (Cy),
UV-vis (DMSO): A/nm (¢, dm®mol~'.cm™!): 427
(167810), 519 (22270), 556 (9050), 592 (5640), 650
(3760). ESI-HRMS: m/z calcd. 1022.36606 [M + H]*
for Cg5H4gN7Og, found 1022.36662 (0 ppm).

4.2. Typical procedure for metal insertion

A solution (S;) of Pb(NO3), (37.6 umol, 12.4 mg,
12.5 eq) in DMSO-dg (500 puL) was prepared. Pb(II)
insertion was performed in an NMR tube by mixing
either 20 or 2i (3.012 umol, 3 mg, 1 eq), DMSO-dg
(500 pL), DIPEA (17.2 umol, 3 puL, 5.7 eq), and S;
(200 pL, 3 eq). Leaving the NMR tube at room tem-
perature for respectively a few minutes and 4 hours
led quantitatively to 20.Pb and 2i.Pb, as attested by
'H NMR spectra recorded at 333 K and 298 K, respec-
tively.

A solution (S3) of Bi(NOs)s (37.6 pmol, 18.2 mg,
12.5 eq) in DMSO-dg (500 pL) was prepared. The
complexes 20.BiNO3 and 2i.BiNO3 were formed in-
stantaneously by adding 3 eq from S, (200 pL) to each
NMR tube (20.Pb and 2i.Pb). The proton NMR spec-
trum was recorded at 298 K.

A solution (S3) of PbNO3 (36.6 umol, 11.9 mg,
12.5 eq) in DMSO-dg (500 puL) was prepared. The
complex 3i.Pb,s was formed by mixing 3i (2.93 pmol,
3 mg, 1 eq), DMSO-dg (500 nL), DIPEA (16.7 pmol,
2.9 uL, 5.7 eq), and Sz (120 pL, 3 eq) for 5 h at
room temperature. The proton NMR spectrum was
recorded at 353 K.

A solution (S4) of Bi(NO3)3 (36.6 pmol, 17.8 mg,
12.5 eq) in DMSO-dg (500 puL) was prepared. The
complex 3i.BiNO3 was formed instantaneously
by transmetalation through mixing 3i.Pb,s and
S4 (120 pL, 3 eq). The proton NMR spectrum was
recorded at 298 K.

20.Pbgs: 'H NMR (DMSO-dg, 333 K, 500 MHz): dy,
ppm 8.84 (2H, s, Hs), 8.82 (2H, s, Hg), 8.75 (2H, broad,
H-), 8.73 (2H, broad, Hg), 8.43 (2H, broad, H;), 8.05
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(2H, broad, Hy), 8.05 (2H, broad, Hj), 7.87 (2H, broad,
Hy), 7.85 (2H, t, ] = 7.7 Hz, H), 7.58 (2H, broad, Hj3),
7.36 (2H, broad, Hq), 7.33 (2H, d, J = 8.5 Hz, Hj),
7.33 (2H, d, J = 8.5 Hz, H)), 6.92 (2H, broad, H), 6.69
(2H, broad, Hy), 5.59 (2H, s, H,), 4.04 (6H, s, O-CHs),
1.45 (2H, broad, Hg), 1.32 (2H, broad, Hy), 0.72 (1H,
s, Hx), 2H of NHCO and 1H of carboxylic acid were
not observed. HSQC (DMSO-dg, 333 K, 500 MHz):
6¢, ppm 135.97 (Cy), 135.97 (Cy), 134.95 (Cy), 132.67
(Ce), 132.39 (Cs), 132.52 (Cp), 132.30 (Cg), 131.82
(C7),129.30 (Cyp), 128.04 (C.), 126.40 (C,), 126.19 (Cy),
124.23 (Cy), 123.67 (C3), 112.38 (G;), 112.38 (C)), 56.13
(Come), 50.87 (Cy), 36.16 (C¢), 35.97 (Cy).

20.Pbos: 'H NMR (DMSO-ds, 333 K, 500 MHz): 8y,
ppm 8.37 (2H, d, J = 8.1 Hz, H;), 8.31 (2H, d, J = 7 Hz,
Hy), 7.85 (2H, broad, Hy), 7.67 (2H, d, ] = 7.9 Hz, H3),
7.21 (2H, d, J = 7.9 Hz, Hy), 6.81 (2H, d, ] = 8.2 Hz
H.), 6.52 (2H, d, J = 7.1 Hz, Hy,), 4.37 (2H, s, Hy), 4.01
(6H, s, 0-CHj3), 0.92 (1H, s, Hy), 0.14 (2H, broad, He),
—0.24 (2H, broad, Hy), 2H of Hs, 2H of Hg, 2H of H7,
2H of Hg, 2H of Hj, 2H of Hj, 2H of Hy, 2H of Hj, 2H of
NHCO and 1H of carboxylic acid were not observed.
UV-vis (DMSO): Amax, nm (rel. abs). 439 (0.38), 471
(1), 661 (0.02).

2i.Pbss: 'H NMR (DMSO-dg, 298 K, 500 MHz): &y,
ppm 9.08 (2H, s, Hs/), 9.08 (2H, s, Hg), 9.06 (2H, s,
NH'CO), 8.69 (2H, d, J = 4.3 Hz, Hy), 8.67 (2H, d,
J=4.7Hz,Hg/), 8.51 (2H, d, ] = 7Hz, H;/), 8.27 (2H, d,
J =7.7Hz, Hy), 7.93 (2H, m, Hy/), 7.76 (2H, m, Hy/),
7.28 (2H, d, ] = 7.6 Hz, Hy), 6.86 (2H, d, J/ = 7.5 Hz,
H.), 6.64 2H, d, ] =7.1 Hz, Hy), 5.37 (2H, s, Hy), 4.55
(6H, s, 0-CHy), 1.7 (2H, broad, He/), 1.25 (1H, s, Hy),
0.5 (2H, broad, Hy), 2H of Hj, 2H of Hj, 2H of Hy, 2H
of Hj, and 1H of carboxylic acid were not observed.

2i.Pbys: 'H NMR (DMSO-dg, 298 K, 500 MHz): 8y,
ppm 8.87 (2H, s, Hs), 8.87 (2H, s, Hg), 8.77 (2H, d,
J=3.2Hz, Hy), 8.75 (2H, d, J = 3.8 Hz, Hg), 8.22 (2H,
d, ] =7.7 Hz, Hy), 8.16 (2H, d, J = 7.7 Hz, Hy), 8.05
(2H, broad, Hy), 8.05 (2H, broad, H;), 7.93 (2H, broad,
Hs), 7.82 (2H, s, NHCO), 7.75 (2H, m, Hy), 7.33 (2H, d,
J=85HzH;j),7.33 (2H, d, J=8.5Hz, H)),7.18 (2H, d,
J=8Hz, Hy), 6.85 (2H, d, J = 6.9 Hz, H), 6.5 (2H, d,
J =6.6 Hz, Hy), 4.03 (6H, s, 0-CH3), 3.65 (2H, s, Hy),
0.85 (1H, s, Hy), —0.32 (2H, broad, He), —2.06 (2H,
broad, Hy), 1H of carboxylic acid was not observed.
UV-vis (DMSO): A/nm: 438 (0.41), 472 (1), 664 (0.02).

C. R. Chimie — 2021, 24, n° S3, 13-26

3i.Pbys: 'H NMR (DMSO-ds, 353 K, 500 MHz): 8y,
ppm 8.80 (2H, s, Hs), 8.75 (2H, s, Hg), 8.75 (2H, broad,
H-), 8.75 (2H, broad, Hg), 8.66 (2H, broad, H;), 8.41
(2H, broad, Hy), 7.9 (2H, t, J = 7.9 Hz, Hy), 7.72 (2H,
broad, H3), 7.45 2H, d, J = 7.7 Hz, Hy), 7.25 (2H,
broad, Hj), 7.25 (2H, broad, Hj), 6.95 (2H, t, ] = 7.7 Hz,
H,), 6.56 (2H, broad, Hy), 4.02 (6H, s, O-CH3), 2.68
(2H, s, Hp), 0.88 (2H, broad, He), —3.31 (2H, broad,
Hy), 2H of Hy, 2H of Hi, 2H of NHCO, 1H of car-
boxylic acid was not observed. HSQC (DMSO-dg, 353
K, 500 MHz): §., ppm 132.20 (Cs), 132.20 (Cp), 131.75
(Cg), 131.75 (C7), 131.75 (Cg), 131.25 (Cy), 129.34 (Cy),
128.74 (Cc), 126.75 (Cq), 124.24 (Cz), 123.41 (Cy),
112.82 (Cy), 112.82 (Cy), 55.93 (Come)- UV-vis (DMSO):
Amax, Nm (rel. abs). 472 (1), 615 (0.02), 666 (0.05).

3i.BiNO3: 'H NMR (DMSO-ds, 298 K, 500 MHz): 8y,
ppm 9.16 (2H, s, Hs), 9.05 (2H, d, J = 4.6 Hz, Hy),
9.02 (2H, s, NHCO), 9.01 (2H, d, J = 4.5 Hz, Hg), 8.97
(2H, s, Hg), 8.77 (2H, d, J = 8.4 Hz, H;), 8.10 (2H, d,
J=7.6Hz, Hy), 8.10 2H, d, J = 7.6 Hz, H;), 7.88 (2H, t,
J=8.2Hz, Hy),7.73 2H, J =7.7Hz, Hy), 7.53 (2H, m,
Hs), 7.53 (2H, m, Hy), 7.39 (2H, d, J = 8.6 Hz, H)), 7.39
(2H, d, J = 8.6 Hz, Hj), 7.10 (2H, broad, Hc), 6.92 (2H,
d, /=7 Hz, Hy), 5.93 (2H, s, H,), 4.04 (6H, s, O-CH3s),
1.96 (2H, broad, He), 1.93 (2H, broad, Hy), 1H of car-
boxylic acid was not observed. HSQC (DMSO-dp, 298
K, 500 MHz): §., ppm 136.28 (Cy), 136.28 (C;), 135.68
(Cy), 134.72 (C7), 134.61 (Cp), 133.30 (Cg), 133.12
(Cs), 132.72 (Cg), 130.24 (Cp), 128.81 (C.), 127.62
(Ca), 127.26 (Cq), 123.75 (Cg), 123.21 (Cy), 113 (Cj),
113 (C)), 55.98 (Come), 40.45 (Ce), 40.45 (Cy). UV-vis
(DMSO): Amax, nm (rel. abs). 354 (0.26), 476 (1), 606
(0.045), 649 (0.05).

4.3. X-ray crystallographic studies

Data were collected with a D8 VENTURE Bruker AXS
diffractometer (founded by FEDER) equipped with
a (CMOS) PHOTON 100 detector, Mo-K« radiation
(A = 0.71073 A, multilayer monochromator), T =
150 K. The structure was resolved by dual-space al-
gorithm using the SHELXT program [30], and then
refined with full-matrix least-squares methods based
on F? (SHELXL) [31]. The contribution of the disor-
dered solvents to the calculated structure factors was
estimated following the BYPASS algorithm [32] im-
plemented as the SQUEEZE option in PLATON [33].
A new data set, free of solvent contribution, was
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then used in the final refinement. All non-hydrogen
atoms were refined with anisotropic atomic displace-
ment parameters. Except nitrogen-linked hydrogen
atoms that were introduced in the structural model
through Fourier difference maps analysis, H atoms
were finally included in their calculated positions
and treated as riding on their parent atom with con-
strained thermal parameters. The crystals of both
complexes were crystallized by the same method.
Typically, the samples were dissolved in the mix-
ture of two (chloroform, methanol) or three solvents
(dimethyl sulfoxide, methanol, chloroform) in a vial
fitted with a needle to allow very slow evaporation.
5-6 drops of water were gently added to the mix-
ture before closing the vial. The vials were stored in
the dark at room temperature for approximately one
month, until single crystals were obtained.

3i: CCDC 1971401, crystals grown from chloro-
form, methanol, and water, (Cg5H47N7QOg, CHCl3,
CH,40); monoclinic P 2;/n (I.T.#14), a = 14.1676(17),
b = 16.033(2), ¢ = 24.954(4) A, B = 93.491(5)°,
V = 5657.9(14) A3, Z = 4, d = 1378 gcm3,
u=0.226 mm™!. Except nitrogen and oxygen linked
hydrogen atoms that were introduced in the struc-
tural model through Fourier difference maps anal-
ysis, H atoms were finally included in their calcu-
lated positions and treated as riding on their par-
ent atom with constrained thermal parameters. A
final refinement on F? with 12658 unique intensities
and 789 parameters converged at wR(F?) = 0.2357
(R(F) = 0.1006) for 6618 observed reflections with
I>20(]).

3i.Pbys: CCDC 1971367, single crystals grown from
dimethyl sulfoxide, methanol, chloroform and water
(Cg5H44N7OgPDb); triclinic P -1 (I.T.#2), a = 13.462(2),
b 14.764(2), ¢ = 21.115(3) A, a = 93.891(6),
B = 99.656(5), ¥ = 94.702(6)°, V = 4108.9(10) A3,
Z =2,d=0991 gcm™3, g = 2.093 mm~!. The
contribution of the disordered solvents to the cal-
culated structure factors was estimated follow-
ing the BYPASS algorithm, implemented as the
SQUEEZE option in PLATON. A final refinement
on F? with 18330 unique intensities and 516 pa-
rameters converged at (uR]ZD = 0.0870 (Rr = 0.0383)
for 16483 observed reflections with I > 20(l).
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different substituents appended to porphyrins is enlightened through a combination of photophysi-
cal, electrochemical, structural and theoretical studies.

Résumé. En utilisant et en optimisant trois types de conditions expérimentales, six dipyrrométhanes
(DPM) substitués en meso par des chaines poly-halogénoalkyles ont été préparés. La condensation du
p-anisaldéhyde sur les DPMs comportant des chaines perfluoroalkyles (CF3, C3F7 ou C7F5) produit,
apres oxydation, les porphyrines trans-Ap B, attendues avec des rendements corrects. En revanche,
cette condensation conduit directement a des 5,15-diformyl-10,20-diaryl porphyrines au départ du
meso-(dichlorométhyl)dipyrrométhane tandis que des traces d’'une porphyrine originale comportant
deux groupes fluorure d’acyle ont été isolées lorsque le meso-(difluoro-chlorométhyl)dipyrrométhane
a été utilisé. La formation directe de bis-formyl porphyrines est compétitive et a été étendue a
d’autres benzaldéhydes. Le caractere électro-attracteur des différents substituants introduits sur les
porphyrines est mis en évidence par une combinaison d’études photophysiques, électrochimiques,

structurales et théoriques.
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1. Introduction

The synthesis and functionalization of porphyri-
noid macrocycles are still the ongoing subjects of
intense research activities because these exciting
compounds are applied in numerous areas such as
catalysis, biology or materials science [1-5]. One of
the reasons for this major interest lies in the easy
preparation of meso-substituted derivatives from
the simple condensation of pyrrole and aldehydes
which can produce, after oxidation and depend-
ing on the experimental conditions, a huge num-
ber of polypyrrolic and aromatic macrocycles such
as porphyrins, corroles, contracted and expanded
porphyrins [1-8]. The physico-chemical proper-
ties of these macrocycles can be tuned by the in-
troduction of different meso-substituents that of-
ten require the prior synthesis of oligopyrrole pre-
cursors such as the widely used meso-substituted
dipyrromethanes (DPMs). Though various syn-
thetic procedures of meso-substituted-DPMs are
described [9-12], very few are devoted to or can
be applied to the preparation of derivatives bear-
ing a meso-poly-halogenoalkyl group or a meso-
perfluoroalkyl chain [13-23]. These specific sub-
stituents are however of major interest because,
beyond their high electron-withdrawing character,
they can confer to molecules a certain lipophilic-
ity and/or an increased metabolic stability [24,25].
Moreover meso-perfluoroalkyl chains were shown to
induce an important non-planar distortion [26-29]
and a high photo-stability [30] when they occupy the
meso-positions of porphyrins.
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To the best of our knowledge, the DPMs 3a and
3b bearing respectively a meso-CF3 group or a meso-
C3F7 group are the only DPMs substituted by a
meso-perfluoroalkyl chain for which synthetic pro-
cedures are described (Scheme 1). The common
preparation of meso-substituted DPMs relies on the
acid-catalyzed condensation of an aldehyde and
pyrrole [9-12]. In boiling tetrahydrofuran (THF) and
concentrated aqueous HCI (Scheme 1, route a), the
condensation of stoichiometric amounts of pyrrole 1
and aldehydes 2a or 2b (as hemiacetal or as hydrate)
gave for the first time the meso-perfluoroalkyl DPMs
3a and 3b with high yields (50-70% for 3a and 35—
50% for 3b) [13]. Similar yields of 3b were obtained
by repeating this procedure [14-17] or by replacing
the acid and the refluxing solvent by p-toluene sul-
fonic acid (PTSA) and CHCls, respectively (Scheme 1,
route b) [18]. It was later shown that milder exper-
imental conditions (Scheme 1, route c) also give
high yields of 3a (20-40%) and 3b (35%) [19,20]. An
original preparation of 3a was reported by Dmowski
et al. who used the sodium dithionite coupling
of 1-bromo-1-chloro-2,2,2-trifluoroethane with 1
(Scheme 1, route d) [21,22].

If this simple and inexpensive procedure gives
high yields of 3a (49-58%), it can only be applied to
incorporate this specific meso-substituent.

A key intermediate during the aldehyde-pyrrole
condensation is the pyrrole-carbinol derivative 4
(Scheme 1). Such an intermediate bearing a heptaflu-
oropropyl chain was prepared and dissolved with
an excess of pyrrole in refluxing benzene containing
PTSA (Scheme 1, route e) [23]. This stepwise strategy
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Scheme 1. Previous preparations of meso-perfluoroalkyl DPMs 3a and 3b (PTSA: p-toluene sulfonic

acid).

produced 3b with a high yield (77%). Having in mind
that several 2-(polyhalogeno)acyl-pyrroles are eas-
ily prepared (or commercially available) and know-
ing that they are quantitatively reduced into the cor-
responding pyrrole-carbinol derivatives, we report
herein how this latter strategy can be adapted, lead-
ing to a variety of meso-polyhalogenoalkyl DPMs. For
this purpose, a set of three experimental conditions
was selected and/or optimized to prepare the known
3a and 3b but also the unprecedented DPMs 3c—f
bearing on the meso position a perfluoroheptyl (3c),
a chlorodifluoromethyl (3d), a dichloromethyl (3e) or
a trichloromethyl group (3f).

These DPMs were involved in the synthe-
sis of trans-A;B,-meso-substituted porphyrins
through their acid-catalyzed condensation with
p-anisaldehyde. The DPMs 3a-c gave the expected
porphyrins 6a—c whereas the condensation of DPMs
3d and 3e led surprisingly to porphyrins bearing two
meso-fluoroacyl groups (6d) and two meso-formyl
groups (6e), respectively (Table 2). Other benzalde-
hydes were used to illustrate the straightforward ac-
cess to 5,10-bis-(formyl)-15,20-diarylporphyrin be-
cause it is really competitive compared to previously
described ones that were based on multistep elegant
strategies such as: (a) the Vilsmeier formylation of
copper porphyrins and their subsequent demetalla-
tions [31]; (b) the palladium catalyzed formation of
meso-bis-(trimethyl)silylmethylporphyrins followed
by their oxidation [32]; (c) the preparations and/or
derivations of protected formyl groups (dithiane or
acetal moieties) before the DPM-aldehyde conden-
sation and their deprotections after the porphyrin
ring formation [33,34].
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Because the physico-chemical properties of meso-
perfluoro alkyl and meso-formyl porphyrins have
been rarely described, those of the eight new free
base porphyrins 6a-e, 7, 8 and 9 will be investigated
in this contribution by a combination of photophysi-
cal, electrochemical and theoretical studies.

2. Results and discussion
2.1. Synthesis

The reaction of a slight excess of acyl-chloride or
acid anhydride and pyrrole gave the 2-acyl pyrroles
5a-f according to previously reported procedures
(Table 1) [27,31]. These compounds were at first re-
duced to the corresponding carbinol derivatives 4a—
f using a slight excess of NaBH, (2 equiv.) in MeOH
containing 2 equivalents of NaHCO3 [35]. Because
TLC analyses showed a complete conversion of the
acylpyrroles 5a—f and the formation of the alcohols
4a-f with no observable side products, the pyrrole-
carbinols 4a-f were not isolated (nor characterized)
but were always freshly prepared and used directly in
the next condensation step (Table 1).

In 2011, a pyrrole-carbinol derivative analogous
to 4a but bearing an aryl group on the second o-
position was condensated with pyrrole (2 equiv.) in
dichloromethane (DCM) during 16 h at room tem-
perature and using P,Os (1 equiv.) as the activating
agent [35]. These conditions gave very high yields of
an asymmetrical meso-CF3 DPM. Consequently, they
were applied, in the present study, at the millimolar
scale (condensation at 0.07 M in DCM) and using pyr-
role 5ato give 3a with a yield of 60% (Table 1, entry 1).
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Table 1. Optimization of the synthesis of DPMs 3a—f

R NaBH4, R
NaH003
XX \O MeOH X OH
\_NH \_NH
5a:R=CF; 5b: R=CyF, 4a-f

5¢c: R = C7F15 5d: R = CF2C|
5e: R = CHC|2 5f: R = CC|3

Pyrrole R
acid
solvent S =
\ NH HN /
3a:R = CF3 3b: R= C3F7

3c:R= C7F15 3d: R= CcmI
3e: R=CHCIl, 3f: R=CCl;

Entry Procedure Reactant R  [4a-f] (M) Solvent? Acid Pyrrole/4a-f/acid t(h) Product Yield (%)
1 A 4a CF3 0.07 DCM P,05 2:1:2 16 3a 60
2 4a CF3 0.23 DCM P20s5 2:1:2 16 3a 39
3 4a CFs3 7.28 — P05 2:1:2 16 3a 44
4 4a CF3 0.58 Pyrrole P»05 25:1:2 16 3a 0
5 4a CF3 3.64 Pyrrole Eaton’s reagentf 4:1:1 1 3a ob
6 4a CF3 0.2 THF® HClaq 2:1:1.5 2 3a 26
7 4a CFs3 0.154 H,0 HClaq 2:1:1.2 4 3a 22
8 B 4a CF;  0.159 H,0 HClaq 2:1:1.2 16 3a  24(28)¢
9 4a CF3 0.154 H»O HClag 2:1:1.2 40 3a 35
10 4a CF3 0.154 H,0 HClaq 4:1:1.2 16 3a 20
11 A 4b C3F7 0.07 DCM P205 2:1:2 16 3b 52 (41)€
12 B 4b CsF;  0.154 H,0 HClaq 2:1:1.2 16 3b 0
13 A 4c  C;F;5  0.07 DCM P,05 2:1:2 16 3c  65(87)¢
14 B 4 C;F5 0.5 H,0 HClaq 2:1:1.2 16 3¢ 0
15 A 4d  CFCl  0.07 DCM P,05 2:1:2 16 3d 0-2
16 B 4d CF,Ccl 0.5 H,0 HClaq 2:1:1.2 16 3d 18(18)¢
17 B 4e CHCl, 0.159 H,0 HClag 2:1:1.2 16 3e  60(67)¢
18 A 4f CClg 0.07 DCM P>0s5 2:1:2 16 3f 0
19 B af ccls  0.159 H,0 HClaq 2:1:1.2 16 3f 0
20 4f CCl3 0.2 DCM TFA 1:1:1.2 16 3f 0
21 4f CCl3 0.2 THF® HClaq 1:1:1.2 2 3f 3
22 C 4f CClg 0.2 THF® HCI8 11:1:0.9 2 3f 9

3All reactions were performed at room temperature unless otherwise noted. berrole polymerization occurs.
CReactions at reflux. dResulting concentrations if pyrrole carbinol 4 was soluble in water. *Gram-scale yields are noted
in brackets. fEaton’s reagent: P05 (7.7 wt%) in CF3SOsH. 8HCl in Et;0 (1 M).

Higher concentrations or using pyrrole as the solvent
did not improve the reaction yield (Table 1, entries
2-5). This procedure (Table 1, procedure A) was ex-
tended to pyrroles 5b,c and afforded high amounts
of 3b (52%) and 3c (65%) but only traces of 3d (0-
2%) and no 3f (Table 1, entries 11, 13, 15 and 18). The
preparation of 3b and 3c were repeated on a gram
scale and gave DPMs with high yields.

To ensure better yields of 3d, new experimen-
tal conditions were applied in the preparation of 3a
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from 4a (used as a model compound). The utilization
of refluxing THF and concentrated aqueous HCI was
moderately efficient (Table 1, entry 6) but proved
that the presence of water in the solvent was not
detrimental to get meso-polyhalogeno alkyl DPMs.
Several works have shown that meso-aryl-
oligopyrrole syntheses can be performed in wa-
ter and using concentrated aqueous HCI as cata-
lyst [36-38]. The application of the conditions of
Dehaen et al. [39] ([HCI] = 0.18 M, [4a] = 0.15 M, 2



Paul-Gabriel Julliard et al. 31

equiv. of pyrrole, room temperature, 4 h) afforded 3a
with a yield of 22% that increases with the reaction
time whereas higher amounts of pyrrole do not have
any beneficial effect (Table 1, entries 7-10). We se-
lected a reaction time of around one night (16 h) and
applied these conditions (procedure B) to get DPMs
3b-f (Table 1, entries 12, 14, 16 and 19). This proce-
dure failed to give DPMs 3b,c and 3f, but produced
3d and 3e with up-scalable yields of 18% and 66%
respectively.

Since mild conditions did not afford the DPM 3f,
and because the only example of a S-substituted
DPM bearing a meso-CCl3 group was obtained
through harsh conditions (TFA as solvent, 40 °C) [40],
we used again refluxing THF and HCl(yq) during the
condensation step (Table 1, entry 21). A low yield
of 3f was obtained (3%) but reached 9% when us-
ing the experimental conditions described to syn-
thesize a meso-CF3 tripyrromethane from a DPM-
mono-carbinol (Table 1, entry 22) [41]. Because no
porphyrin could be, up to now, obtained from this
particular DPM (vide infra), we have not pursued this
optimization.

The DPMs 3a-f were used as building blocks
in the synthesis of porphyrins (Table 2). For this
purpose, we chose to apply the conditions of the
acid-catalyzed condensation of the DPMs 3a,b with
various aromatic aldehydes that were shown to
be effective in the preparation of trans-A,B, por-
phyrins bearing two meso-perfluoroalkyl groups
(Table2) [19]. The reaction of p-anisaldehyde
(0.01 M) with DPMs 3a—f catalyzed by TFA (10 equiv.)
or by BFs;-OEt; (0.33 equiv.) in DCM was stopped
after the complete disappearance of the DPMs (TLC
analysis). The two catalysts have been tested and this
contribution reports only the conditions giving the
highest yields.

After oxidation by DDQ (1.5 equiv.) and purifi-
cation by chromatography, modest yields (4-9%) of
the trans-A,B, porphyrins 6a—c were obtained from
the DPMs 3a-c although, as previously described,
no scrambling occurred during the condensation
step [19].! It has to be noted that, in addition to the
expected porphyrin, each experiment led to the for-
mation of several other colored chromophores but

No other porphyrin was detected by TLC or during the chro-
matographic purification.
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in too low yields to ensure their characterization. On
the one hand, no porphyrin was detected from the
reactions involving the DPM 3f bearing a sterically
hindered trichloromethyl group, while on the other
hand, the less chlorinated DPMs 3d and 3e gave quite
unexpected results (Table 2).

Unlike the common purple spots on TLC and
purple solutions observed during the purification
of porphyrin 3a-c, green colored TLC spots and
solutions were obtained while running the chro-
matography on the crude mixture from 3e. The
red-shifted UV-visible absorption of the isolated
compound combined with its 'H NMR spectrum
featuring a downfield singlet located at 12.54 ppm
were the first evidence of the exclusive formation
of the bis-formyl porphyrin 6e which was further
confirmed by its HRMS analysis and its IR spectrum
displaying an intense carbonyl stretching band at
1672 cm™! (see the Supporting Information). The
hydrolysis of the two CHCl, groups remains unex-
plained because it was neither observed during the
preparation of DPM 3e though being performed
in acidic water, nor during its purification, which
was also performed on silica gel. Suspecting that
this hydrolysis would not have been quantitative,
we performed another synthesis of 6e and washed
the reaction mixture with water after the oxidation
step. This supplementary treatment led to an iden-
tical yield of 6e. The CHCI, groups of the interme-
diate porphyrinogen have probably stability close
to the CHCIl, group of DPM 3e. Their hydrolysis
could occur during the oxidation step as it was pre-
viously observed after the condensation of a meso-
nitromethyl DPM with an aromatic aldehyde leading
to meso-formyl porphyrins [42]. Such hydrolysis was
also observed during the metal-assisted cyclization
of a meso-CHCl,-f-substituted-a,c-biladiene into
meso-formyl metallocorroles [43]. Because the sim-
ple use of DPM 3e gives straightforward access to
trans-meso-bis(formyl) porphyrin, it was extended to
p-cyano-, p-chloro and p-tert-butyl-benzaldehydes
and led in the same way to porphyrins 7, 8 and 9 with
respective yields of 9%, 2% and 12% (Table 2). The
low isolated yield of 8 comes partly from its delicate
purification due to its very low solubility in common
organic solvents. In the same way, pure and solid 7
has only a slightly higher solubility. Consequently,
a protonation—deprotonation sequence was used to
ensure the complete dissolution of 7, 8 and 9 when
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Table 2. Syntheses of porphyrins 6a-e, 7, 8 and 9

Ar
1. TFAor
BFs*
Ar s
+ CHO —— R’ R'
2.DDQ
3a:R = CF, Ar
3b:R = C;3F7 6a: Ar = p-MeO-CgH,, R'=CF;
3c:R =C7F5 6b: Ar = p-MeO-CgH,, R'=CsF;
3d: R = CF,Cl 6c: Ar = p-MeO-CgH,, R'=C;Fq5
3e: R = CHCl, 6d: Ar = p-MeO-CgH,, R'=CFO
3f: R = CCly 6e: Ar = p-MeO-CgH,, R'=CHO
7:Ar = p-CN-CgH4, R'=CHO
8: Ar = p-Cl-CgHy, R'=CHO
9: Ar = p-Me;C-CgHy, R'= CHO
DPM R Acid Porphyrin Ar R Yield (%)
3a CFg BF3 6a p—MeO—C6H4— CFg 9
3b C3F7 TFA 6b p—MeO—C6H4— C3F7 4
3c C7F15 TFA 6¢c p—MeO—C6H4— C7F15 4
3d CFCl; BF3 6d p-MeO-CgHy—  CFO 2
3e CHCl, TFA 6e p-MeO-CgHy— CHO 11
3e CHCl, TFA 7 p-CN-CgHy—  CHO 9
3e CHCl, TFA 8 p-Cl-CgHy— CHO 2
3e CHCl, TFA 9 p-MesC-CeHy— CHO 12

R’ groups are at the 5,15 positions, Ar are at the 10,20 positions.

recording their physico-chemical properties (see the
experimental part).

As observed during the porphyrin synthesis start-
ing from DPM 3e, the acid-catalyzed condensation
of DPM 3d with p-anisaldehyde gave, after oxida-
tion, a green spot on TLC and a green solution during
the purification on silica. After purification, the red-
shifted UV-visible spectrum of the isolated porphyrin
6d together with the presence of a single signal at
—62.63 ppm in its '9F NMR spectrum indicated that
the former CF,Cl group borne by DPM 3d had prob-
ably disappeared in 6d. The unexpected structure
of the bis-fluoro-acyl derivative 6d was elucidated
thanks to its HRMS analysis and its IR spectrum fea-
turing a carbonyl stretching band at 1796 cm™! (see
the Supporting Information). Although the yield of
this transformation is low (<2%), it gave repeatedly
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the first example of a porphyrin-bearing meso-fluoro
acyl groups. As for 6e, we are not able yet to give the
causes and/or the mechanism of the peculiar hydrol-
ysis that has been rarely observed [44] although it has
been reported that C-X bonds of meso-perfluoroalkyl
groups borne by DPMs or porphyrins are prone to be
involved in eliminations, intramolecular cyclization
or solvolysis processes [45-50].

2.2. Electrochemical analysis of porphyrins 6a—e
and 9

The cyclic voltammograms (CVs) of 6a-e and 9 were
recorded in DCM containing 0.1 M of [(nBuyN)PFg]
(Figure 1 and Figure S1 in the Supporting Infor-
mation). The corresponding oxidation and reduc-
tion half-wave and peak potential values are listed



Paul-Gabriel Julliard et al. 33

Table 3. Half-wave and peak potentials (V versus SCE) of porphyrins 6a—e, 9, (CF3)4PH; and (C3F7)4PH;
measured in CH,Cl, containing 0.1 M of [("BuyN)PFg] (scan rate of 100 mV/s)

R10,20 R5,R15 Reduction Oxidation  AE (V)2
Second First First Second

6a 4-OCH3-CgH,4 CF3 -1.33P -0.81 (100)¢ 1.32°> 1.79P 2.11

6b 4-OCH3-C¢Hs  CsF; —1.34bd -0.80 (80)¢ 1.31° 1.75P 2.09

6¢ 4-OCH3-C¢Hy  C;Fp5 -0.81 (100)¢ 1.29® 1.78P 2.08

6d 4-OCH3-C¢Hs  CFO  —0.79 (107)¢ —0.54 (72)¢ 1.39P 1.93

6e 4-OCH3-C¢H;  CHO  —0.89 (74)¢ -0.57 (64)¢ 1.33° 1.81P 1.90

9 4-Me3C-CgHy  CHO  —0.90 (73)° -0.58 (69)¢ 1.40°  — 1.98

104 4-PO3Et,—CgH,4  C3F; -0.81 1.43 2.24
(CF3)4PHS CFs CF; ~0.48" (160)°
(CsF7),PHS CsF; CsF7 —0.441 (158)°

4HOMO-LUMO electrochemical gap calculated by AE = Ej/2(0x;) — E1/2(red;) or by AE = Epa(0x1) -
Ei/2(redy). PIrreversible peak potential at a scan rate of 100 mV/s. *AE, = Ep, — Epc in mV. dA third
irreversible reduction peak is placed at Epc = —1.56 V versus SCE. dFrom Ref. [17]. °From Ref. [51].

fMeasured in benzonitrile.

in Table 3 together with those of the tetra-meso-
CF3 porphyrin (CF3)4PHjy [51], the tetra- meso-CsF;
porphyrin (C3F7)4PHy [51], and of the porphyrin
10 analogous to 6b but where the p-anisyl groups
are replaced by p-diethylphophonate-phenyl sub-
stituents [17]. Each CV features a first reversible re-
duction and a first irreversible oxidation centered on
the porphyrin ring. For the perfluoro derivatives 6a—
¢, this oxidation seemed to be reversible at a scan rate
of 100 mV/s but proved to be irreversible when in-
creasing the scan rate up to 800 mV/s. Depending on
the substituents, a second oxidation and/or a second
reduction were also enlightened by the CVs of 6a-e.

No oxidation could be observed previously when
recording the CVs of (CF3)4PHj and (C3F7)4PHj (Ta-
ble 3) [51]. The replacement of two of these chains
by p-anisyl groups in 6a and 6b leads to a signif-
icant negative shift of the first reduction potential
(~300 mV) and allows access to the data correspond-
ing to the macrocycle oxidation (Ej/» ~ 1.3 V versus
SCE).

Whereas the electrochemical properties of por-
phyrins are substantially varying with the num-
ber of meso-perfluoroalkyl chain, they are not no-
tably tuned by the length of these lipophilic chains
because the first oxidation/reduction potential val-
ues of 6a, 6b and 6¢ are nearly the same (Table 3).
Interestingly, the comparison between 6b and 10

C. R. Chimie— 2021, 24, n° S3, 27-45

-1.5 -1.0 -0.5 ' O!O ' O!S ' 1.0 1.5 I 20
E (V vs. SCE)
Figure 1. CVs of porphyrins 6a (—), 6d (—)
and 6e (—) in DCM containing 0.1 M of
[(nBusN)PFg] (scan rate of 100 mV-s~!). The
dotted traces emphasize the reversibility of se-
lected redox processes.

shows that decreasing the electron richness of the
10,20-aryl groups shifts, as expected, the first oxida-
tion process to higher potential values but leaves un-
changed the energy of the first reduction. Therefore,
varying the nature of 10,20-aryl groups has probably
little influence on the energy of the LUMO of such
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trans-A2B, porphyrins which is controlled by the
meso-perfluoroalkyl chains.

The important anodic shift (+240 mV) affecting
the first reduction process when replacing CF3; moi-
eties in 6a by formyl groups in 6e cannot be ex-
plained by a field/inductive effect because the latter
is stronger for CF3 than for CHO (Hammett param-
eters: op (CF3) = +0.54, o, (CHO) = +0.42) [52]. A
positive shift is also observed between the two cor-
responding macrocycle-centered oxidations but has
a little amplitude (~30 mV) (Table 3). As for the CF3
porphyrins 6b and 10, modifying the aryl groups in
the formyl-substituted macrocycles 6e and 9 pro-
duces only a slight modification of the first oxida-
tion potential whereas the reduction potentials re-
main unchanged. It has to be noted that the solubil-
ity of 7 and 8 was too low in DCM to record accurate
electrochemical data.

Supplementary anodic shifts are affecting the first
reduction and potential processes when two CFO
groups are appended by the porphyrin ring in 6d.
Therefore, the remarkable reduced HOMO-LUMO
electrochemical gaps of 6d and 6e compared to those
of derivatives 6a—c result from a 7-conjugation be-
tween the carbonyl groups and the aromatic por-
phyrin ring that are put into evidence by theoretical
calculations.

2.3. Spectral properties of the porphyrins

The absorption and corrected emission spectra of
porphyrins 6a—-e, 7, 8 and 9 were recorded in DCM
at room temperature and are shown in Figure 2 and
Figure S2 in the Supporting Information. The mo-
lar absorption coefficients and absorption maxima
of these seven novel compounds are gathered in Ta-
ble 4 with their emission maxima (excitation at A =
590 nm) and fluorescence quantum yields. In order
to give structure—properties relationships, selected
photophysical data of 10 [17], (CF3)4PH> [53] and of
(C3F7)4PH; [53] are also given in Table 4 together
with those of the porphyrins 11 [19] and 12 [32] anal-
ogous to 6a and 6e but where the p-anisyl groups are
replaced by simple phenyl substituents.

As reported for the meso-bis-CF3 porphyrin
11 [19], porphyrins 6a-c exhibit absorption spec-
tra that are distinct from that of the well known
tetra-phenylporphyrin (TPP). Compared to TPP
their Soret bands are blue-shifted and broadened
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Figure 2. Electronic absorption spectra and
normalized corrected emission spectra of por-
phyrins 6a (—), 6d (—) and 6e (—) in aerated
dichloromethane at room temperature.

(fwhm 27-28 nm) but significantly red-shifted com-
pared to those of the tetra-perfluoroalkyl derivatives
(CF3)4PH2 and (C3F7)4PH2.

In the same way, as shown for 11, the Q bands
of 6a—c have absorption maxima close to those of
TPP but with a different pattern. For example, the
UV-visible spectra of the trans-A,B, 6a-c feature,
as 10 and 11, a noticeable increased intensity for
the 0-0 component corresponding to a band at
ca. 646 nm (Table 4). The length of the perfluoro
alkyl chain has only a minor impact on the light-
absorption and light-emission properties of 6a—c that
give similar fluorescence spectra and fluorescence
quantum yields of ca. 7-9%. When comparing on the
one hand the analogous 6a and 11, and on the other
hand the analogous dyes 6b and 10, it can be noted
that enhancing the electron richness of the aromatic
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Table 4. UV-Vis and fluorescence data of porphyrins 6a-e, 7, 8, 9-12, (CF3)4PH, and (C3F7)4PH;

recorded in aerated dichloromethane at 298 K

Absorption Fluorescence
R10,20 R5,15 Soret band Q bands Adax (nm)  Df
Amax (nm) Amax (nm) (e (10* M~L-em™)
(e 10* M~ L-cm™y)
6a 4-OCH3-CgHy CF3 416 (18.05) 514 (1.07), 550 (0.85), 595 (0.43), 648 (0.72) 658,722 0.063
fwhm (28)°
6b 4-OCH3-CgHy CsF; 414 (18.90) 514 (0.99), 551 (1.14), 595 (0.46), 646 (1.07) 656,719 0.086
fwhm (28)¢
6¢c 4-OCH3-CgHy C7Fi5 415 (19.81) 514 (1.04), 552 (1.27), 596 (0.51), 647 (1.06) 655,720 0.089
fwhm (27)°
6d 4-OCH3-CgH; CFO 419 (20.46) 521 (0.97), 564 (1.18), 663 (1.13) 690 0.100
fwhm (31)°
6e 4-OCH3-CgH; CHO 430 (19.32) 510 (0.40), 538 (0.69), 587 (1.71), 686 (1.49) 707,771 0.079
fwhm (31)¢
7d 4-CN-CgH;  CHO 427 (10.30) 508 (0.23), 535 (0.38), 579 (0.85), 680 (0.75) 688,757 0.057
fwhm (28)°
8d 4-Cl-C¢gH,  CHO 427 (11.69) 535 (0.36), 583 (1.03), 682 (0.91) 692,763 0.077
fwhm (30)¢
g9d 4-MesC-CgH; CHO 427 (20.64) 539 (0.62), 585 (1.75), 684 (1.54) 696,767 0.081
fwhm (30)¢
10¢ 4-PO3Et,-CgHy  C3F7 410 (19.1) 510 (1.1), 546 (1.2), 590 (0.5), 643 (1.1) 647,715
11f CgHs CF3 414 (16.50) 511 (1.01), 546 (1.01), 592 (0.53), 647 (0.77) 650, 720f 0.044
fwhm (27)¢
128 CgHs CHO 426 (15.85) 535 (0.50), 586 (1.26), 685 (1.00)
(CF3),PH} CF3 CF3 408 (9.55) 512 (0.87), 546 (0.88), 596 (0.43), 651 (0.96) 654,721 0.016
(CsF7)4,PHS Cs3F7 C3F7 409 (9.23) 513 (0.92), 547 (0.75), 596 (0.43), 649 (0.97) 651,718 0.021
TPP! CeHs CeHs 419 (47.00) 514 (1.87), 549 (0.77), 591 (0.54), 647 (0.34) 650,715  0.15

@A max for the bands derived from corrected emission spectra. PLuminescence quantum yields in air-equilibrated
dichloromethane by comparing corrected emission spectra and using tetraphenylporphyrin (TPP) in aerated acetoni-
trile as a standard (®g = 0.15 [54]). Excitation at A = 590 nm. “Full width of half maximum in nm. 9A protonation—
deprotonation sequence was used to ensure a complete dissolution. “From Ref. [17], measured in CHCl3/MeOH. fErom
Ref. [19], Aaps and @q measured in toluene, Aey, measured in CH,Cl,/EtOH (3:1). 8From Ref. [32], measured in CHClj3.
hErom Ref. [53], measured in benzene. ‘From Ref. [19], measured in benzene. JRecorded in acetonitrile.

substituents induces a little red shift of the absorp-
tion and fluorescence maxima.

As observed when recording the electrochemical
data, introducing meso-formyl groups produces a no-
ticeable lower HOMO-LUMO optical gap. The UV-
visible absorption and fluorescence bands of 6e are
importantly red-shifted. For example, the Soret band
maximum of 6e is at 430 nm and the 0-0 compo-
nent of its Q bands can be found at 686 nm. Its quan-
tum yield is as for 6a-c of ca. 8%. Replacing electron-
withdrawing aryl groups in 7 and 8 by electron-
donating ones in 9 and 6e produces a supplementary
red shift of the absorption and emission bands.

For the unique 6d-bearing meso-fluoro acyl moi-
eties, it can be noted that its light-absorption and
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emission bands are also red-shifted compared to
those of 6a—c and of TPP but with a lower amplitude.
Its fluorescence spectrum has also a unique pattern
with a single and broadened band at 690 nm corre-
sponding to a quantum yield of 10%.

2.4. Theoretical and structural studies of selected
porphyrins

DFT and Time-dependent DFT (TD-DFT) calcula-
tions were performed to analyze the effects of the
meso-substituents CF3, C3F7, C;F;5, CFO and CHO
on the structural, electronic and optical properties
of porphyrins 6a—e. The structures of 6a—e were fully
optimized and gave values of geometrical parameters
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Figure 3. (a) Bond distances A, angle values
(°) and external dihedral angles a and S of the
optimized structure of 6a; views of the single
X-ray structures of (b) 6a and (c) 6b (solvent
molecules are omitted for the sake of clarity).

such as bond distances, angles and dihedral an-
gles that are illustrative of the effect of the meso
substitutions on their core structures (Figure 3 and
Figure S3 in the Supporting Information). Although
there were no symmetry constraints in the calcula-
tion procedures, results did provide symmetric struc-
tures. Therefore, only parameters corresponding to
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one-half of the porphyrin macrocycles are detailed
in Figures 3 and S3. Very slight differences are ob-
served between the bond distances and angle val-
ues of 6a—e despite the variation of the nature of 5,15
meso-substituents (Figures 3 and S3). In fact, most
relevant differences in the geometrical parameters
are related to the values of the calculated external
dihedral angles @ and § which are listed in Table 5
and represented in Figure 3. These dihedral angles
stand for the plane torsion regarding two adjacent
pyrrole units of the porphyrin core center. As ob-
served in Table 5, the a values are about 5.0° for 6a-
bearing CF3 moieties and increase up to 10.6° for 6b
and 6c¢ substituted respectively by the more bulky
C3F7 and C7F;5 substituents. The § values are quite
low with values in the range of ~0.7°. On the other
hand, the presence of CFO and CHO as highly accep-
tor moieties in 6d and 6e induces decreased a val-
ues of 7.8° and 7.2°, respectively, while significantly
increased B values of 12.4° (6d) and 8.5° (6e) are
observed for these systems. These results indicate
that the introduction of CHO or CFO groups on the
meso-positions produce a noticeable supplementary
out-of-plane distortion of the macrocycles in 6d and
6e compared to those of the alkyl appended por-
phyrins 6a—c.

During the final editing stages of this contribu-
tion, we were glad to get diffracting single crystals of
porphyrins 6a and 6b (Figures 3(b) and (c)). As for
the calculated geometries, the corresponding experi-
mental structures feature a small out-of-plane distor-
tion of the porphyrin 6a and 6b which is higher for
6b and correspond to a slight ruffling of the macro-
cycles.

The frontier molecular orbitals (FMOs) of 6a—e
were also studied by DFT calculations. The energies
of the two HOMOs and of the two LUMOs are listed
in Table 5 and their plots are displayed in Figure 4 and
Figure S4 in the Supporting Information. The calcu-
lated HOMO-LUMO gaps are in accordance with the
experimental data and decrease in importance when
fluoro acyl or formyl groups are borne by the 5 and 15
meso-positions. As observed during the UV-Vis ab-
sorption and electrochemical experiments, the low-
est HOMO-LUMO gap is obtained for the bis-formyl
derivative 6e. For 6a—e, the HOMO appears mainly
to be located at the p-anisyl substituents, the core-
N atoms and the meso-bridging carbon atoms at the
5,15 positions. Therefore, the lack of any apparent



Table 5. Calculated dihedral angles (°), experimental dihedral angles (°) and orbital energies (eV) of

porphyrins 6a-e
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R5,15 x (°) B HOMO-1 (eV) HOMO (eV) LUMO (eV) LUMO+1 (eV)
6a CF3 43332 0.76.4%2 -5.36 -5.25 -3.47 -3.16
6b CsF; 10.613.4% 0.76.52 -5.37 -5.23 -3.49 -3.16
6¢c C;Fi5 10.6 0.6 -5.38 -5.24 -3.50 -3.16
6d CFO 7.8 12.4 —5.44 -5.27 -3.69 -3.23
6e CHO 7.2 8.5 -5.40 -5.26 -3.78 -3.18
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aExperimental dihedral angle values from the single crystal X-ray diffraction structures of 6a and 6b.
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Figure 4. Plots of the calculated frontier or-
bitals and values of the HOMO-LUMO gaps (in
eV) of 6a, 6d and 6e.

contribution from the 5,15 substituents results in
similar HOMO energy values differing by less than
1% for the 6a-e series. Similarly, the five HOMO-1
and the five LUMO+1 of 6a—e have energy values and
electron density distributions that are only slightly
varying with the nature of the 5,15 meso-substituents.

On the contrary, substantial differences appear
when comparing the energies of the LUMOs. Those
of 6a—c have electron density distributions barely af-
fected by the length of their perfluoroalkyl chains.
Consequently, 6a, 6b and 6c have quite identical
FMOs energies and HOMO-LUMO gap values in ac-
cordance with the corresponding photophysical and
electrochemical data. The LUMO iso-surfaces of 6d
and 6e feature a remarkable participation of the 7-
conjugated meso-electron-withdrawing groups CFO
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and CHO that are responsible for the concomitant
lower LUMO energies and lower HOMO-LUMO gaps.
The simulation of the UV-visible spectra of 6a—e
was obtained from further TD-DFT calculations and
is detailed in the Supporting Information together
with the corresponding compositions, vertical excita-
tion energies, oscillator strengths and hole—electron
excited states’ surface distributions. For 6a—e, theory
gives Soret bands between 380 and 450 nm and these
are red-shifted for 6d and 6e as observed experimen-
tally. On the contrary, few differences are obtained
when comparing the locations and intensities of the
calculated Q bands of 6a-e, because the different 5,15
meso substituents have only a slight impact on the
corresponding electronic transitions.

3. Conclusions

Meso-polyhalogeno alkyl dipyrromethanes were pre-
pared by the reduction of 2-acyl pyrroles and their
subsequent acid-catalyzed reaction with pyrrole.
Three sets of experimental conditions were opti-
mized depending on the starting compound. This
procedure lead firstly to the known DPMs 3a and 3b
substituted by a trifluoromethyl group and a hep-
tafluropropyl chain, respectively. New derivatives
were also obtained, bearing on the meso-position a
perfluoroheptyl (3c), a chlorodifluoromethyl (3d),
a dichloromethyl (3e) or a trichloromethyl group
(3f). Dipyrromethanes are useful compounds in
the synthesis of various chromophores including
BODIPYs, corroles or expanded porphyrins. Herein,
they were used to build trans-A,B, meso-substituted
porphyrins through their condensation with aro-
matic aldehydes. The perfluoro DPMs produce the
expected bis-alkylporphyrins while exciting meso-
functionalized analogs were obtained from DPMs
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3d and 3e-bearing chlorine atoms. Indeed, several
bis-formyl porphyrins were prepared directly from 3e
and illustrate an original and straightforward strategy
to get such derivatives. Similarly, the use of 3d leads
to 6d as a unique example of a porphyrin-bearing
meso-fluoro acyl moieties. The electron-withdrawing
character of the perfluoralkyl chains and of the 7-
conjugated formyl and fluoro acyl groups were in-
vestigated and enlightened thanks to photophysical
and electrochemical analyses supported by theoreti-
cal calculations. These studies revealed, for example,
that when appended by porphyrins, formyl and flu-
oro acyl functional groups give to the macrocycles
reduced HOMO-LUMO electrochemical gaps and
red-shifted absorption and emission properties.

4. Experimental section
4.1. Materials

All reagents were used as received. Pyrrole was dis-
tilled before use. The distillation of THF was per-
formed on sodium/benzophenone. Flash column
chromatography was performed on silica gel 60 (230-
400 mesh). Visualization of DPM 3a—f TLC spots was
achieved by staining the TLC plates with a solution of
phosphomolybdic acid (2.5 g) in ethanol and by sub-
sequent heating.

4.2. Physical measurements

'H, 13C and 'F nuclear magnetic resonance (NMR)
spectra were recorded on a JEOL ECS400 NMR spec-
trometer at room temperature. NMR chemical shifts
are given in ppm (0) relative to Me,Si using sol-
vent residual peaks as internal standards (CDCls: 6
= 7.26 ppm for 'H and 77.2 for 3C; Acetone-dg: 6
= 2.05 ppm for 'H and 29.8 for 13C; DMSO-dg: § =
2.50 ppm for 'H and 39.5 for 13C). IR spectra were
recorded on an Agilent Cary 630 FTIR equipped with
an attenuated total reflectance (ATR) sampling. Melt-
ing points (M.P) were measured in open capillary
tubes with a STUART SMP30 melting points appara-
tus and are uncorrected. High resolution mass spec-
trometry (HRMS-ESI) analyses were performed on a
QStar Elite (Applied Biosystems SCIEX) spectrome-
ter or on a SYNAPT G2 HDMS (Waters) spectrome-
ter by the “Spectropole” of Aix-Marseille University.
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These two instruments are equipped with an elec-
trospray ionization (ESI) or a MALDI source and a
TOF analyser.

4.3. Electronic absorption and fluorescence

UV-Vis absorption spectra were recorded in spec-
trophotometric grade solvents (ca. 107 M) on a
Varian Cary 50 SCAN spectrophotometer. Ten equiv-
alents of TFA were added to the suspension of the
porphyrins 7, 8 and 9 in order to ensure their com-
plete dissolution as protonated and non-aggregated
dyes. A subsequent addition of twelve equivalents of
IPr,NEt afforded back the non-protonated free bases
soluble in solution. Emission spectra were obtained
using a Horiba-Jobin Yvon Fluorolog-3 spectrofluo-
rimeter equipped with a three-slit double-grating
excitation and a spectrograph emission mono-
chromator with dispersions of 2.1 nm-mm~! (1200
grooves per mm). A 450 W xenon continuous wave
lamp provided excitation. Fluorescence of diluted
solutions was detected at right angle using 10 mm
quartz cuvettes. Fluorescence quantum yields @ were
measured in diluted dichloromethane solutions with
an optical density lower than 0.1 using the following

equation:
(Dx (zlr(A))(’lx)(Dx)
q)r AX(A) ]’lzr Dr

where A is the absorbance at the excitation wave-
length (1), n the refractive index and D the integrated
intensity. “r” and “x” stand for reference and sam-
ple. The fluorescence quantum yields were measured
relative to tetraphenylporphyrin (TPP) in acetonitrile
(@ = 0.15) [54]. Excitation of reference and sample
compounds was performed at the same wavelength

(590 nm).

4.4. Electrochemistry

Cyclic voltammetric (CV) data were acquired us-
ing a BAS 100 Potentiostat (Bioanalytical Systems)
and a PC computer containing BAS100W software
(v2.3). A three-electrode system with a Pt working
electrode (diameter 1.6 mm), a Pt counter electrode
and a leak-free Ag/AgCl reference electrode (diame-
ter 5 mm) was used. ["BuyN]PFg (0.1 M in CH,Cly)
served as an inert electrolyte while the concentration
of the electro-active compound is of ca. 5 x 107 M.
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Cyclic voltammograms were recorded at a scan rate
of 100 mV-s~!. Ferrocene (0.46 V/SCE) was used as
internal standard [55]. Solutions were degassed us-
ing argon and the working electrode surface (Pt) was
polished before each scan recording. The solubility of
porphyrins 7 and 8 in the solvent is too low to get ac-
curate electrochemical values.

4.5. Computational details

All (TD-)DFT calculations have been performed us-
ing the Gaussian 16 program [56]. The geometry op-
timizations were carried out without symmetry con-
straints to ensure the minima energy. Calculations
were performed using the CAM-B3LYP exchange
functional (since this level of theory have been widely
used in this type of compounds and also because
this functional reproduces correctly the correspond-
ing geometrical parameters) and the 6-311+G(d,p)
basis set for all atoms [57,58]. Frequency calcula-
tions were also included to corroborate the opti-
mized structures, showing only positive values in all
vibrational modes. TD-DFT calculations were per-
formed for the first 80 vertical excitations, in vac-
uum and in dichloromethane (DCM) as solvent, us-
ing the conductor-like polarizable continuum model
(CPCM) [59]. Here, the BLYP functional was imple-
mented in conjunction with the 6-311+G(d,p) basis
set for all atoms. The BLYP functional was chosen be-
cause this level of theory accurately reproduces the
experimental UV-Vis results [60].

4.6. Single crystal X-ray diffraction

Suitable diffracting single crystals of 6a and 6b
were obtained by slow diffusion of n-pentane
into concentrated solutions of the porphyrins in
dichloromethane. The intensity data for compound
11a were collected on a Rigaku Oxford Diffrac-
tion SuperNova diffractometer using CuK« radia-
tion (1 = 1.54184 A) at 293 K. Data collection, cell
refinement and data reduction were performed
with CrysAlisPro (Rigaku Oxford diffraction). Us-
ing Olex2 [61], the structures were solved with
shelXT [62] and shelXL [62] was used for full matrix
least squares refinement. CCDC-2074306 (6a) and
CCDC-2074307 (6b) contain the supplementary crys-
tallographic data. These data can be obtained free of
charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request:cif.
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4.7. Synthetic methods

The 2-acylpyrroles 5a (R = CF3) [63], 5b (R = C3F7)
[26], 5¢ (R = C;Fy5) [64], 5f (R = CCls) [65] and 5e (R
= CHCI,) [66] were prepared as previously reported.

4.7.1. 2-(Chlorodifluoroacetyl)pyrrole (5d)

This compound was prepared following a proto-
col adapted from the synthesis of 2-(trifluoroacetyl)-
pyrrole 5a [63]. A solution of chlorodifluoroacetic an-
hydride (4.15 mL, 23 mmol, 1.1 equiv.) in anhydrous
CH,Cl, (15 mL) was cooled to —15 °C under an
argon atmosphere. A solution of pyrrole (1.44 mlL,
20.9 mmol, 1 equiv) in anhydrous CH,Cl, (15 mL)
was then added dropwise under firm stirring. The
mixture was stirred at —15 °C for 1.5 h, then at room
temperature during an additional hour. The organic
phase was washed with water, dried over Na,SOy,
and the solvent removed by evaporation. The result-
ing residue was purified by flash chromatography
(CH,Cl, /petroleum ether 1:1) to afford 5d as a white
solid (4.01 g, 22 mmol, 99%).

Rp = 0.45 (silica, CH,Cly/petroleum ether 1:1).
Mp: 41.9 °C; 'H NMR (CDCl3z) 8 = 10.27 (br s, 1H,
NH), 7.28 (m, 1H, «-H), 7.25 (m, 1H, 3-H), 6.41 (m,
1H, B-H) ppm; '°F NMR (CDCl3) § = —61.5 ppm;
13C {'H} NMR (CDCl3) 6 = 172.2 (t, 2Jcr = 30.5, C),
129.6 (CH), 124.7 (C), 122.1 (t, *Jc—f = 4.7, CH), 120.5
(t, YJcr = 302.5, C), 112.7 (CH) ppm; IR: v~ = 3329
(vs, N=H), 1638 (vs, C=0) cm~; HMRS-ESI: calcd. for
CsH3NOF,Cl [M-H]™ 177.9877. Found: 177.9877.

4.7.2. 5-(Trifluoromethyl)dipyrromethane (3a)

Procedure A: to a solution of 2-(trifluoroacetyl)-
pyrrole 5a (500 mg, 3.07 mmol, 1 equiv.) and NaHCOj3
(514 mg, 6.13 mmol, 2 equiv.) suspended in methanol
(46 mL) under firm stirring was added NaBH4
(232 mg, 6.12 mmol, 2 equiv.) by portions. The mix-
ture was stirred at room temperature for 30 min
before removal of the solvent by evaporation. The
crude product was dissolved in Et,O. This organic
phase was washed with water, dried over Na,SO4
and evaporated at 30 °C. The resulting residue and
pyrrole (0.42 mL, 6.12 mmol, 2 equiv.) were dissolved
in CH»Cl, (40 mL) and under argon atmosphere.
P»05 (87 mg, 6.13 mmol, 2 equiv.) was then added
and the mixture was stirred at room temperature for
16 h. A saturated aqueous NaHCOj3 solution (10 mL)
was added, and the stirring maintained for 1 h. The
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crude product was filtered and washed with DCM
on a Biichner funnel equipped with sintered glass.
The filtrate was dried on NaSO4. The subsequent
flash chromatography (CH,Cl,/petroleum ether
1:1, then 2:1) afforded 3a as a white solid (395 mg,
1.8 mmol, 60%).

Procedure B: to a solution of 2-(trifluororoacetyl)-
pyrrole 5a (250 mg, 1.53 mmol, 1 equiv.) and NaHCOs3
(257 mg, 3.06 mmol, 2 equiv.) suspended in methanol
(4.6 mL) under firm stirring was added NaBH4
(116 mg, 3.06 mmol, 2 equiv.) by portions. The mix-
ture was stirred at room temperature for 30 min
before removal of the solvent by evaporation. The
crude product was extracted with Et, O, then washed
with water and dried over Na,SO4. The organic phase
was evaporated at 30 °C then dissolved with pyrrole
(0.21 mL, 3.06 mmol, 2 equiv.), in an aqueous HCl so-
lution (0.18 M, 5 mL). The mixture was stirred at room
temperature for 16 h. The mixture was then extracted
with CH,Cl,. This organic phase was washed with
water, dried on Na,SO4 before removal of the solvent
by evaporation. The residue was finally purified by
flash chromatography (CH,Cl,/petroleum ether 2:1)
to afford 3a as a gray solid (79 mg, 0.37 mmol, 24%).
Scale up: starting from 2-(trifluororoacetyl)pyrrole
5a (2.5 g, 15.3 mmol, 1 equiv.), 3a was obtained as a
gray solid (938 mg, 4.4 mmol, 28%).

Rp = 0.5 (CH,Cly/petroleum ether 2:1). '"H NMR
(CDCl3) 6 = 8.10 (br s, 2H, NH), 6.77 (m, 2H, «-H),
6.25 (m, 2H, 3-H), 6.22 (m, 2H, B-H), 4.85 (q, 3Jur
= 9.0, 1H, meso-H) ppm; IR: v= = 3366, 3346 (vs,
N-H), 1242, 1161, 1119, 1092, 1043 (s, C-F) cm™'.
Other analytical data are consistent with literature
values [13].

4.7.3. 5-(Perfluoropropyldipyrromethane (3b)

Procedure A: scale up: to a solution of 2-
(perfluorobutyryl)pyrrole 5b (4.18 g, 15.9 mmol, 1
equiv) and NaHCO3 (2.67 g, 31.8 mmol, 2 equiv.)
suspended in methanol (50 mL) under firm stirring
was added NaBH, (1.20 g, 31.8 mmol, 2 equiv.) by
portions. The mixture was stirred at room tempera-
ture for 30 min before removal of the solvent by evap-
oration. The crude product was dissolved in Et,O.
The organic phase was washed with water, dried over
Na,SO4 and was evaporated at 30 °C. The resulting
residue and pyrrole (2.21 mL, 31.8 mmol, 2 equiv.)
were dissolved in CH2Cl, (200 mL) under argon.
P,0s5 (4.51 g, 31.8 mmol, 1 equiv.) was then added
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and the mixture was stirred at room temperature for
16 h. NaHCO3 (3.47 g, 41.3 mmol, 2.6 equiv.) was
added and the stirring maintained for 1 h. The mix-
ture was filtrated and washed with DCM on a Biich-
ner funnel equipped with sintered glass. The filtrate
was dried on Na,SO4 before removal of the solvent
by evaporation. The residue was finally purified by
flash chromatography (CHCly/petroleum ether 2:1)
to afford 3b as a white solid (2.05 g, 6.5 mmol, 41%).

Rg = 0.65 (silica, CH,Cl,/petroleum ether 2:1). 'H
NMR (CDCl3) é = 8.15 (br s, 2H, NH), 6.78 (m, 2H,
«-H), 6.25 (m, 2H, 3-H), 6.20 (m, 2H, (3-H), 4.94 (t,
3]1.1,1: = 16.6, 1H, meso-H) ppm; IR: v= = 3368 (s,
N-H), 1233, 1207, 1175, 1113, 1093 (s, C-F) cm™L.
Other analytical data are consistent with literature
values [13].

4.7.4. 5-(PerfluoroheptylDdipyrromethane (3c)

Procedure A: scale up: to a solution of 2-
(perfluoro-octanoyl)pyrrole 5c¢ (2.01 g, 4.31 mmol, 1
equiv.) and NaHCO3 (722 mg, 8.60 mmol, 2 equiv.)
suspended in methanol (16 mL) under firm stirring
was added NaBH, (325 mg, 8.59 mmol, 2 equiv.) by
portions. The mixture was stirred at room tempera-
ture for 30 min before removal of the solvent by evap-
oration. The crude product was dissolved in Et,O.
The organic phase was washed with water, dried over
Na,SO,4 and was evaporated at 30 °C. The resulting
residue and pyrrole (0.6 mL, 8.62 mmol, 2 equiv.)
were dissolved in CH,Cl, (65 mL) under argon. P,0s5
(1.22 g, 8.65 mmol, 2 equiv.) was then added and the
mixture was stirred at room temperature for 16 h.
NaHCOj3 (940 mg, 11.2 mmol, 2.6 equiv.) was added
and the stirring maintained for 1 h. The crude prod-
uct was filtrated and washed by DCM on a Biichner
funnel equipped with sintered glass. The filtrate was
dried on Na;SO4 before removal of the solvent by
evaporation. The residue was finally purified by flash
chromatography (CH,Cl,/petroleum ether) to afford
3c as a light purple solid (1.92 g, 3.73 mmol, 87%).

Rp = 0.60 (silica, CH,Cl,/petroleum ether). 'H
NMR (CDCl3) 6 = 8.15 (br s, 2H, NH), 6.78 (m, 2H,
«-H), 6.25 (m, H, 3-H), 6.20 (m, 2H, [3-H), 4.96 (t,
3Jur = 16.8, 2H, meso-H) ppm; 9F NMR (CDCl3)
6 = —-80.7 (CF3), —112.2, —120.5, —121.5, —121.9,
-122.6, —126.0 ppm; '3C {!H} NMR (CDCl3) & =
122.3 (C), 119.0 (CH), 109.7 (CH), 109.1 (CH), 108.3
(C), 41.2 (t, ?Jo—f = 23.0, C) ppm, other carbon atoms
could not be assigned due the low intensity of the
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perfluorinated chain peaks [67] and because of the
rapid degradation of the compound in solution; IR:
v~ = 3405 (br, N-H), 1235, 1198, 1143, 1095 (vs, C-
F) cm_l; HRMS-ESI: calcd for C16H8F15N2 [M-H]":
513.0453. Found: 513.0461.

4.7.5. 5-(Chlorodifluoromethyl)dipyrromethane (3d)

Procedure B: to a solution of 2-(chlorodifluoro-
acetyl)pyrrole 5d (100 mg, 0.56 mmol, 1 equiv.) and
NaHCO3 (94 mg, 1.12 mmol, 2 equiv.) suspended
in methanol (1.7 mL) under firm stirring was added
NaBH; (42 mg, 1.1 mmol, 2 equiv.) by portions. The
mixture was stirred at room temperature for 30 min
before removal of the solvent by evaporation. The
crude product was dissolved with Et,O. This organic
phase was washed with water, dried over Na,SO4 and
evaporated at 30 °C. The resulting residue was then
dissolved in pyrrole (0.78 mL, 1.1 mmol, 2 equiv.) be-
fore the addition of an aqueous HCl solution (0.18 M,
2 mL). The mixture was stirred at room temperature
for 16 h. The mixture was then extracted with CH,Cl,,
washed with water, and dried on Na,SO4 before re-
moval of the solvent by evaporation. The subsequent
flash chromatography (CH,Cl,/petroleum ether 2:1)
afforded 3d as a white solid (23 mg, 0.1 mmol, 18%).
Scale up: The same procedure at a larger scale and
starting from 5d (2.74 g, 15.3 mmol) afforded 3d as a
white solid (589 mg, 2.55 mmol, 18%).

Rr = 0.65 (silica, CH,Cl,/petroleum ether 2:1).
Mp: 75-80 °C; 'H NMR (CDCl3) & = 8.19 (br s, 2H,
NH), 6.79 (m, 2H, «-H), 6.27 (m, 2H, (3-H), 6.22 (m,
2H, B-H), 4.96 (t, 3Jyr = 11.1, 1H, meso-H) ppm;
19F NMR (CDCl3) 6 = —-53.3 (d, 3Jgu = 11.1) ppm;
13¢ {'H} NMR (CDCl;) 6 = 118.7 (CH), 117.8 (O),
109.6 (t, 2Jc,r = 1.4, CH), 109.1 (CH), 108.3 (CH), 49.8
(t, Yor = 26.0, C) ppm; IR: v~ = 3351 (vs, N-H)
cm™!; HRMS-ESI: calcd. for CioHgCIFoN, [M-H]™:
229.0350. Found: 229.0351.

4.7.6. 5-(Dichloromethyldipyrromethane (3e)

Procedure B: to a solution of 2-(dichloroacetyl)-
pyrrole 5e (272 mg, 1.53 mmol, 1 equiv.) and NaHCO3
(257 mg, 3.06 mmol, 2 equiv.) suspended in methanol
(4.6 mL) under firm stirring was added NaBH4
(116 mg, 3.06 mmol, 2 equiv.) by portions. The mix-
ture was stirred at room temperature for 30 min be-
fore removal of the solvent by evaporation. The crude
product was dissolved in Et,O. This organic phase
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was washed with water, dried over Na,SO4 and evap-
orated at 30 °C. The resulting solid was then dissolved
in pyrrole (0.21 mL, 3.06 mmol, 2 equiv.) before the
addition of an aqueous HCI solution (0.18 M, 5 mL).
The mixture was stirred at room temperature for 16 h.
The mixture was then extracted with CH,Cl,. The or-
ganic phase was washed with water, dried on Na,;SO4
and evaporated to dryness. The final purification by
flash chromatography (CH,Cl,/petroleum ether 2:1)
afforded 3e as a gray solid (212 mg, 0.9 mmol, 60%).
Scale up: the same procedure at a ten-fold larger
scale starting from 5e (2.72 g, 15.3 mmol) afforded 3e
as a white solid (2.37 g, 10.3 mmol, 67%).

Rp = 0.4 (silica, CH»Cl, /petroleum ether 2:1). Mp:
> 60 °C (degradation) 1H NMR (CDCl3) 8 = 8.26 (br
s, 2H, NH), 6.75 (m, 2H, «-H), 6.25 (m, 2H, 3-H),
6.21 (m, 3H, B-H and CHCl,), 4.83 (d, 3/un = 3.5,
1H, meso-H) ppm; '3C {{H} NMR (CDCl3) 6 = 126.8
(C), 118.3 (CH), 108.8 (CH), 108.7 (CH), 74.9 (CH),
49.0 (CH) ppm; IR: v© = 3344 (vs, N-H), 742 (vs, C-
CD) cm™!; HRMS-ESE: calcd. for C;oHgClN4 [M-H]
227.0148. Found: 227.0151.

4.7.7. 5-(Trichloromethyldipyrromethane (3f)

Procedure C: to a solution of 2-(trichloroacetyl)-
pyrrole 5f (1.63 g, 7.7 mmol, 1 equiv.) and NaHCOj3
(1.28 g, 15.3 mmol, 2 equiv.) suspended in methanol
(23 mlL) under firm stirring was added NaBH4
(581 mg, 15.3 mmol, 2 equiv.) by portions. The mix-
ture was stirred at room temperature for 30 min
before removal of the solvent by evaporation. The
crude product was dissolved in Et,O. This organic
phase was washed with water, dried over Na,SOy4
and evaporated at 30 °C. The resulting solid and pyr-
role (6.0 mL, 86 mmol, 11 equiv.) were dissolved in
distilled THF (40 mL) under argon atmosphere be-
fore the addition of a solution of HCI in Et,O (1 M,
6.9 mL, 6.9 mmol, 0.9 equiv.). The mixture was stirred
at 85 °C for 2 h, quenched with a saturated aque-
ous NaHCOs solution. The mixture was extracted by
diethyl ether. The organic phase was washed with
water, dried over Na,SO4 and evaporated to dry-
ness. The final purification by flash chromatography
(CH,Cly /petroleum ether 2:1) afforded 3f as a white
solid (181 mg, 0.68 mmol, 9%).

Rp = 0.45 (silica, CH,Cly/petroleum ether 2:1).
Mp: > 70 °C (decomposition); 'H NMR (CDCl3) é =
8.38 (br's, 2H, NH), 6.78 (s, 2H, «-H), 6.41 (s, 2H, [3-
H), 6.23 (s, 2H, B-H), 5.16 (s, 1H, meso-H) ppm; 3C
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{'H} NMR (CDCl3) 6 = 126.3 (C), 118.3 (CH), 110.2
(CH), 108.8 (CH), 59.2 (CH), 31.0 (C) ppm; IR: v~ =
3340 (s, N=H), 741 (vs, C-Cl) cm~!; HMRS-ESI: calcd.
for C19H19CI3N> [M+H]*: 262.9904. Found: 262.9899.

4.7.8. 5,15-Bis(trifluoromethyl)-10,20-bis-(4-
methoxyphenyl)porphyrin (6a)

Under argon, to a solution of 5-(trifluoromethyl)-
dipyrromethane 3a (643 mg, 3 mmol, 1 equiv.) and
4-methoxybenzaldehyde (0.36 mL, 3 mmol, 1 equiv.)
in CH,Cl, (300 mL) was added BF3-OEt, (2.5 M,
0.4 mL, 1 mmol, 0.33 equiv.). The mixture was stirred
at room temperature for 4 h before DDQ (1.01 g,
4.5 mmol, 1.5 equiv.) was added and the stirring
maintained for 10 min. The mixture was passed over
a short silica gel plug (CH,Cl,/petroleum ether 1:2).
The following purification by flash chromatography
(CH,Cl, /petroleum ether 1:4) afforded 6a as a dark
purple solid (88 mg, 0.13 mmol, 9%).

Rg = 0.15 (silica, CH,Cl,/petroleum ether 1:4). 1H
NMR (CDCl3) & = 9.59 (m, 4H, $-H), 8.93 (d, *Jun =
5.0, 4H, B-H), 8.06 (d, 3Jyn = 8.4, 4H, Ar-H), 7.31
(d, 3]H,H = 8.4, 4H, Ar-H), 4.13 (s, 6H, CHj3), —2.64
(br s, 2H, NH) ppm; 'F NMR (CDCl3) 6 = —37.0,
—45.5 ppm; 3C {!H} NMR (CDCl3) 6 = 160.0 (C),
135.6 (CH), 134.3 (C), 133.8 (CH), 130.0 (CH), 128.1
(d, IJCYF = 275, C), 122.0 (C), 112.5 (CH), 105.5 (d,
2Jcr =30.5,C), 55.8 (CH), 53.6 (CH), 29.9 (CH3) ppm;
IR: v© =3299.2 (w, N-H), 2918.7, 2843.1 (m, Cg-H)
cm™}; UV-Vis (CH2CL2): Amax (€) = 416.0 (180 530),
514.1 (10 730), 550.0 (8 490), 594.9 (4 300), 648.0 nm
(7220 mol~!-L-cm™!); Fluorescence (CH2CL): Aoy =
590 nm, Aey = 656, 722 nm; HRMS-ESI: calcd. for
C36H25F6N402 [M+H]+2 659.1876. Found: 659.1877.

4.7.9. 5,15-Bis(perfluoropropyl)-10,20-bis-(4-
methoxyphenyl)porphyrin (6b)

A solution of 5-(perfluoropropyl)dipyrromethane
3b (471 mg, 1.5 mmol, 1 equiv.) and 4-methoxy-
benzaldehyde (0.18 mL, 1.5 mmol, 1 equiv) in
CH,Cl, (300 mlL) was stirred under argon before
the addition of TFA (1.16 mL, 15.1 mmol, 10 equiv.).
The mixture was stirred at room temperature for
4 h before DDQ (570 mg, 2.25 mmol, 1.5 equiv.)
was added. The resulting mixture was stirred for
16 h before being passed over a short silica gel plug
(CH2Cl, /petroleum ether 1:2). The following purifi-
cation by flash chromatography (CH,Cl,/petroleum
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ether 1:4) afforded 6b as a dark purple solid (29 mg,
0.03 mmol, 4.5%).

Rr = 0.25 (silica, CH,Cly /petroleum ether 1:4). 1H
NMR (CDCl3) & = 9.45 (brs, 4H, 3-H), 8.94 (d, 3 Jyyp1 =
5.1, 4H, 3-H), 8.07 (d, 3]H,H =7.1, 4H, Ar-H), 7.31 (d,
3]H,H = 8.6, 4H, Ar-H), 4.13 (s, 6H, CHs), —2.53 (br
s, 2H, NH) ppm; 'F NMR (CDCl3) § = —76.1 (CF3),
-81.8, —119.9 ppm; '3C {!H} NMR spectra could not
be obtained due to the poor solubility in deuter-
ated solvents; IR: v~ = 3271.6 (w, N-H) cm™!; UV-Vis
(CH2Cl2): Amax (€) = 414 (189,000), 514 (9910), 551
(11,430), 595 (4640), 646 nm (10,655 mol~!-L-cm™1);
Fluorescence (CH2Cly): Aex = 590 nm, Aey = 656,
719 nm; HRMS-ESI: calcd. for C4gHy3F30N40, [M—
H]™:857.1603. Found: 857.1602.

4.7.10. 5,15-Bis(perfluoroheptyl)-10,20-bis-(4-
methoxyphenyl)porphyrin (6¢)

A solution of 5-(perfluoroheptyl)dipyrromethane
3¢ (771 mg, 1.5 mmol, 1 equiv.)) and 4-methoxy-
benzaldehyde (0.18 mL, 1.5 mmol, 1 equiv.) in
CH,Cl, (300 mL) was stirred under argon before
the addition of TFA (1.16 mL, 15.1 mmol, 10 equiv.).
The mixture was stirred at room temperature for
4 h before DDQ (570 mg, 2.25 mmol, 1.5 equiv.)
was added and the stirring maintained for 16 h.
The mixture was passed over a short silica gel plug
(CH2Cl,/petroleum ether 1:2). The following purifi-
cation by flash chromatography (CH,Cl,/petroleum
ether 1:4) afforded 6¢ as a dark purple solid (37 mg,
0.03 mmol, 4%).

Rp = 0.4 (silica, CH,Cl,/petroleum ether 1:4); 'H
NMR (CDCl3) é = 9.45 (br s, 4H, 3-H), 8.94 (d, 3]H,H
= 5.1, 4H, B-H), 8.07 (br s, 4H, Ar-H), 7.31 (d, 3Jun
= 8.4, 4H, Ar-H), 4.13 (s, 6H, CH3), —2.52 (br s, 2H,
NH) ppm; 'F NMR (CDCl3) 6 = —80.5 (CF3), —81.1,
—-115.1, -120.7, —121.4, —122.3, —125.9 ppm; 3C
{'H} NMR spectra could not be obtained due to the
poor solubility in deuterated solvents; IR: v~ = 2958,
2922, 2854 (s, Cg-H) cm™'; UV-Vis (CH2Cl): Amax
(e) = 415 (198,140), 514 (10,420), 552 (12,680), 596
(5070), 647 nm (10,610 mol~!-L-cm™1); Fluorescence
(CH2Cl2): Aex = 590 nm, Aey, = 655, 720 nm; HRMS-
ESI: calcd for C40H23F14N402 [M-H]": 1257.1347.
Found: 1257.1349.
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4.7.11. 5,15-Bis(fluoroacyl)-10,20-bis- (4-
methoxyphenyl)porphyrin (6d)

A solution of 5-(chlorodifluoromethyl)dipyrro-
methane 3d (345 mg, 1.5 mmol, 1 equiv.) and
4-methoxybenzaldehyde (0.18 mL, 1.5 mmol, 1
equiv.) in CH2Cl, (150 mL) was stirred under ar-
gon before the addition of BF3-O(Et), (2.5 M, 0.2 mL,
0.5 mmol, 0.33 equiv.). The mixture was stirred at
room temperature for 4 h before DDQ (510 mg,
4.5 mmol, 1.5 equiv.) was added and the stirring
maintained for 10 min. The crude product was
passed over a short silica gel plug (CH,Cly). The
following purification by flash chromatography
(CH2Clp/petroleum ether 1:1 then 2:1) afforded
6d as a dark purple solid (7 mg, 15 pmol, < 2%).

Rg = 0.6 (silica, CH,Cl,/petroleum ether 2:1).
I'H NMR (CDCl3) 8 = 9.61 (m, 4H, -H), 9.01 (d,
3Jun = 4.9, 4H, B-H), 8.09 (d, 3Juu = 8.5, 4H, Ar-
H), 7.34 (d, 3Juyu = 8.5, 4H, Ar-H), 4.13 (s, 6H,
CH3), —2.68 (br s, 2H, NH) ppm; 'F NMR (CDCl3)
6 = —67.62 ppmy; B3¢ {(1H} NMR spectra could not
be obtained due to little quantity; IR: v~ = 2921,
2853 (vs, Cg-H) cm™!; UV-Vis (CH2Clp): Amax (€)
= 419 (204,600), 521 (9650), 564 (11,780), 663 nm
(11,290 mol~!-L-cm™!); Fluorescence (CH2Cl2): Aex
= 590 nm, Aden = 690 nm; HRMS-ESI: calcd. for
C36H25N404F2 [M+H]+Z 615.1838. Found: 615.1838.

4.7.12. 5,15-Bis(formyl)-10,20-bis-(4-methoxyphenyl)
porphyrin (6e)

A solution of 5-(dichloromethyl)dipyrromethane
3e (230 mg, 1 mmol, 1 equiv) and 4-methoxy-
benzaldehyde (0.12 mL, 1 mmol, 1 equiv.) in CH,Cl,
(200 mL) was stirred under argon before the addi-
tion of TFA (0.77 mL, 10 mmol, 10 equiv.). The mix-
ture was stirred at room temperature for 4 h before
DDQ (340 mg, 1.5 mmol, 1.5 equiv.) was added and
the stirring maintained for 16 h. The mixture was
passed over a short silica gel plug (CH,Cl,/AcOEt
9:1). The following purification by flash chromatog-
raphy (CH;Clp, then CH,Cl,/AcOEt 2.5%) afforded
6e as a dark purple solid (31 mg, 0.05 mmol, 11%).

Rp = 0.6 (silica, CH,Cl,/AcOEt 97.5:2.5). '"H NMR
(CDCl3) & = 12,53 (s, 2H, CHO), 10.01 (d, 3Jyy =
4.8, 4H, B-H), 9.01 (d, 3Jupn = 4.8, 4H, 3-H), 8.08
(d, 3Jyu = 8.5, 4H, Ar-H), 7.33 (d,3Jun = 8.5, 4H,
Ar-H), 4.13 (s, 6H, CH3), —2.30 (br s, 2H, NH) ppm;
3¢ {{H} NMR spectra could not be obtained due
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to the poor solubility in deuterated solvents; IR: v~
= 3318 (w, N-H), 2957, 2921, 2852 (m, Cﬁ-H), 1672
(vs, C=0) cm™; UV-Vis (CH2Clp): Amax (€) = 430
(193,270),510 (4040), 538 (6900), 587 (17,130), 686 nm
(14,880 mol~'-L-cm™!); Fluorescence (CH,Cl): Aoy
=590 nm, Aem = 707, 771 nm; HRMS-ESI: calcd. for
CsgH27N4O4 [M+H]: 579.2027. Found: 579.2031.

4.7.13. 5,15-Bis(formyl)-10,20-bis-(4-cyanophenyl)
porphyrin (7)

A solution of 5-(dichloromethyl)dipyrromethane
3e (345 mg, 1.5 mmol, 1 equiv.) and 4-cyano-
benzaldehyde (197 mg, 1.5 mmol, 1 equiv.) in CH,Cl,
(300 mL) was stirred under argon before the addition
of TFA (1.15 mL, 15 mmol, 10 equiv.). The mixture
was stirred at room temperature for 2 h before DDQ
(570 mg, 2.25 mmol, 1.5 equiv.) was added and the
stirring maintained for 10 min. The mixture was
passed over a short silica gel plug (CH,Cl,/AcOEt
9:1). The following purification by flash chromatog-
raphy (CH,Cly, then CH,Cl,/AcOEt 2.5%) afforded 7
as a dark purple solid (39 mg, 0.07 mmol, 9%).

Rr = 0.5 (silica, CH»Cl,/AcOEt 97.5:2.5). 'H NMR
(DMSO-dg, 85 °C) é = 12.56 (s, 2H, CHO), 10.19 (d,
3Jun = 5.1, 4H, B-H), 8.95 (d, *J/uu = 5.1, 4H, B-
H), 8.43 (d, 3Jun = 8.0, 4H, Ar-H), 8.31 (d, 3Juy =
8.0, 4H, Ar-H), —2.40 (br s, 2H, NH) ppm; '3C {'H}
NMR spectra could not be obtained due to the
poor solubility in deuterated solvents; IR: v~ = 3316
(w, N-H), 1671 (vs, C=0) cm™!; UV-Vis (CH,Cl,):
Amax (8) = 427 (102,970), 508 (2250), 535 (3840),
579 (8460), 680 nm (7470 mol~!-L-cm™!); Fluores-
cence (CH,Cly): dex = 590 nm, Ay = 688, 757 nm;
HRMS-ESI: calcd. for C36H21N602 [M+H]+Z 569.1721.
Found: 569.1716.

4.7.14. 5,15-Bis(formyl)-10,20-bis-(4-chlorophenyl)
porphyrin (8)

A solution of 5-(dichloromethyl)dipyrromethane
3e (345 mg, 1.5 mmol, 1 equiv.) and 4-chloro-
benzaldehyde (0.21 mL, 1.5 mmol, 1 equiv) in
CH,Cl, (300 mL) was stirred under argon before
the addition of TFA (1.15 mL, 15 mmol, 10 equiv.).
The mixture was stirred at room temperature for
2 h before DDQ (570 mg, 2.25 mmol, 1.5 equiv.)
was added and the stirring maintained for 10 min.
The mixture was passed over a short silica gel plug
(CH2Clp/AcOEt 9:1). The following purification by



44 Paul-Gabriel Julliard et al.

flash chromatography (CH,Cl,) afforded 8 as a dark
purple solid (8 mg, 13 umol, < 2%).

Rr = 0.7 (silica, CH,Cly). 'H NMR (CDCl3) & =
12.54 (s, 2H, CHO), 10.04 (4H, 3-H), 8.97 (d, 3]1—1,1—[ =
4.9, 4H, p-H), 8.11 (d, 3]H,H = 7.9, 4H, Ar-H), 7.79
d, 3Jun = 7.9, 4H, Ar-H), —-2.38 (br s, 2H, NH)
ppm; 3C {{H} NMR spectra could not be obtained
due to the poor solubility in deuterated solvents; IR:
v = 1671 (vs, C=0) cm™!; UV-Vis (CH2Cl2): Amax
(€) =427 (116,900), 535 (3630), 583 (10,310), 682 nm
(9140 mol™!-L-cm™!); Fluorescence (CH2Cly): Aoy =
590 nm, Aem = 692, 763 nm; HRMS-ESI: calcd. for
C34H,,CloN4O, [M+H]*: 587.1036. Found: 587.1038.

4.7.15. 5,15-Bis(formyl)-10,20-bis- (4-tert-
butylphenyl)porphyrin (9)

A solution of 5-(dichloromethyl)dipyrromethane
3e (173 mg, 0.75 mmol, 1 equiv.) and 4-fert-
butylbenzaldehyde (0.13 mL, 0.75 mmol, 1 equiv.) in
CH,Cl, (150 mL) was stirred under argon before the
addition of TFA (0.58 mL, 7.5 mmol, 10 equiv.). The
mixture was stirred at room temperature for 2 h be-
fore DDQ (285 mg, 1.13 mmol, 1.5 equiv.) was added
and the stirring maintained for 10 min. The mixture
was passed over a short silica gel plug (CH,Cl, /AcOEt
9:1). The following purification by flash chromatog-
raphy (CH,Cly, then CH,Cl,/AcOEt 2.5%) afforded 9
as a dark purple solid (29 mg, 0.045 mmol, 12%).

Rp = 0.8 (silica, CH»Cl,). 'H NMR (CDCl3) 8 =
12.51 (s, 2H, CHO), 9.98 (d, 3Jun = 4.8, 4H, B-H),
9.00 (d, 3Jgy = 4.8, 4H, B-H), 8.09 (d, *Jun = 8.1,
4H, Ar-H), 7.81 (d, ®Juy = 8.1, 4H, Ar-H), 1.64 (s,
18H, tertbutyl-H), —2.37 (br s, 2H, NH) ppm; 3¢
{1H} NMR spectra could not be obtained due to the
poor solubility in deuterated solvents; IR: v~ = 3302
(vw, N-H), 2962 (w, Cﬁ-H), 1671 (vs, C=0) cm™1; UV-
Vis (CH2Clz): Amax () = 427 (206,460), 539 (6160),
585 (17,490), 684 nm (15,410 mol~!-L-cm™!); Fluores-
cence (CH2Cl): Adex = 590 nm, Aey = 696, 767 nm;
HRMS-ESTI: calcd. for C4oH3gN4 O, [M+H]*: 631.3068.
Found: 631.3068.
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Abstract. The synthesis of a novel bisacridinium-Zn(II) porphyrin is reported and its properties inves-
tigated via electrochemical, photophysical and computational studies. Cyclic voltammetry studies re-
vealed a two-electron oxidation of the Zn(II) porphyrin and the simultaneous one electron reductions
of the two acridiniums. Using absorption, emission and ultrafast transient absorption spectroscopies,

the near total fluorescence quenching observed following excitation of either the acridinium or Zn(II)

porphyrin units was assigned to ultrafast electron transfer (<0.3 ps) leading to a reduced acridinium
and an oxidized porphyrin unit in the bisacridinium-Zn(II) porphyrin conjugate. In addition, compu-
tational studies were found to complement experimental results, with calculations revealing two near

degenerate HOMOs for the porphyrin.
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1. Introduction

Porphyrins are versatile compounds that have found
applications in various domains such as catalysis,

* Corresponding authors.

ISSN (electronic) : 1878-1543

materials science and medicine [1-8]. Their proper-
ties which stand from their extended 7t-conjugated
system and metal chelating capacity are easily tun-
able by functionalization of their meso or (3-pyrrolic
positions. Porphyrins associated to acridinium units
have not received much attention yet despite the
perspectives opened by such association. Indeed, N-
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Scheme 1. Synthesis of the acridinium benzaldehyde 3-PFg and the bisacridinium—porphyrin conjugate

1-2PFg.

substituted acridiniums are multi-responsive units
which modify their chemical and electronic features
following chemical or redox stimuli [9]. N-substituted
acridiniums and protonated acridines are also 7t-
acceptors and as such, were incorporated in the host
structure of various systems or used as a guest mol-
ecule for molecular recognition. As guest molecules,
acridiniums were stabilized through charge trans-
fer interactions in the cavities of bis-porphyrin sys-
tems based on clips or macrocyclic structures [10-
12]. In some host-guest complexes, fast photoin-
duced electron transfer between the non-covalently
linked porphyrin donor and acridinium acceptor
units was demonstrated [13-15]. Regarding covalent
porphyrin-acridinium associations, a free-base por-
phyrin connected to two acridiniums was reported
as a fluorescent detector of superoxide anion. In this
system, a fluorescence enhancement of the triad was
detected following a two-electron reduction of the
acridinium units by the superoxide anion [16].
Herein, the synthesis of a Zn(II) porphyrin trans-
substituted with 9-phenyl-N-methyl-acridinium
units is reported. The electrochemistry, absorption
and emission properties of the conjugate are in-
vestigated as well as its photophysics, by means of
ultrafast transient absorption spectroscopy. Com-
putational studies have been performed to provide
insights into the frontier molecular orbitals involved

C. R. Chimie — 2021, 24, n° S3, 47-55

in the electronic transitions of the conjugate.

2. Results and discussion

The synthesis of the bisacridinium-Zn(II) porphyrin
1-2PFg was inspired from Fukuzumi and cowork-
ers [16]. Itis based on a 2+2 condensation methodol-
ogy developed by the Lindsey group to access trans-
A2B2-type porphyrins [17]. It started from com-
mercially available 4-bromobenzaldehyde and was
performed in four synthetic steps (Scheme 1). The
aldehyde functional group was first protected in the
presence of pinacol (1.2 equiv.) in toluene [18]. The
obtained  2-(4-bromophenyl)-4,4,5,5-tetramethyl-
1,3-dioxolane (2) was reacted with nBulLi (0.8 equiv.)
in THF at —78 °C followed by addition of N-methyl-
acridin-9(10H)-one (1 equiv.), obtained in one step
from commercially available compounds [19]. Af-
ter acidification of the reaction mixture using HCl
(37 wt%), the freshly formed 9-(4-formylphenyl)-
10-methylacridin-10-ium chloride (3-Cl) was con-
verted to the corresponding hexafluorophosphate
salt (3:PFg) by anion metathesis and isolated in
78% vyield. The key intermediate 3:-PFg was then
reacted under Lindsey conditions in the presence
of di(1H-pyrrol-2-yl)methane (1 equiv.) [20], and
trifluoroacetic acid (TFA, 0.6 equiv) in CH,Cl,.
After aromatization of the porphyrinoid using DDQ
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(3 equiv.), metalation of the free base porphyrin was
undertaken using Zn(OAc),-2H,0 (0.5 equiv.). After
purification, the porphyrin-acridinium conjugate
1-2PFg was isolated in 29% yield.

3. Electrochemistry

Cyclic voltammograms (CV) were measured at 298 K
under argon atmosphere, using tetrabutylammo-
nium hexafluorophosphate (TBAPFg) as the sup-
porting electrolyte. It is worthwhile to note that due
to the limited solubility of 1-2PFg in CH3CN in the
presence of supporting electrolyte, DMF was used
to perform the experiments (Figure 1). In the ca-
thodic regime, a reversible wave (Eq = —0.475 V
versus SCE) corresponding to the reduction of the
acridinium units followed by two reduction waves
of half intensity (Ejeq = —1.34 V versus SCE and
Eieq = —1.43 V versus SCE) were recorded [21]. The
observed ratio in intensity between the reduction
processes suggests that the first reduction involves
the reduction of both acridinium moieties at the
same potential since no electronic coupling between
these fragments is expected. The first reversible re-
duction process of the acridinium units allowed for
the calculation of the half-wave reduction potential
Eq/» = —0.442 V versus SCE. One of the two last re-
duction processes is related to the second electron
injection to one of the acridinium fragments leading
to a carbanionic species. Formation of this species
is supported by the reduced intensity of the re-
oxidation peak of the first reduction wave (-0.409 V
versus SCE) leading to an EC mechanism (electron
transfer-chemical). This carbanion is known to be
highly reactive and capable of reacting with solvent
molecules. The obtained CV in the anodic regime
(Figure 1) consists of an irreversible anodic wave
(Epx = +0.949 V versus SCE) attributed to the oxi-
dation of the porphyrin moiety. Interestingly, this
wave has the same intensity (I = 7.3 pA) as the first
cathodic process thus indicating that an equal num-
ber of electrons is exchanged in both processes. This
surprising bi-electronic oxidation of the porphyrin
core was further supported by rotating disk electrode
(RDE) experiments recorded in benzonitrile (see ESI,
Figure S23). These data allow the estimation of the
HOMO-LUMO gap to be 1.4 eV.
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0.949 v

Tom

-0.409 V

-1336V

-1.427V —~0.475V

-1.6 -1.1 -0.6 -0.1 0.4 0.9 14
Potential (V vs SCE)

Figure 1. Cyclic voltammograms (DME WE: Pt,
CE: Pt, RE: Hg/Hg,Cl,/KCl sat., 100 mV-s~!) of a
solution of 1-2PFg (¢ = 1 x 1073 mol-L™!) in the
presence of TBAPFg as supporting electrolyte
(c=0.1mol-L™h).

4. Photophysical properties

The photophysical properties of the conjugate
1-2PFg were characterized in CH3CN. Model com-
pounds Zn-bisphenyl porphyrin (Zn-bP) and acri-
dinium benzaldehyde (3-PFg) (see ESI, Scheme S1)
were also studied in the same solvent for comparison
purposes.

The absorption spectrum of the conjugate is pre-
sented in Figure 2, compared with the spectra of its
models Zn-bP and 3-PFg and their weighted sum. It
can be observed that the spectrum of 1-2PFg corre-
lates reasonably well with the sum in the 280-400 nm
region, while the Q-bands of the porphyrin (500-
600 nm) are slightly red-shifted with respect to the
model porphyrin, as well as the Soret band (400-
450 nm) which also shows a decrease in intensity and
abroadening. Theoretical analysis demonstrates that
the latter absorption features are given by the con-
tribution of three electronic 7--7t* transitions either
centered on the porphyrin or on the acridinium cores
(see below).

Luminescence measurements were carried out
both at room temperature and at 77 K in CH3CN. At
room temperature, model 3-PFg shows a broad emis-
sion spectrum peaking at 515 nm, with a quantum
yield of 0.045 and an excited state lifetime of 1.73 ns,
while Zn-bP shows features typical of Zn-porphyrins,
with maxima at 588 and 638 nm, ¢q = 0.035 and 7 =
2.30 ns (Figure S24 and Table 1).
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Table 1. Emission data for models and conjugate in CH3CN

RT 77K
Amax (Nm)? Gem? 7 (08)°  Amax (Nm)? 7 (ns)° E (eV)d
3-PFg  3-PF} 515 0.045 1.73 471,500  2.70 (20%); 16.6 (80%)  2.63
Zn-bP Zn-bP' 588,638 0.035 2.30 605, 648 2.31 2.05
Zn-bp3 794 — 1.56
1-2PFg 590, 642°  <1.0x 107%€ — — —

aEmission maxima from corrected spectra. PFluorescence quantum yields, measured with reference to TPP
(meso-tetraphenylporphyrin) in aerated toluene as a standard for the porphyrin units and with reference to
Coumarin 153 in ethanol for the acridinium units. “Fluorescence lifetimes in the nanosecond range, excitation
at 465 nm for Zn-bP and at 368 nm for 3-PFg. YEnergy of the excited state determined as the energy of the 0-0
emission band collected at 77 K. ¢Upon selective excitation of the Zn-porphyrin at 543 nm, the yield is below

the minimum value measurable with steady-state experiments, i.e. 1.0 x 1074,

3x10° ]
- 2x10°
E S
- ©
= .
wW

1x10°

§ x 100
|
0- 550 600 650 700
A/nm

A/ nm

Figure 2. Absorption spectra of bisacridinium-
porphyrin conjugate 1:2PFg (blue), model
compounds Zn-bP (red) and 3-PFg (black) and
the sum of the spectrum of Zn-bP with twice
the spectrum of 3:PFg (green dotted) in
CH3CN.

Conversely, the conjugate 1-2PFg is weakly emis-
sive, displaying a strong quenching of both the acri-
dinium and the porphyrin units. Selective excitation
of the porphyrin component in 1-2PFg at 543 nm,
led to evaluate an emission quantum yield below
1074, i.e. reduced to less than 0.3% the yield of model
Zn-bP (Table 1). In order to estimate the quench-
ing of the acridinium unit in 1-2PFg, excitation of
isoabsorbing solutions of the conjugate, the por-
phyrin model and acridinium benzaldehyde model
at 262 nm, wavelength at which prevalent excitation
of the acridinium units (ca. 96%) is achieved, was car-
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Figure 3. Uncorrected emission spectra of
CH3CN solutions of 1-2PFg (blue) and models
3-PFg (black) and Zn-bP (red), isoabsorbing at
262 nm (Azgz = 0.1). Adexc = 262 nm. The blue
spectrum has been multiplied by a factor
of 100.

ried out and the results are shown in Figure 3. The
residual porphyrin fluorescence in 1-2PFg is far be-
low the 4% of the model emission, percentage which
would correspond to the direct excitation of the por-
phyrin unit in the array, confirming the quenching
already observed. Moreover, the weak residual acri-
dinium emission points to a quenching higher than
99% of these units in the array. The observed fea-
tures indicate that a very fast and efficient photoin-
duced process depopulates the lowest singlet excited
states of both components in the array, likely an elec-
tron transfer reaction. This hypothesis is confirmed
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Scheme 2. Energy level diagram and kinetics
of the photoinduced processes occurring in the
conjugate 1-2PFg in CH3CN. The singlet and
triplet energy levels are taken from data of the
present paper and from literature [22]. The en-
ergy of the charge separated state (1.39 eV)
has been approximated as Eox—Ereq (With Eox
and Eq as “redox energy”, expressed in eV), by
considering the oxidation potential of the por-
phyrin unit (Eox = +0.949 V versus SCE) and
the reduction potential of the acridinium unit
(Eq/2 = —0.442 Vversus SCE) measured in DME
whose polarity is similar to that of CH3CN.

by transient absorption analysis, as discussed in de-
tail below.

The electron transfer reaction does not exclude a
possible energy transfer from the acridinium to the
porphyrin singlet excited states, a process thermo-
dynamically allowed (Scheme 2) and supported by
a non-zero overlap between the emission spectrum
of the acridinium unit and the absorption spectrum
of the porphyrin component (Figures 2 and S24). In
order to investigate this event, the excitation spec-
trum of 1-2PFg was collected at 660 nm, wavelength
at which only the emission of the porphyrin com-
ponent is present and compared to the absorption
spectrum (Figure S25). Even if noisy, due to the very
weak emission, the excitation spectrum clearly con-
tains the absorption bands of the porphyrin and lacks
the characteristic absorption peaks of the acridinium
unit at 262 and 362 nm. This outcome leads to con-
clude that an energy transfer process from the acri-
dinium units to the central porphyrin is not occur-
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ring in the conjugate, probably due to the competi-
tion with the ultrafast electron transfer process.

Emission measurements conducted at 77 K
showed fluorescence spectra with higher vibra-
tional resolution for the models 3-PFg and Zn-bP
(Figure S26). In Zn-bP, moreover, phosphorescence
emission at 794 nm is clearly observed. The conju-
gate 1-2PFg appears to be weakly emissive also at
77 K and its spectrum is hardly detectable due to
scattering issues that affect these measurements.
This outcome leads to deduce that the decrease
in temperature is not affecting the efficiency of the
quenching process occurring within the components
of the array.

In order to get insights into the fast photoinduced
processes occurring within the conjugate, pump-
probe transient absorption measurements with fem-
tosecond resolution were performed on 1:2PFg and
its relevant models.

Two excitation wavelengths were chosen: 560 nm,
where a selective population of the porphyrin singlet
is achieved and 360 nm, where the acridinium units
are prevalently excited (the peak at 262 nm of the
acridinium is not experimentally accessible).

The time evolution of the transient spectrum of
model Zn-bP upon excitation at 560 nm is reported
in Figure 4(a). The initial spectrum with a positive
band below 530 nm, ground state bleaching at 542
and 580 nm and stimulated emission at 640 nm
evolves into a new spectrum with a positive maxi-
mum at 463 nm, with clear isosbestic points. The ki-
netics reflects the fluorescence lifetime of the mol-
ecule (the time profiles are reported in Figure S27),
i.e. 2.3 ns; the final spectrum is thus attributed to the
triplet state and the process is assigned to S1—-T1 in-
tersystem crossing.

The scenario is completely different for the con-
jugate 1-2PFg (Figure 4(b)). The end of pulse spec-
trum shows maxima at 480, 520, 620 and 662 nm,
as well as bleaching bands at 545 and 586 nm. In
the region 620-660 nm an ultrafast signal rise, of the
order of the time resolution of the system, is ob-
served. This spectrum quickly decays, with a lifetime
of 0.65 ps (Figure S28a). The observed transient spec-
trum can be safely ascribed to the charge separated
state P*—Ac’ (P: porphyrin, Ac: acridinium), since the
bands between 600 and 700 nm well resembles those
reported for a Zn-porphyrin cation, [23] and bands at
ca. 480 nm and 520 nm have been reported for the
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Figure 4. Transient absorbance of (a) Zn-bP
and (b) 1-2PFg in CH3CN at different delays.
Excitation at 560 nm (Asgp = 0.1, 0.2 cm optical
path, 2 yuJ/pulse).

reduced species of N-alkyl substituted acridinium
compounds [14,15,24,25]. The singlet excited state of
the porphyrin is thus depopulated in ca. 0.3 ps to
yield the charge separated state, which in turn lives
less than 1 ps. It can be noticed that the decay of
the spectrum shows a second component, account-
ing for a very small fraction of the signal (ca. 2%), with
alifetime of ca. 32 ps (Figure S28b). This second com-
ponent can be tentatively ascribed to a slower charge
recombination occurring in a different conformation
of the array, or deriving from another minimum of
the first excited singlet potential energy surface. This
is consistent with the molecular flexibility in the ex-
cited state highlighted by the theoretical results (see
below).

Transient absorption analysis with excitation at
360 nm has been performed for 1-2PFg and mod-
els 3-PFg and Zn-bP. In model acridinium benzalde-
hyde, 3-PFg, the initial formation of a signal with a
risetime of 1 ps, ascribable to vibrational relaxation,
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cal path, 2 pyJ/pulse).

is observed (Figure S29). The formed spectrum dis-
plays positive bands in the 450-510 nm and 630-
800 nm regions, with maxima at 472 nm and 680 nm,
and stimulated emission at 550 nm, red-shifted with
respect to that detected from luminescence measure-
ments due to the sum with the positive absorption
bands. The signal decays with a lifetime of 1.6 ns, in
good agreement with the fluorescence lifetime (Fig-
ures 5(a) and S30), and with defined isosbestic points,
allowing to ascribe the process to S1—T1 intersystem
crossing, even if the spectral features of the triplet are
hardly detectable. Zn-bP shows a behaviour similar
to that observed upon excitation at 560 nm, with in-
tersystem crossing occurring in 2.3 ns, but preceded
by an initial fast evolution of 1 ps, ascribable to inter-
nal conversion (Figures S31 and S32) [26].

The end of pulse spectrum of 1:2PFg does not
present any of the spectral features of the singlet ex-
cited states absorption of the respective components,
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but recall those observed upon excitation at 560 nm
(Figure 5(b)) with clear features of the charge sepa-
rated state. There is no evidence of signal formation,
implying that the process, upon prevalent excitation
of the acridinium component, occurs on an ultrafast
scale (0.3 ps). The spectrum evolves quickly, almost
disappearing with 7 = 0.70 ps. A minor component,
accounting for ca. 5% of the decay and with a lifetime
of 33 ps (Figures 5(b) and S33) is detected, in agree-
ment with that observed upon excitation of the por-
phyrin unit.

The observed photoinduced electron transfer pro-
cess is, indeed, thermodynamically allowed upon ex-
citation of both the porphyrin (AG = -0.66 eV) and
the acridinium units (AG = —1.24 eV), as indicated in
Scheme 2 and, in the latter case, a higher energy gap
accounts for the increased reaction rate, placing the
reaction in normal Marcus region [27].

5. Computational studies

The structure of 1-:2PFg was first optimized without
any symmetry and revealed that the phenyl rings are
orthogonal to the porphyrin rings (88°) and to the
acridinium moieties (88°). Interestingly, the frontier
orbitals are mainly composed of two sets of degener-
ated orbitals localized on the porphyrin fragment for
the HOMOs and on the acridinium units for the LU-
MOs (Figure S34). This observation unambiguously
confirms the interpretation of the electrochemical
investigation for the anodic and cathodic process in-
volving the oxidation of the porphyrin and the re-
duction of the acridinium moieties, respectively. It
is worthwhile to note that no contribution from the
phenyl rings linking the porphyrin and acridinium
units was observed (see ESI). The theoretical absorp-
tion spectrum (Figure 6) is composed of two intense
absorbing bands at 332 and 406 nm and two weak ab-
sorbing bands at 512 and 610 nm, matching the ex-
perimental optical transitions observed at 361, 411,
545 and 586 nm (Figure S17).

The nature of the electronic transitions of 1-2PFg
is presented in Figure 7. The main band at 406 nm re-
sults from the contribution of three electronic tran-
sitions at 397, 406, and 408 nm corresponding to 7—
7" excitations either centered on the porphyrin or
on the acridinium cores (Figure S35). The band at
331 nm is attributed to two 7-7t* transitions centered
on the acridinium moieties exclusively. Finally, the
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Figure 6. Theoretical absorption spectrum of
1:2PFg in CH3CN.

low energy domain (Figure 6 inset) is governed by two
7m-7t* transitions centered on the porphyrin core at
512 and 510 nm respectively and by a charge trans-
fer transition from the porphyrin to the acridinium
core at 610 nm where the electron is delocalized over
the two acridinium moieties. For this lowest excited
singlet, two calculations were performed imposing a
C, symmetry in order to preserve the delocalization
and a broken symmetry. Already in the symmetric
structure, the geometry underwent significant distor-
tions upon relaxation. First, a flattening of the struc-
tures was observed resulting in the decrease of the
dihedral angles between the fragments (porphyrin-
phenyl angle = 59.9° and acridinium-phenyl angle
= 77.2°) compared to ground state. In this C, opti-
mized structure, this singlet emits at 693 nm thus
corroborating the experimental data. Finally, break-
ing the symmetry leads to additional distortions and
to localization of the electron in the excited state on
one of the two acridiniums (Figure S37). This gen-
erates two minima separated by a very low barrier
(302 cm™!) between which the exciton freely oscil-
lates, thus giving rise to an average symmetrical con-
former.

6. Conclusion

A bisacridinium-Zn(IT) porphyrin conjugate has
been successfully synthesized in four steps using a
novel acridinium benzaldehyde intermediate. Elec-
trochemical characterization via cyclic voltammetry
has revealed that the one-electron reduction of the



54

Amy Edo-Osagie et al.

Aabs fosc % Depleted orbital Populated Orbital
. o e .
@0 e . . P 2
RS540 4 ) 888§
N & ¢ ¢ 8 e
i £, .8
;0"‘00‘ L¢®e%e%.
-2 0, ‘. ® pe e
610 | 1.01102|100% P oS
~0°v.0. \OOQOQOOA
4 e
. ‘ %
@00 00« ¢ -
P 8584 (<

Figure 7. Character of the singlet states generating the lowest energy absorption band in the absorption

spectra of 1:2PFg.

two acridiniums occurs simultaneously, indicating
limited communication between the two acridini-
ums. Furthermore, the observed two-electron oxi-
dation of the porphyrin is supported by computa-
tional analysis showing two near degenerate HOMOs
for the porphyrin. Comparison of the absorption
features of the conjugate with the acridinium ben-
zaldehyde intermediate and the Zn-bisphenyl por-
phyrin model confirms that the acridiniums are non-
innocent moieties, with a complex interplay of por-
phyrin and acridinium centered transitions account-
ing for the apparent red-shift of both the Soret and
the Q-bands of the porphyrin core, as shown by theo-
retical calculations. The almost complete quenching
of the emission of both components in the conju-
gate was ascribed to an ultrafast photoinduced elec-
tron transfer process. Transient absorption analysis
revealed the formation of a charge separated state
within 0.3 ps, and its fast decay with a lifetime below
1 ps. In addition, an energy transfer process from the
acridinium units to the porphyrin core was excluded.
The interesting ultrafast photophysics of the conju-
gate opens new perspectives for the development of
acridinium-porphyrin architectures.

Acknowledgements

We thank the European Union (H2020-MSCA-ITN
grant “NOAH”, project ref. 765297) for financial sup-
port. Italian CNR (Project PHEEL) is also acknowl-
edged.

C. R. Chimie — 2021, 24, n° S3, 47-55

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.100 or from the author.

References

[1

R. Paolesse, S. Nardis, D. Monti, M. Stefanelli, C. Di Natale,

Chem. Rev., 2017, 117, 2517-2583.

M. Jurow, A. E. Schuckman, J. D. Batteas, C. M. Drain, Coord.

Chem. Rev., 2010, 254, 2297-2310.

[3] J. S. Lindsey, D. E Bocian, Acc. Chem. Res., 2011, 44, 638-650.

[4] M. Faustova, E. Nikolskaya, M. Sokol, M. Fomicheva, R. Petrov,

N. Yabbarov, ACS Appl. Bio Mater., 2020, 3, 8146-8171.

I. Beletskaya, V. S. Tyurin, A. Y. Tsivadze, R. Guilard, C. Stern,

Chem. Rev., 2009, 109, 1659-1713.

[6] S.Durot, J. Taesch, V. Heitz, Chem. Rev., 2014, 114, 8542-8578.

[7] W.Zhang, W. Lai, R. Cao, Chem. Rev., 2017, 117, 3717-3797.

[8] C.-M. Che, V.K.-Y. Lo, C.-Y. Zhou, J.-S. Huang, Chem. Soc. Rev.,

2011, 40, 1950-1975.

H.-P. Jacquot de Rouville, J. Hu, V. Heitz, ChemPlusChem,

2021, 86, 110-129.

[10] T. Mizutani, K. Wada, S. Kitagawa, J. Am. Chem. Soc., 2001,
123, 6459-6460.

[11] K. Wada, T. Mizutani, H. Matsuoka, S. Kitagawa, Chem. Eur. J.,
2003, 9, 2368-2380.

[12] D.Kim, S. Lee, G. Gao, H. S. Kang, J. Ko, J. Organomet. Chem.,
2010, 695, 111-119.

[13] A.Chaudhary, S. P. Rath, Chem. Eur. J., 2012, 18, 7404-7417.

[14] M. Tanaka, K. Ohkubo, C. P. Gros, R. Guilard, S. Fukuzumi,
J. Am. Chem. Soc., 2006, 128, 14625-14633.

[15] M. Tanaka, K. Ohkubo, C. P. Gros, R. Guilard, S. Fukuzumi, ECS
Trans., 2007, 2, 167-176.

[16] H. Kotani, K. Ohkubo, M. J. Crossley, S. Fukuzumi, J. Am.

Chem. Soc., 2011, 133, 11092-11095.

2

[5

9


https://doi.org/10.5802/crchim.100
https://doi.org/10.5802/crchim.100

Amy Edo-Osagie et al. 55

[17] J.S. Lindsey, Acc. Chem. Res., 2010, 43, 300-311.

[18] H.Yi, L. Niu, S. Wang, T. Liu, A. K. Singh, A. Lei, Org. Lett., 2017,
19, 122-125.

[19] L. A. Andronico, A. Quintavalla, M. Lombardo, M. Mirasoli,
M. Guardigli, C. Trombini, A. Roda, Chem. Eur. J., 2016, 22,
18156-18168.

[20] A. Nowak-Krdl, R. Plamont, G. Canard, J. A. Edzang, D. T.
Gryko, T. S. Balaban, Chem. Eur. J., 2015, 21, 1488-1498.

[21] N. W. Koper, S. A. Jonker, J. W. Verhoeven, C. Van Dijk, Recl.
Trav. Chim. Pays-Bas, 1985, 104, 296-302.

[22] H.van Willigen, G. Jones, M. S. Farahat, J. Phys. Chem., 1996,
100, 3312-3316.

C. R. Chimie— 2021, 24, n° S3, 47-55

[23] J. Fajer, D. C. Borg, A. Forman, D. Dolphin, R. H. Felton, J. Am.
Chem. Soc., 1970, 92, 3451-3459.

[24] S. Fukuzumi, K. Ohkubo, T. Suenobu, K. Kato, M. Fujitsuka,
O. Ito, J. Am. Chem. Soc., 2001, 123, 8459-8467.

[25] K. Ohkubo, K. Suga, K. Morikawa, S. Fukuzumi, J. Am. Chem.
Soc., 2003, 125, 12850-12859.

[26] A. Bri§, P TroSelj, D. Margeti¢, L. Flamigni, B. Ventura,
ChemPlusChem, 2016, 81, 985-994.

[27] R.A.Marcus, Angew. Chem. Int. Ed. Engl., 1993,32,1111-1121.






Comptes Rendus

Chimie

2021, 24, n° S3, p. 57-70
https://doi.org/10.5802/crchim.99

MAPYRO: the French Fellowship of the Pyrrolic Macrocyclic Ring / MAPYRO: la
communauté frangaise des macrocycles pyrroliques

New fluorescent tetraphenylporphyrin-based
dendrimers with alkene-linked fluorenyl antennae
designed for oxygen sensitization

Dandan Yao 4, Limiao Shi?, Zhipeng Sun %, Mireille Blanchard-Desce® b
Olivier Mongin® %, Frédéric Paul®  and Christine O. Paul-Roth® *' ¢

@ Univ Rennes, INSA Rennes, CNRS, ISCR (Institut des Sciences Chimiques de
Rennes) - UMR 6226, F-35000 Rennes, France

b Université de Bordeaux, Institut des Sciences Moléculaires (CNRS UMR 5255),
33405 Talence, France

E-mails: ydd000@126.com (D. Yao), Imshi09@yahoo.com (L. Shi),
sunzpciomp@126.com (Z. Sun), mireille.blanchard-desce@u-bordeaux.fr

(M. Blanchard-Desce), olivier. mongin@univ-rennesl1.fr (O. Mongin),
frederic.paul@univ-rennesl.fr (E Paul), christine.paul@univ-rennesl.fr,
christine.paul@insa-rennes.fr (C. O. Paul-Roth)

Abstract. The design of porphyrin-based dendrimers featuring conjugated fluorenyl dendrons via
alkene spacers allows evaluating the importance of the role of these spacers on the optical proper-
ties of interest. In the continuation of previous studies, a second-generation porphyrin-based den-
drimer was synthesized and metalated by Zn(II) along with its known first-generation homologue.
The targeted free-base porphyrin was obtained by repetitively cycling a Michaelis—Arbuzov reaction
and a Horner-Wadsworth—-Emmons reaction to construct the desired vinyl-containing dendrons. Af-
ter metalation by Zn(II), meso-tetraphenylporphyrin-cored dendrimers with eight (ZnTPP-D1) and
sixteen (ZnTPP-D2) fluorenyl arms at their periphery were eventually isolated. These species allow
evaluating the influence of the central metal and of the 1,2-alkyne for 1,2-alkene exchange on fluo-
rescence, oxygen photosensitization, and two-photon absorption. Such structure-property relation-
ships are currently needed for the design of optimal dendrimeric photosensitizers allowing combined
two-photon-based photodynamic therapy (2P-PDT) and imaging.

Keywords. Porphyrin, Fluorenyl, Fluorescence, Energy transfer, Double bond, Dendrimer, Photody-
namic therapy.
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1. Introduction macrocyclic core allows to significantly modulate
the photophysical properties at will. Thus, light-
harvesting compounds can be easily obtained by
attaching four strongly absorbing energy-donor
dendrons at the meso positions of the central por-
* Corresponding author. phyrin core which will play the role of peripheral

There has been great interest in porphyrin sys-
tems because the peripheral substituents on the
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“antenna” [1-3]. In this respect, Fréchet and cowork-
ers [4-6] have reported porphyrin systems with
fluorene-containing oligoether-type dendrons as ef-
ficient one- and two-photon light-harvesting units
and demonstrated that such an “antenna effect” was
facilitated in dendritic architectures versus linear ar-
chitectures [5,6]. More recently, related star-shaped
porphyrins with fully conjugated oligofluorene arms
have also been reported by Bo and coworkers and
shown to behave as a remarkable light-harvesting
system [7-9].

In this context, we have previously reported the
synthesis of porphyrin possessing four fluorenyl
arms directly connected at the meso-positions. This
compound (TFP; Figure 1a) [10,11] exhibited a high
luminescence quantum yield (24%), demonstrating
the good capacity of the fluorenyl units to enhance
emission by increasing the radiative process [12].
Subsequently, we synthesized two series of substi-
tuted meso-porphyrin dendrimers with terminal flu-
orenyl arms, taking TPP as the central unit: (i) a non-
conjugated family with flexible ether linkages [13-15]
and, more recently, (i) a conjugated family with
rigid alkynyl linkages (Figure 1b) [16,17]. We could
then show that these molecular architectures were
promising models for the design of new biphotonic
photosensitizers for theranostics, i.e., allowing to
perform photodynamic therapy [18,19] and fluores-
cence imaging after two-photon excitation [16,17].
Due to the practical advantages of two-photon exci-
tation, this field has attracted attention and is rapidly
expanding; several such porphyrin-based photosen-
sitizers have been reported to date [20-26]. In order
to gain additional insight about the potential of TPP-
cored dendrimers such as TPP-T1 or TPP-T2 in this
field, we have started systematically investigating
the impact of various structural changes taking place
in the peripheral light-harvesting antenna on the
photophysical properties of these systems.

Given that 1,2-alkene spacers are known to pro-
mote electronic communication better than 1,2-
alkyne ones [27], we recently started exploring the
optical properties of related dendrimers featuring
alkene linkages. However, this was exclusively done
for the first-generation dendrimer TPP-D1 (Fig-
ure 1c; M = 2H) resulting in a significant improve-
ment in the linear and nonlinear optical properties
versus TPP-T1 [28]. This statement prompted us
to test higher generation dendrimers of this kind.
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Accordingly, we now report our efforts to isolate
the second-generation dendrimer TPP-D2 and the
corresponding metalated species ZnTPP-D1 and
ZnTPP-D2. Subsequently, their linear and nonlin-
ear optical properties of interest will be disclosed as
well as evidence for the very efficient energy-transfer
process taking place from the conjugated dendrons
to the porphyrin core in these new species. These
data will then be compared to those of their known
alkyne-containing analogs (or T series: Figure 1b).

2. Results and discussion
2.1. Synthesis and characterization

This new family of dendrimers was prepared by the
synthesis of the required dendrons (D1-PhCHO and
D2-PhCHO), followed by their condensation with
pyrrole to give the desired free-base porphyrins as in-
termediates, which were then metalated by Zn(II) to
give the final dendrimers ZnTPP-D1 and ZnTPP-D2.

2.1.1. Dendron synthesis

The synthesis of the two generations of vinyl-
bridged aldehyde-terminated dendrons D1-PhCHO
and D2-PhCH is described in Scheme 1. First, com-
mercial 1-bromo-3,5-bismethylbenzene was halo-
genated with benzyl by N-bromosuccinimide (NBS)
using azobis-isobutyronitrile (AIBN) as the radical
initiator. Given that this bromination takes place usu-
ally non-selectively [29-32], the reaction conditions
were optimized (temperature, time, and solvent).
The resulting conditions mainly gave the desired
dibrominated product along with mono- and tri-
brominated byproducts. The former byproduct could
be isolated by chromatography (heptane), while the
latter could not be fully separated from the tar-
geted dibrominated product (ratio tri/di of 1/4 by 'H
NMR). In the next step, this mixture containing 49%
of the desired product was reacted directly with ex-
cess of P(OEt)s under reflux following a Michaelis—
Arbuzov [29-31] protocol. The desired product 3 and
its bromo-substituted byproduct were both formed
and were subsequently separated by chromatogra-
phy (Scheme 1). The unwanted byproduct could be
easily eluted using CH,Cly, while the target product
3 was collected using ethyl acetate as a colorless oil
in 83% yield. After a subsequent Horner-Wadsworth-
Emmons (HWE) reaction [29-31], the compound 3
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Figure 1. (a) Reference compounds; (b) previously reported alkynyl-bridged free-base porphyrin den-
drimers (T series) based on TPP (TPP-T1 and TPP-T2); (c) new porphyrin dendrimers (D series) based
on TPP (MTPP-D1 and MTPP-D2; M = 2H, Zn).
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Scheme 1. Synthetic routes for alkene-bridged dendrons D1-PhCHO [28] and D2-PhCHO.

reacts with the previously prepared aldehyde 1 [16]
in the presence of t-BuOK/THF to give the double-
bonded precursor D1-PhBr in 89% yield. The alde-
hyde D1-PhCHO can then be obtained in two steps
from this product in 86% yield. Repetition of the
HWE reaction [29-31] between this new aldehyde
and 3 gave access to the second-generation inter-
mediate D2-PhBr in 93% yield, and subsequently to
the corresponding D2-PhCHO dendron in 65% yield
(Scheme 1).

2.1.2. Porphyrin synthesis

Two synthetic methods are most often used to
synthesize porphyrins: the Adler-Longo [33,34] or
the Lindsey reaction [35]. Both are efficient for syn-
thesizing porphyrins substituted at their meso po-
sitions. Given that the first-generation dendrimer
TPP-D1 was previously isolated using the Adler—
Longo approach [28], these reaction conditions were
used again to synthesize TPP-D2. However, this
compound could not be isolated in pure form even

C. R. Chimie— 2021, 24, n° S3, 57-70

after several purification attempts by chromatogra-
phy and subsequent recrystallizations (CHCl3 and
MeOH), the yield of crude TPP-D2 in the isolated
solid being below 4%. Fortunately, all these por-
phyrin dendrimers have good solubilities in com-
mon organic solvents, allowing their easy metala-
tion, and this approach provided a way to access the
pure zinc complex from the mixture in the case of
ZnTPP-D2 (Scheme 2). Thus, the corresponding zinc
complex ZnTPP-D1 was formed at 40 °C overnight
from TPP-D2 using Zn(OAc), in CH,Cl,/MeOH and
isolated pure in 60% yield (Scheme 2). Using similar
conditions for metalation, ZnTPP-D1 was isolated in
80% yield from TPP-D1.

From a purely synthetic standpoint, the isolated
yields in alkene-bridged dendrimers (D-type series;
Figure 1c) were always lower than those of their
alkyne-bridged analogs (T-type series; Figure 1b), al-
though rigorously similar reaction conditions have
been used (the isolated yields of TPP-T1 and TPP-T2
were 18% and 13%, respectively [16,17]), making the
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(TPP-D1 and TPP-D2) and corresponding zinc(II) complexes (ZnTPP-D1 and ZnTPP-D2).

D-type series dendrimers more challenging to obtain
via the Adler-Longo approach [16,17,36].

2.1.3. 'H NMR analysis

The aldehyde dendrons D1-PhCHO and D2-
PhCHO, and the corresponding dendrimers, i.e., the
free-base and metalated porphyrins MTPP-D1 and
MTPP-D2, were characterized by 'H NMR analysis
(Figures 2—4). Figure 2 shows the full 'H NMR spectra
of the dendrons compared to those of their analogs
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with triple bonds (T1-PhCHO and T2-PhCHO). They
all show three diagnostic signatures: (i) the alde-
hyde proton as a singlet, around 10 ppm; (ii) the
aromatic protons located as multiplets, in region 7-8
ppm, belonging to protons of phenyl and fluorenyl,
partially identified; (iii) four groups of alkyl protons
Hap,c,a located at 0.5-2.1 ppm that are assigned to
the n-butyl chains of fluorenyl. We can particularly
notice that for the double-bonded dendrons D1-
PhCHO and D2-PhCHO, we observe four additional
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Figure 2. Aromatic (a) and Alkyl (b) moieties
'H NMR spectra (400 MHz) of D-series den-
drons D1-PhCHO and D2-PhCHO compared
to reported T-series dendrons T1-PhCHO and
T2-PhCHO in CDCl;3 [16,17].

alkene protons comming out as a broad peak around
7.18-7.40 ppm.

The full 'H NMR spectra in CDCl3 of the cor-
responding free-base porphyrin TPP-D1 (Figure 3)
shows four diagnostic signatures: (i) the (3-pyrrolic
protons of the porphyrin core (Hg) around 9 ppm,
(ii) the aromatic protons around 7.3-8.4 ppm, (iii) the
alkyl protons of the various butyl chains around 2.2—
0.5 ppm, and (iv) the NH protons of porphyrin cav-
ity around —2.6 ppm. For TPP-D1, as for reported
TPP-T1 and TPP-T2 [16,17], we observe eight pro-
tons Hg of porphyrin ring located around 9 ppm. For
aromatic and vinylic protons (around 7.2-8.4 ppm),
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Figure 3. Full 'H NMR spectra (400 MHz) of
the free-base TPP-cored dendrimers TPP-D1,
TPP-T1, and TPP-T2 in CDCls.
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Figure 4. Partial 1H NMR spectra (400 MHz)
of the dendron D2-PhCHO and of the corre-
sponding zinc(Il) complex ZnTPP-D2 in
CDCls.

only some of them can be easily assigned like Hp
and Hg. Again, the vinyl protons of TPP-D1 give rise
to a broad peak around 7.2-7.3 ppm. For all these
dendrimers, the n-butyl protons (H,p,,q) are sim-
ply assigned to four groups of signals located at 0.5~
2.1 ppm as for the corresponding dendrons. In con-
trast, for the larger dendrimer TPP-D2, a '"H NMR
spectrum with broad signals was obtained (see ESI)
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Figure 5. Normalized absorption and emis-
sion spectra of selected TPP-cored dendrimers
(TPP-D1, TPP-T1, and TPP-T2) compared to
reference TPP in toluene (a). Detail of the Q-
bands of TPP-D1, TPP-T1, and TPP-T2 (b).

and only for the corresponding zinc(Il) complex
ZnTPP-D2 the spectrum was well resolved (Figure 4).
Some characteristic signals are also readily identi-
fied; (i) eight protons Hg of porphyrin ring located
around 9 ppm, (ii) Hx and Hg in the phenyl arms.
However, most of the aromatic and vinylic protons
overlap (7.2-8.4 ppm) because of the larger molecu-
lar structure.

2.2. Photophysical properties

UV-visible absorption and emission spectra, after
excitation in the Soret band [37,38], were recorded
for the isolated dendrimers at room temperature (Ta-
ble 1 and Figures 5 and 6). The free-base tetraphenyl-
porphyrin (TPP; Figure la) and the correspond-
ing zinc complex (ZnTPP) were chosen as ref-
erences compounds. Their two-photon oxygen-
photosensitizing yields were subsequently evalu-
ated and compared to those of their alkyne analogs
(TPP-T1 and TPP-T2) to analyze the impact of this
structural modification (Tables 2-3).

For the free-base porphyrin series, all absorption
spectra are typical of porphyrin derivatives with an
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Figure 6. Absorption and emission spectra of

ZnTPP-D2 compared to ZnTPP-D1 in CH,Cl,

at 20 °C.

intense Soret band around 430 nm and four Q-bands
in the 520-650 nm range [37]. Compared to TPP, the
dendrimers TPP-D1, TPP-T1, and TPP-T2 present
an additional absorption around 300-400 nm, corre-
sponding to the conjugated fluorenyl dendrons. This
band is almost of similar intensity for TPP-D1 and
TPP-T1, most likely in reason of their identical ter-
minal fluorenyl number; however, a red shift is ob-
served for TPP-D1 compared to TPP-T1, likely due
to the improved conjugation between core and arms
in the former compound. Concerning the Soret band,
the vinyl-bridged dendrimer TPP-D1 presents also a
larger red shift (15 nm) than its alkyne analog TPP-
T1 (9 nm) versus the Soret band of the reference TPP,
which reflect the extension of the porphyrin 7t man-
ifold [40] through conjugation with the peripheral
arms at the meso positions.

The corresponding zinc complexes ZnTPP-D1
and ZnTPP-D2 exhibit characteristic changes in
their electronic spectra compared to those of the
corresponding free-base porphyrins TPP-D1 and
TPP-D2 [37,41]. Only two Q-band absorption are
now observed, around 552 nm and 635 nm, due to
the symmetry change from Dyj to Dy symmetry
upon metalation and an intense Soret band around
435 nm (Table 1 and Figure 6). An additional broad
band is also observed in UV range (346 nm) which
corresponds to 7—7t* absorption of the fluorenyl
chromophores. This UV absorption is weaker for the
first-generation zinc(Il) complex (ZnTPP-D1) than
for the higher generation dendrimer (ZnTPP-D2)
due to the smaller number (eight versus sixteen) of
fluorenyl groups present in the peripheral arms.

Upon excitation in their Soret band, all these
compounds exhibit the characteristic porphyrin
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Table 1. Photophysical properties of the new dendrimers TPP-D1, ZnTPP-D1, ZnTPP-D2 compared to
their alkynyl-bridged parents TPP-T1 and TPP-T2 and to TPP reference at 20 °C [16,17,36]

Absorption? (nm) Emission? Quantum
Ex=Soretband yield® ®g (%)
Dendron Soret band Q-bands Q(0,0) Q(,1)

TPP — 419 514, 548, 590, 649 652 719 11
ZnTPP — 421 556, 603 603 650 3
TPP-D1 349 434 518, 552, 593, 649 652 719 13

ZnTPP-D1° 346 436 554, 594 604 654

ZnTPP-D2° 348 435 555, 595 602 652 6
TPP-T1 325 428 518, 552, 593, 649 652 719 12
TPP-T2 327, 349 428 518, 552, 593, 649 652 719 13

4Unless precised, experiments were achieved in toluene (HPLC level) with the UV-visible absorption
region from 287 to 800 nm and emission region from 450 to 800 nm.

bUnless precised, experiments for fluorescence quantum yields were achieved in toluene (HPLC level)
using TPP (® = 11%) as standard, by Soret-band excitation [12].

¢Data obtained in CH,Cl, (HPLC level).

Table 2. Two-photon absorption and brightness properties of D dendrimers and related T compounds
in dichloromethane

Compound  Fluorenes/ ATeA oy O -0y Two-photon brightness
porphyrin (nm) (GM)? (GM)P enhancement factor®

TPP 0 790 124 1.3 1
TPP-D1 8 790 280 36 28
ZnTPP-D1 8 790 260 8 6
ZnTPP-D2 16 810 450 27 20
TPP-T1 8 790 200 24 18
TPP-T2 16 790 290 38 29

ntrinsic TPA cross-sections measured in 10~ M dichloromethane solutions by TPEF in the femtosec-
ond regime; a fully quadratic dependence of the fluorescence intensity on the excitation power is ob-
served and TPA responses are fully non-resonant.

bMaximum two-photon brightness in dichloromethane.

“Enhancement factor: @ o'® of the compound normalized to that of TPP.

dData from lit [39].

emission peaks Q(0,0) and Q(0,1) [12,40]. After nor-
malizing their emission spectra on their Q(0,0) peaks,
these compounds exhibit two emission peaks at
similar wavelengths, but with different intensities
(Figure 5). Compared to TPP, the Q(0,1) band of all
dendrimers does not change in intensity for TPP-D1
but increases for TPP-T1 and TPP-T2. The emis-
sion spectra of zinc(I) porphyrin complexes usually
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consist of three sub-bands assigned to a vibronic
progression from a Q state: Q(0,0), Q(0,1), and weak
Q(0,2), the last one, near 720 nm being usually too
weak to be observed [11]. Presently, for ZnTPP-D1
and ZnTPP-D2, the emission spectra exhibit the two
expected Q-bands around 603 nm and 653 nm (Fig-
ure 6), the blue shift of these bands compared to
the corresponding free bases being ascribable to the
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Table 3. Oxygen sensitization properties of double-bonded porphyrin dendrimers and related triple-

bonded compounds

Compound <I>aA (%) @p-0y (GM)P

Two-photon excited oxygen
sensitization enhancement factor®

TPP 60 7.2
TPP-D1 64 177
ZnTPP-D1 59 153
ZnTPP-D2 55 248
TPP-T1 59 118
TPP-T2 56 162

1
25
21
34
16
23

aSinglet oxygen production quantum yield determined relative to TPP in dichloromethane (@5 [TPP] =

0.60).

b, o®: figure of merit of the two-photon excited singlet oxygen production in dichloromethane.

“Enhancement factor: @5 o)"®

metal coordination. The quantum yields (®f) were
then measured for all these compounds (Table 1).
While the free-base porphyrin dendrimers have sim-
ilar quantum vyields (®r = 12-13%) than TPP (®p =
11%), these values drop drastically (3-6%) when a
metal like zinc(Il) is introduced in the porphyrin
cavity, as also observed for the reference ZnTPP.

The existence of an energy-transfer (ET) process
from the peripheral 2-fluorenyl donors toward the
central porphyrin acceptor core was subsequently
studied. The emission spectra were measured from
450 to 800 nm, using two excitation wavelengths:
the dendron absorption (325-351 nm) and the Soret-
band absorption (419-434 nm). As expected, all den-
drimers showed exclusive Q-band emission around
650-720 nm, in both cases, with no residual dendron
emission (usually observed around 400 nm). This
suggests that the peripheral fluorenyl groups trans-
fer their energy very efficiently to the porphyrin core,
given that any dendron emission is totally quenched
(SI Figure S14). This very efficient energy trans-
fer most likely corresponds to a so-called “through-
bond” energy-transfer process (TBET) [42]. Thanks
to this very efficient “antenna effect”, the dendron
absorption band, when intense (as in ZnTPP-D2),
might be efficiently used for exciting these com-
pounds.

2.3. Two-photon absorption

As these dendrimers exhibit good fluorescence prop-
erties, their intrinsic two-photon absorption cross-
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of the compound normalized to that of TPP.

sections were determined by two-photon excited
fluorescence (TPEF) in CH,Cl,. Measurements were
performed with 10™* M solutions, using a mode-
locked Ti:sapphire laser delivering femtosecond
pulses, following the experimental protocol de-
scribed by Xu and Webb [43]. A fully quadratic de-
pendence of the fluorescence intensity on the exci-
tation power was observed for each sample at all the
wavelengths of the spectra (790-920 nm), indicating
that the cross-sections determined are only due to
TPA. A significant increase of their TPA cross-sections
compared to that of TPP (12 GM at 790 nm) was ob-
served for all porphyrins possessing fluorenyl den-
drons (Table 2 and Figure 7). Comparison between
the free-base dendrimers TPP-D1 and TPP-T1 re-
veals that replacing triple bonds with double bonds
in the peripheral dendrons leads to a significant
increase of the TPA cross-sections.

The zinc complexes of the D-type series (ZnTPP-
D1 and ZnTPP-D2) also exhibit high TPA cross-
sections (o2 = 260 and 450 GM, respectively) at
790 nm, ZnTPP-D2 being the best two-photon ab-
sorber of the series of compounds presently inves-
tigated. From the comparison between TPP-D1 and
ZnTPP-D1, metalation by Zn(II) does not result in a
significant change in cross-section at this wavelength
and induces a slight decrease of o, at higher wave-
lengths compared to the corresponding free-base
porphyrin. This statement suggests that the cross-
section of the missing TPP-D2 free-base porphyrin
would be similar or slightly above that of ZnTPP-D2
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Figure 7. Two-photon excitation spectra of D
dendrimers TPP-D1, ZnTPP-D1, and ZnTPP-
D2 and comparison with related T com-
pounds TPP-T1, TPP-T2, and reference TPP in
dichloromethane.

in the 790-920 nm range. In this respect, the clear en-
hancement of o, observed for ZnTPP-D2 relative to
ZnTPP-D1 is particularly remarkable. First, it reveals
a more pronounced structural difference in two-
photon cross-sections for the D-type series than for
the T-type series, in favor of the largest dendrimers.
Then it suggests that the free-base dendrimer TPP-
D2 would be a better two-photon absorber than its
TPP-T2 analog in the investigated wavelength range.

The two-photon brightness (o, - ®f) is a figure
of merit allowing the evaluation of the potential of
two-photon absorbers for fluorescence imaging. For
the zinc complexes, any change in 0, is combined
with a strong decrease in @ leading to a decrease of
this figure of merit for ZnTPP-D1 relative to that of
its free-base analog TPP-D1, which is the highest of
the compound presently discussed. The ZnTPP-D2
dendrimer still exhibits an interesting two-photon
brightness which is enhanced more than 20 times
compared to TPP used as reference. Among free-base
porphyrins, the two-photon brightness of TPP-D1 is
also significantly higher than that of its analog TPP-
T1, revealing the positive impact of replacing triple
bond by double bonds in the peripheral dendrons for
imaging purposes.

The oxygen-photosensitizing properties of these
dendrimers were also studied. Their quantum yields
of singlet oxygen generation (®,) were determined
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and compared to those of analogous T dendrimers
and TPP used as reference (Table 3). All these den-
drimers exhibit values comprised between 0.55 and
0.64, comparable to that of reference TPP (0.60). In-
terestingly, the free-base dendrimer TPP-D1 shows
the highest value ®5 = 64%, whereas the two zinc
complexes ZnTPP-D1 and ZnTPP-D2 show the
lowest ones (59% and 55%, respectively). As pre-
viously noticed for T-type dendrimers [16,17,36],
the increase in fluorescence quantum yield of the
new free-base dendrimer TPP-D1 relative to TPP is
not obtained at the expense of the singlet oxygen
production.

In combination with the notable increase of the
TPA cross-sections of the dendrimer TPP-D1 com-
pared to its TPP-T1 analog, significant enhance-
ments of the figure of merit for the two-photon ex-
cited oxygen sensitization (@, - 03"** = 177 GM) can
be achieved. For the zinc complexes, this value goes
up to 153 GM for ZnTPP-D1 and even to 248 GM for
larger ZnTPP-D2. The free-base TPP-D1 dendrimer
exhibits a clearly higher enhancement factor than its
T-type analog, in relation with its higher o and its
slightly increased ®,. This compound, easy to syn-
thesize, appears therefore particularly promising for
two-photon photodynamic therapy, and, consider-
ing its TPEF properties, also for theranostic appli-
cations provided it can be made water-soluble by
proper functionalization. It should be emphasized
that other porphyrin-based systems with more ef-
ficient conjugation between the sub-chromophoric
units have often been shown to exhibit higher TPA
cross-sections, but these are generally accompanied
by strong modifications of their other photophysi-
cal properties such as the red shift of their linear
absorption range [24,44-51], which somewhat limi-
tates their interest for theranostics. Indeed, most of-
ten these highly efficient two-photon absorbers ex-
hibit a modest to negligible fluorescence or some
interfering residual one-photon absorption above
800 nm, which leads to the loss of the 3D resolution.
In contrast, the dendrimers presently reported, with
a more restricted 7t-conjugation between the den-
drons and the porphyrin core,! exhibit an improved

IThere is a large dihedral angle between the meso-aryl sub-
stituent and the macrocycle, which is more than 60° in the case
of TPP, see [52].
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trade-off [16,17,36,53] between intrinsic TPA, fluores-
cence, and photosensitizing properties.

3. Experimental section
3.1. General

Unless otherwise stated, all solvents used in reac-
tions were distilled using common purification pro-
tocols [54], except DMF and ipr,NH, which were
dried on molecular sieves (3 A). All chromatographic
separations were effected on silica gel (40-60 L, 60 A).
'H and '3C NMR spectra were recorded on BRUKER
Ascend 400 and 500 at 298 K. The chemical shifts
are referenced to internal tetramethylsilane. High-
resolution mass spectra were recorded on Bruker
MicrOTOF-Q II in ESI positive mode in dried sol-
vent at CRMPO in Rennes. Reagents were purchased
from commercial suppliers and used as received. El-
ement analyses were collected on a Microanalyser
Flash EA1112. UV-visible absorption and photolu-
minescence spectroscopy measurements for all por-
phyrin dendrimers in solution were performed on
Edinburg FLS920 Fluorimeter (Xe900) and BIO-TEK
instrument UVIKON XL spectrometer at room tem-
perature. Toluene and dichloromethane for spectral
analysis were HPLC grade.

3.2. Dendron synthesis and characterization

The two dendrons D1-PhCHO and D2-PhCHO
were obtained after a multistep synthesis from the
brominated 1-bromo-3,5-xylene precursors and
the corresponding 2-fluorenylaldehyde via Horner—
Wadsworth-Emmons reactions followed by carbony-
lation using butyllithium and DME
1-bromo-3,5-bis(bromomethyl)benzene. Com-
mercial 1-bromo-3,5-xylene (5.0 g, 3.67 mL, 27.02
mmol, 1 eq) was added into CH»Cl>(100 mL, dis-
tilled), together with NBS (9.6 g, 54.04 mmol, 2 eq)
and AIBN (220 mg, 1.35 mmol, 0.05 eq). The mixture
was stirred for 30 min at room temperature, and then
refluxed for 30 h. Then cooled in ice-water bath and
filtered, washing residue with heptane. The solvents
were evaporated and the residue was further purified
by chromatography (heptane), collecting the target
product (4.56 g, 49% yield) admixed with 1-bromo-
3-bromomethyl-5-methylbenzene (20%) as white
powder, as well as pure 1-bromo-3-bromomethyl-
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5-methylbenzene (3.55 g) and 1-bromo-3-
(bromomethyl)-5-(dibromomethyl)benzene (1.4 g).
'H NMR (400 MHz, CDCl3, ppm): § 7.47 (s, 2H), 7.34
(s, 1H), 4.41 (s, 4H).

Tetraethyl (5-bromo-1,3-phenylene)bis (methy-

lene)diphosphonate (3). In a flask, the pre-
viously isolated [4:1] mixture of 1-bromo-
3,5-bromomethyl-benzene and 1-bromo-3-

bromomethyl-5-methylbenzene (2.4 g, 7 mmol,
1 eq) and P(OEt)3 (2.4 mL, 14 mmol, 2 eq) were
added, respectively. The mixture was refluxed for
4 h at 140 °C. The excess of P(OEt)3 was removed
under reduced pressure. Then the title product was
purified by chromatography using CH,Cl, to remove
other byproducts and then collected by ethyl acetate,
giving a colorless oil (2.66 g, 83% yield). '"H NMR
(400 MHz, CDCl3, ppm): 6 7.34 (s, 2H), 7.16 (s, 1H),
4.07-4.00 (m, 8H), 3.08 (d, J = 22.0 Hz, 4H), 1.26 (t,
J=7.0Hz, 12 H).

Intermediate D1-PhBr. In a Schlenk tube, fluo-
renylaldehyde 1 (1.69 g, 5.51 mmol, 2.2 eq) and pre-
viously obtained 3 (1.15 g, 2.51 mmol, 1 eq) were
added, then THF (100 mL, dried) was injected. Af-
ter cooling the Schlenk with an ice-water bath (0 °C),
t-BuOK (1.20 g, 10.69 mmol, 4.4 eq) was added un-
der Argon and the reaction was kept stirring for 1 h
at 0 °C. The bath was removed, a saturated NH,Cl
solution (aq) added and the resulting solution ex-
tracted with ethyl acetate. After evaporating the sol-
vents, it was further purified by chromatography
(CH2Cl, /heptane [1:10]), giving D1-PhBr as a white
powder (1.7 g, 89% yield). 1H NMR (400 MHz, CDCls,
ppm): 8 7.71 (d, J = 7.6 Hz, 4H), 7.61 (s, 1H), 7.60 (s,
2H), 7.52 (d, J = 8.4 Hz, 2H), 7.50 (s, 2H), 7.37-7.31
(m, 6H), 7.27 (d, J = 16.0 Hz, 2H), 7.12 (d, ] = 16.4 Hz,
2H), 2.01 (t, / = 8.0 Hz, 8H), 1.15-1.06 (m, 8 H), 0.71-
0.58 (m, 20H).

Dendron D1-PhCHO. In a Schlenk tube, D1-PhBr
(720 mg, 0.94 mmol, 1 eq) was dissolved in THF
(60 mL) and n-BulLi (0.59 mL, 0.94 mmol, 1.6 M, 1 eq)
was added dropwise at —78 °C during 15 min. The re-
action was stirred for additional 40 min at low tem-
perature. Then DMF (1 mlL, dried) was added and
stirring was continued for 1 h at —78 °C. The bath was
removed, a saturated NH4Cl solution (aq) added and
the resulting solution extracted with ethyl acetate. Af-
ter evaporating the solvents, it was further purified by
chromatography (CH,Cl,/heptane [1:5]), giving D1-
PhCHO as a light-yellow powder (580 mg, 86% yield).
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'H NMR (400 MHz, CDCl3, ppm): 6 10.11 (s, 1H), 7.96
(s, 3H), 7.73-7.71 (m, 4H), 7.56 (d, J = 8.0 Hz, 2H),
7.53 (s, 2H), 7.40-7.23 (m, 10H), 2.02 (t, ] = 8.0 Hz,
8H), 1.15-1.06 (m, 8 H), 0.71-0.56 (m, 20H). HRMS-
ESI: m/z calcd for Cs3HsgO: 710.44822 [M]*; found
710.4481.

Intermediate D2-PhBr. This synthesis is a clas-
sical procedure similar to that previously used for
D1-PhBr. The purification was completed by chro-
matography (heptane/CH,Cl, [10:1]), providing
D2-PhBr as a white powder (93% yield). 1H NMR
(400 MHz, CDCls, ppm): 6 7.72-7.71 (m, 10H), 7.64
(s, 7H), 7.57 (d, ] = 8.0 Hz, 4H), 7.55 (s, 4H), 7.37-7.31
(m, 16H), 7.30-7.18 (m, 8H), 2.03 (t, / = 8.0 Hz, 16H),
1.16-1.07 (m, 16 H), 0.72-0.57 (m, 40H).

Dendron D2-PhCHO. This synthesis is a classi-
cal procedure similar to that previously used for D1-
PhCHO. The purification was completed by chro-
matography (heptane/CH,Cl, [5:1]), providing D2-
PhCHO as a yellow powder (65% yield). '"H NMR
(400 MHz, CD,Cl,, ppm): & 10.15 (s, 1H), 8.05 (s,
3H), 7.76-7.73 (m, 13H), 7.62-7.59 (m, 8H), 7.42-7.29
(m, 25H), 2.06 (t, /] = 8.0 Hz, 16H), 1.17-1.08 (m,
16 H), 0.72-0.54 (m, 40H). HRMS-ESI: m/z calcd for
C115H1220: 1518.94902 [M]*-; found 1518.9487.

3.3. Porphyrin synthesis and characterization

Reference porphyrins TPP, TPP-T1, and TPP-
T2 were synthesized as described earlier by our
group [32,40]. The generation G1 dendrimer TPP-
D1 was obtained under Adler-Longo conditions as
described earlier (8% yield) [28].

ZnTPP-D1. The free-base porphyrin TPP-D1 re-
acts with excess of Zn(OAc), in [3:1] mixture of
CH,Cl, and MeOH at 40 °C overnight. After evapo-
rating the solvents, ZnTPP-D1 was purified by chro-
matography (petroleum ether/CH,Cl, [5:1]) and af-
ter evaporation of the volatiles was obtained as a
pink powder (80% yield). 1H NMR (400 MHz, CD»Cl,,
ppm): & 9.20 (s, 8H), 8.42 (s, 8H), 8.21 (s, 4H), 7.71-
7.68 (m, 32H), 7.60-7.54 (m, 60H), 7.48 (d, /] = 8.4 Hz,
8H), 7.42-7.27 (m, 80H), 7.15 (dd, /; = 8.4 Hz, J» =
2.4 Hz, 4H), 2.01 (t, J = 7.2 Hz, 64H), 1.12-1.01 (m,
64H), 0.65-0.51 (m, 160H) [28]. 13C NMR (125 MHz,
CDCl3, ppm): & 151.3, 151.0, 143.0, 141.2, 140.8,
136.3, 136.1, 132.0, 130.7, 127.6, 127.1, 126.8, 125.8,
124.0, 122.8, 120.8, 119.9, 119.7, 54.9, 40.3, 25.9, 23.1,
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13.8. HRMS MALDI: m/z calcd for C228H236N4Zn:
3093.7876 [M]*-; found 3093.782.

Dendrimer TPP-D2. The mixture of D2-PhCHO
(250 mg, 0.16 mmol, 1 eq) and propionic acid (4 mL)
was heated to 120 °C. After pyrrole (0.01 mL, 0.16
mmol, 1 eq) in propionic acid (1 mL) was added into
the mixture dropwise, the reaction was kept refluxing
for 5.5 h. After cooling to room temperature, MeOH
was then added to the reaction mixture and the pre-
cipitate was filtered. The residue could be purified by
chromatography (petroleum ether/CH,Cl, [5:1]) as a
red powder (10 mg, 4% yield). 'H NMR (400 MHz,
CD,Cl,, ppm): 6 9.10 (broad s, 8H), 8.50 (s, 8H), 8.20-
7.10 (large signals, 188H), 2.01 (large s, 64H), 1.00 (m,
64H), 0.60-0.50 (m, 160H).

ZnTPP-D2. Previous crude mixture TPP-D2
(10 mg, 1.6 x 1076 mol, 1 eq) reacts with excess of
Zn(0Ac); (3 mg, 1.6 x 107° mol, 10 eq) in a [3:1] mix-
ture of CH,Cl, and MeOH (1 mL) at 40 °C overnight.
After evaporating the solvents, the Zn complex
ZnTPP-D2 could be isolated by chromatography
(petroleum ether/CH,Cl, [5:1]), as a pink powder
(60% yield). 'H NMR (400 MHz, CD,Cl,, ppm): § 9.20
(s, 8H), 8.42 (s, 8H), 8.21 (s, 4H), 7.71-7.68 (m, 32H),
7.60-7.54 (m, 60H), 7.48 (d, /] = 8.4 Hz, 8H), 7.42-7.27
(m, 80H), 7.15 (dd, J; = 8.4 Hz, J» = 2.4 Hz, 4H), 2.01
(t, J=7.2Hz, 64H), 1.12-1.01 (m, 64H), 0.65-0.51 (m,
160H).

3.4. Spectroscopic measurements

All measurements have been performed with freshly
prepared air-equilibrated solutions at room tem-
perature (298 K). Fluorescence measurements were
performed on dilute solutions (ca. 1076 M, optical
density <0.1) contained in standard 1 cm quartz
cuvettes. Fully corrected emission spectra were ob-
tained, for each compound, under excitation at
the wavelength of the absorption maximum, with
Ajex <0.1 to minimize internal absorption.
Measurements of singlet oxygen quantum yield
(Pa). Measurements were performed on a Fluorolog-
3 (Horiba Jobin Yvon), using a 450 W Xenon lamp.
The emission at 1272 nm was detected using a liq-
uid nitrogen-cooled Ge-detector model (EO-817L,
North Coast Scientific Co). Singlet oxygen quantum
yields ®, were determined in dichloromethane
solutions, using tetraphenylporphyrin (TPP) in
dichloromethane as reference solution (®, [TPP]
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= 0.60) and were estimated from 'O, luminescence
at 1272 nm.

Two-Photon Absorption Experiments. To span
the 790-920 nm range, a Nd:YLF-pumped Ti:sapphire
oscillator (Chameleon Ultra, Coherent) was used
generating 140 fs pulses at a 80 MHz rate. The
excitation power is controlled using neutral den-
sity filters of varying optical density mounted in
a computer-controlled filter wheel. After five-fold
expansion through two achromatic doublets, the
laser beam is focused by a microscope objective
(10x, NA 0.25, Olympus, Japan) into a standard 1
cm absorption cuvette containing the sample. The
applied average laser power arriving at the sample
is typically between 0.5 and 40 mW, leading to a
time-averaged light flux in the focal volume on the
order of 0.1-10 mW/mm?. The fluorescence from
the sample is collected in epifluorescence mode,
through the microscope objective, and reflected
by a dichroic mirror (Chroma Technology Corpo-
ration, USA; “blue” filter set: 675dcxru; “red” filter
set: 780dxcrr). This makes it possible to avoid the
inner filter effects related to the high dye concen-
trations used (10™* M) by focusing the laser near
the cuvette window. Residual excitation light is re-
moved using a barrier filter (Chroma Technology;
“blue”: e650-2p, “red”: e750sp-2p). The fluores-
cence is coupled into a 600 um multimode fiber
by an achromatic doublet. The fiber is connected
to a compact CCD-based spectrometer (BTC112-E,
B&WTek, USA), which measures the two-photon
excited emission spectrum. The emission spectra
are corrected for the wavelength dependence of
the detection efficiency using correction factors es-
tablished through the measurement of reference
compounds having known fluorescence emission
spectra. Briefly, the setup allows for the recording
of corrected fluorescence emission spectra under
multiphoton excitation at variable excitation power
and wavelength. TPA cross-sections (02) were de-
termined from the two-photon excited fluorescence
(TPEF) cross-sections (o3 - ®f) and the fluorescence
emission quantum yield (®g). TPEF cross-sections
of 107 M CH,Cl, solutions were measured rela-
tive to fluorescein in 0.01 M aqueous NaOH using
the well-established method described by Xu and
Webb [39,43] and the appropriate solvent-related
refractive index corrections [55]. The quadratic de-
pendence of the fluorescence intensity on the exci-
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tation power was checked for each sample and all
wavelengths.

4. Conclusions

We report here the synthesis, characterization, and a
photochemical study of two new zinc(II) complexes
of TPP-based dendritic chromophores possessing 8
to 12 fluorenyl groups at their periphery (ZnTPP-D1
and ZnTPP-D2). The corresponding free-base por-
phyrins are analogs of related dendrimers in which
we have now replaced the alkyne linkages (T se-
ries) by E-alkene ones (D series) at their periph-
ery (Scheme 1). While TPP-D2 could not be iso-
lated pure, metalation of this free base by Zn(II)
provided a convenient mean to selectively access a
representative of the higher generation dendrimer
(ZnTPP-D2). Comparison with previously gathered
data indicate that the optical properties of these den-
drimers exhibit an obvious dependence on the den-
drimer structure, E-alkene linkers being clearly bet-
ter than 1,2-alkyne ones for enhancing the photo-
physical properties of interest (luminescence, 2PA
cross-section, and sensitization yields) for perform-
ing 2P-PDT and fluorescence imaging. Comparison
between TPP-D1 and ZnTPP-D1 also reveals that
metalation does not drastically affect the two-photon
absorption cross-section nor improve the oxygen-
sensitizing efficiency of these dendrimers.
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1. Introduction

Numerous free-base and transition metal triaryl-
corroles bearing different meso- and f-substituents
have been synthesized [1,2] and electrochemically
examined [3], with particular emphasis being placed
on elucidating the electronic configuration of those
metal complexes which are known to act as air-stable

* Corresponding authors.

ISSN (electronic) : 1878-1543

radicals [4-8]. In 2010, Pierloot et al. [9] presented
ab initio evidence for a noninnocent corrole ligand
in the case of copper corroles, and since that time
there have been many reports characterizing neutral
copper corroles as having a reduced divalent cen-
tral metal ion (Cu') and an oxidized macrocyclic lig-
and in its cation radical form (Cor*?7) [5-7,10-14].
Evidence for this assignment has involved a wide
variety of approaches, including structural analy-
sis, spectroscopic measurements and electrochem-
ical criteria to assess the noninnocent behavior of
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the corrole in question and a concise summary of
what has been published in this area was recently
reviewed by Ganguly and Ghosh [15]. In our own
work we have suggested an electrochemical litmus
test for evaluating the innocence or noninnocence
of transition-metal corroles [3,5,10,11,13,16-19], and
suggested that the presence of a facile reduction at
potentials more positive than —0.20 V versus SCE
(Saturated Calomel Electrode) could be used as one
electrochemical diagnostic criterion to establish lig-
and noninnocence in these systems.

Our recent studies on the electrochemistry of
tetrapyrrole macrocycles has focused in part on
cobalt corroles [16-19], some of which possessed
redox-active meso-nitrophenyl groups [16,17] where
ligand noninnocence or innocence was shown to be
governed by the number and type of axial ligands
bound to the formal cobalt(Ill) central metal ion.
In one of these studies [19], we reported the effect
of anions on the spectroscopic and electrochemi-
cal properties of noninnocent cobalt corroles and
noted that the addition of cyanide anions (CN™) to
solution led to the stepwise formation of a five- and
six-coordinate cobalt(II) complex with an innocent
corrole macrocyclic ligand, while the addition of
other anions, such as fluoride (F7), led to a chemical
reduction of the noninnocent corrole ligand giving
an anionic [Cor3~Co!|~ product. The reaction with
F~ was rationalized by the known ability of strong
Lewis basic anions to reduce or form a solvent caged
radical pair with certain 7t-acids (i.e. ligands with
a low lying LUMO or SOMO-1) via anion induced
electron transfer (AIET) [20-22].

There remains little doubt surrounding the assign-
ment of ligand noninnocence in the case of cop-
per corroles which are isolated as four-coordinate
species and do not undergo axial ligation in solu-
tion and these [Cor*?~Cu'!] systems therefore serve
as ideal metallocorroles to explore the ability of AIET
to occur in aprotic media. This is examined in the
current study which reports synthesis and character-
ization of the five copper corroles (1-5) in Scheme 1,
with one aim of this study being to elucidate the pre-
vailing electrochemical and spectroscopic behavior
of copper nitroaryl corroles in CH,Cl, and the other
to explore the possible reduction of these open-shell
complexes by cyanide or fluoride anions added to so-
lution in the form of tetra-n-butylammonium salts,
TBACN or TBAE

C. R. Chimie— 2021, 24, n° S3, 71-82

2. Experimental section
2.1. Material and instrumentation

All chemicals and solvents were of the highest
electrochemical grade available and were used
without further purification. NMR solvents were
purchased from Eurisotope. DriSolve anhydrous
dichloromethane (CH2Cly, =99.8%) was purchased
from Sigma Chemical Co. Tetra-n-butyl-ammonium
perchlorate (TBAP, =99.0%), 95.0% tetra-n-butyl-
ammonium cyanide (TBACN) and 98% tetra-n-
butyl-ammonium fluoride hydrate (TBAF) were pur-
chased from Sigma Chemical Co. and stored in a des-
iccator until used. Copper corrole 0 (see Scheme 1)
was synthesized and characterized according to lit-
erature procedures [23].

'H NMR spectra were recorded on a Bruker
Avance NEO 500 spectrometer operating at 500 MHz
and available at the PACSMUB-WPCM technological
platform, which relies on the “Institut de Chimie
Moléculaire de I'Université de Bourgogne” and SATT
SAYENS “TM”, a Burgundy University private sub-
sidiary. All NMR shift values are expressed in ppm.
'H NMR spectra were calibrated using the residual
peak of chloroform at 7.26 ppm and '°F NMR spectra
were calibrated with an internal reference (CFClg).

UV-visible spectra of the synthesized compounds
were recorded on a Varian Cary 50 or Hewlett-
Packard model 8453 diode array spectrophotome-
ter. Quartz cells with optical path lengths of 10 mm
were used. ESI mass spectra were recorded on a LTQ
Orbitrap XL (THERMO) instrument for HR-MS spec-
tra and on an AmaZon SL (Bruker) instrument for the
LRMS spectra or on a Bruker Microflex LRF MALDI
Tandem TOF mass spectrometer using dithranol as
the matrix.

Thin-layer UV-vis spectroelectrochemical mea-
surements were made using a commercially avail-
able thin-layer cell from Pine Instruments Inc. which
had a platinum honeycomb working electrode con-
sisting of 19 Pt-coated channels with each channel
being 0.50 mm in diameter and a center-to-center
distance of 0.75 mm. Potentials were applied and
monitored with an EG&G PAR Model 173 potentio-
stat/galvanostat. High-purity argon from Matheson
Trigas was used to deoxygenate the solution and a
stream of inert gas was kept over the solution during
each spectroelectrochemical experiment.
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Scheme 1. Structures and numbering of the investigated copper triarylcorroles 1-5 and the reference

compound 0.

Electrochemical measurements were performed
at 298 K using an EG&G Princeton Applied Re-
search (PAR) Model 173 potentiostat/galvanostat,
paired with a EG&G PAR Model 175 universal pro-
grammer and a Houston Instruments Omnigraphic
2000 XY Plotter. The three electrode system used
for cyclic voltammetric measurements consisted of a
glassy carbon working electrode, a platinum counter
electrode and a saturated calomel reference elec-
trode (SCE) which was separated from the bulk of
the solution by a fritted glass bridge of low poros-
ity. The bridge was purchased from Gamry Instru-
ments and contained the solvent/supporting elec-
trolyte mixture.

2.2. Synthesis of 5,15-dimesityl-10-
(2,4-dinitrophenyl)corrole,
(Mes)g (2,4 -(NOz)ZPh) COIHg

In a round bottom flask, 5-mesityldipyrromethane
(396.5 mg, 1.5 mmol) and 2,4-dinitrobenzaldehyde
(147 mg, 0.75 mmol) were dissolved in 150 mL of
CH3OH. Afterwards a solution of 3.8 mL of HClyq
(36%w) in 75 mL of water was added and the crude
material was stirred at room temperature for 2 h.
The mixture was extracted with 80 mL of CHCl3 af-
ter which the organic phase was washed twice with
80 mL of water, dried on sodium sulfate, filtered
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and then diluted with 250 mL of CHCl3. p-Chloranil
(369 mg, 1.5 mmol) was added and the mixture was
stirred overnight at room temperature. The reac-
tion mixture was evaporated to dryness and chro-
matographed on silica gel using a CHCl3-heptane
(2:1, v:v) eluent. Yield 160.2 mg (0.23 mmol, 31%).
UV=vis (CH2Cl) Amax Nm, € x 102 M~ L.cm™)]: 406
(106.2), 421 (86.9), 569 (20.5), 599 (14.8). 'H NMR
(500 MHz, CDCl3), 6 (ppm): 9.17 (d, *J = 2.5 Hz, 1H,
Hpp), 8.88 (d,®J = 4.5Hz, 2H, Hp), 8.72 (d, 3] = 8.0 Hz,
1H, Hpp), 8.50 (d, *J = 5.0 Hz, 2H, Hp), 8.44 (d, *] =
8.0 Hz, 1H, Hpyp), 8.32 (d, 3] = 4.5 Hz, 2H, Hp), 8.21
(d, 3J = 4.5 Hz, 2H, Hp), 7.27-7.25 (s, 4H, mesityl,
overlapped with CHCl3 deuterated solvent residual
signal), 2.59 (s, 6H, CH3s), 1.94 (s, 6H, CH3s), 1.89 (s, 6H,
CH3). LRMS (MALDI/TOF) [M+H]*: 701.13 (exp.),
701.29 (calcd). HRMS (ESI) [M+H]*: 701.2882 (exp.),
701.2871 (calcd). See Figures S1 and S2 for 'H NMR
and ESI-MS data.

2.3. General synthetic procedures for copper
corroles

2.3.1. Protocol A

Corrole (0.091 mmol) and Cu(acac), (191.0 mg,
0.73 mmol, 8.0 eq) were dissolved in dichloro-
methane (9 mL) and triethylamine (0.3 mmol). The
mixture was stirred at room temperature for 20 min
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and then vacuum dried. The residue was purified by
column chromatography as described below.

2.3.2. Protocol B

Corrole (0.041 mmol) and CuOAc,-H,O
(66.4 mg, 0.33 mmol, 8.0 eq) were dissolved in
dichloromethane (5 mL) and methanol (20 mL).
The mixture was stirred at room temperature until
the color changed to yellow-brown, after which the
temperature was increased to 75 °C for 5 h. After
evaporating to dryness, the residue was purified by
column chromatography as described below.

2.4. (Mes)2(4-NO,Ph)CorCu (1)

This compound was synthesized following Proto-
col B starting from 30.0 mg of free base corrole [24].
Purification was carried out on a silica gel column
using a CH,Cl,/heptane (1:1, v:v) eluent. The syn-
thesis of corrole 1 followed a modified synthetic pro-
cedure reported in the literature [25]. Yield: 31.2 mg
(0.044 mmol, 95%). UV-vis (CH2Cly) Aax [Nm, €% 103
M '-em™)]: 396 (67.9), 537 (7.9), 597 (4.7). 'H NMR
(500 MHz, CDCl3), § (ppm): 8.36 (d, *J = 8.0 Hz, 2H,
Hpn), 7.99 (m, 2H, Hp), 7.77 (d, *J = 8.0 Hz, 2H, Hpp),
7.36 (d, °J = 4.0 Hz, 2H, Hp), 7.21 (m, 2H, Hp), 7.03
(m, 6H, Hp, Hmes), 2.40 (s, 6H), 2.06 (s, 12H). LRMS
(MALDI/TOF) [M]**: 715.17 (exp.), 715.20 (calcd).
See Figures S3 and S4 for 'H NMR and ESI-MS data.

2.5. (Mes),(2,4-(NO,),Ph)CorCu (2)

This compound was synthesized following Proto-
col B starting from 30.5 mg of free base corrole
(Mes)2(2,4-(NO2)2Ph)CorH3. Purification was car-
ried out on a silica gel column using a CH,Cl,/
heptane (1:1, v:v) eluent. Yield: 31.0 mg (0.0041
mmol, 94%). UV-vis (CH2Cly) Amax [nm, € x 103
M~t-em™)]:397 (91.8), 601 (5.6). 'H NMR (500 MHz,
CDClz), 6 (ppm): 8.99 (d, *J = 2.0 Hz, 1H, Hpy,), 8.58
(d, *J = 8.0 Hz, 1H, Hpyp), 8.05 (m, 2H, Hgp), 7.86 (d,
3] = 8.0 Hz, 1H, Hpy), 7.36 (d, ] = 4.0 Hz, 2H, Hp)
7.23 (m, 2H, Hp), 7.04 (s, 2H, Hyes), 7.03 (s, 2H, Hyes),
6.82 (d, 3J = 4.5 Hz, 2H, Hp), 2.40 (s, 6H, CHg3), 2.07
(s, 6H, CH3), 2.05 (s, 6H, CH3). LRMS (MALDI/TOF)
[M]**: 760.20 (exp.), 760.19 (calcd). HRMS (ESI)
[M]**: 760.1887 (exp.), 760.1854 (calcd), [M+Na]™:
783.1753 (exp.), 783.1752 (calcd). See Figures S5 and
S6 for 'H NMR and ESI-MS data.
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2.6. (2,3,4,5-F4Ph),(2-NO,thiophene)CorCu (3)

This compound was synthesized following Protocol B
starting from 30.2 mg of free base corrole [26-28].
Purification was carried out on a silica gel column us-
ing a CH,Cl, /heptane (1:1, v:v) eluent. Yield: 30.3 mg
(0.0039 mmol, 93%). UV-vis (CH2Cly) Amax [Nm, € x
103 M~ l.em™)]: 405 (73.2). 'H NMR (500 MHz,
CDClz), § (ppm): 7.97 (d, 3] = 4.0 Hz, 1H, Hy;o), 7.93
(d, 3] = 4.0 Hz, 2H, Hp), 7.43 (d, *J = 4.5 Hz, 2H, Hp),
7.40 (d, ®J = 4.5 Hz, 2H, Hp) 7.36 (d, *J = 4.0 Hz,
1H, Hnio), 7.31-7.26 (m, 4H, Hpn, Hp). "'F NMR
(470 MHz, CDCl3), 6 (ppm): —137.55 to —137.57 (m,
8F). LRMS (MALDI/TOF) [M]**: 780.98 (exp.), 780.99
(calcd). HRMS (ESI) [M]**: 780.9899 (exp.), 780.9875
(calcd). See Figures S7 and S8 for 'H NMR, 'F NMR
and ESI-MS data.

2.7. (3-NO2Ph), (Ph)CorCu (4)

This compound was synthesized following Protocol B
starting from 30.0 mg of free base corrole [29]. Pu-
rification was carried out on a silica gel column us-
ing a CH,Cly/heptane (2:1, v:v) eluent. Synthesis of
corrole 4 has already been reported in the litera-
ture [29]. Yield: 17.3 mg (0.026 mmol, 52%). UV-vis
(CH2Clp) Amax [nm, € x 103 (M~ 1-cm™)]: 407 (80.6),
541 (6.3), 625 (4.3). 'H NMR (500 MHz, CDCl3), §
(ppm): 8.59 (m, 2H, Hpy,), 8.44 (d, 3/ = 8.0 Hz, 2H,
Hpy), 8.05 (d, 3J = 8.0 Hz, 2H, Hpy), 7.89 (m, 2H,
Hp), 7.69 (t, 3] = 8.0 Hz, 2H, Hpy,), 7.60 (m, 3H, Hpp),
7.54 (d, ] = 5.0 Hz, 2H, Hp), 7.47 (m, 2H, Hpy), 7.27
(d, 3J = 4.5 Hz, 2H, Hp), 7.26 (m, 2H, Hp). LRMS
(MALDI/TOF) [M]**: 676.06 (exp.), 676.09 (calcd).
See Figures S9 and S10 for 'H NMR and ESI-MS data.

2.8. (4-NO,Ph)3CorCu (5)

This compound was synthesized following Protocol A
starting from 60.0 mg of free base corrole [30]. The
purification process consisted of a silica gel column
using neat CH»Cl, as the eluent. Synthesis of cor-
role 5 has already been reported in the literature [31].
Yield: 30.0 mg (0.042 mmol, 46%). UV-vis (CH,Cl,)
Amax [nm, € x 103 (M~L.cm™1)]: 420 (37.5), 540 (5.0),
627 (3.5). 'H NMR (500 MHz, CDCl3), § (ppm): 8.37
(m, 6H, Hpp), 8.00 (m, 2H, Hgp), 7.92 (d, 3] = 8.5 Hz,
4H, Hpy,), 7.83 (d, 3J = 8.5 Hz, 2H, Hpy), 7.59 (d, 3] =
4.5 Hz, 2H, Hp), 7.31 (m, 2H, Hp), 7.19 (d, *J = 4.5 Hz,
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Table 1. Half-wave potentials (V versus SCE) of copper triarylcorroles 0-5 in CH,Cl, containing 0.1 M

TBAP

Eq/2 (V versus SCE)

Cpd 2ndOx 1stOx IstRed 2ndRed (#e) if2/if1* Ref.
0 146° 078 -0.19 -1.94 (1) [10]
1 140° 080 -016 -1.16(1) 095  tw
2 143° 083 -0.09 —0.92(1) 1.00  tw
3 157 1.08 019  —1.00(1) 1.00  tw
4  146° 088 -0.08 -1.13(2) 195  tw
5 144 095 0.02 -1.10(3) 294  tw

Structures of the compounds are given in Scheme 1.

a igcz / iffcl = ratio of cathodic peak current for 2nd Red (at the meso-
nitroaryl group) over that of the first 1st Red (at the conjugated

macrocycle).

b Obtained in CH,Cl,/0.1 M TBAP at —60 °C.
¢ Peak potential of irreversible process at scan rate of 0.1 V/s. ttw =

this work.

2H, Hp). LRMS (MALDI/TOF) [M]**: 721.06 (exp.),
721.08 (calcd). See Figures S11 and S12 for 'H NMR
and ESI-MS data.

3. Results and discussion
3.1. Electrochemistry

Each copper corrole was electrochemically examined
in CH,Cl; containing 0.1 M TBAP at room temper-
ature. Examples of cyclic voltammograms for 1-5
are given in Figure 1 and half-wave potentials are
summarized in Table 1 which also includes data for
the parent copper triphenylcorrole (0 in Scheme 1)
under the same solution conditions [10].

As seen in Figure 1, the nitroaryl corroles 1-5
exhibit two reversible reductions and at least one
reversible oxidation while the parent compound
0 exhibits only one reversible reduction and one
reversible oxidation within the solvent potential
window. Half-wave potentials for the first reduc-
tion of the corroles are located between 0.19 and
—0.19 V versus SCE and are assigned to occur at the
conjugated macrocycle as given in (1).

Cor"Cu'l + e~ = [CorCu']~ 1

This assignment of electron transfer site is
consistent with earlier assignments for numer-
ous copper [5,11-13,32] and other noninnocent
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metallocorroles [5,15-19,33,34] and fits with the
Kadish electrochemical diagnostic criterion [18]
that noninnocent macrocycles will undergo a facile
reduction in nonaqueous media (vide supra). As
seen in Figure 1 and Table 1, the most facile one-
electron addition occurs for 3 (E;;2 = 0.19 V), con-
sistent with the electron withdrawing properties
of both the meso-nitrothiophene group and the
two meso-tetrafluorophenyl substituents while cor-
role 1 bearing two mesityl and one para-nitrophenyl
meso-group exhibits the most difficult ligand cen-
tered reduction of the investigated nitroaryl cor-
roles at Ey;» = —0.16 V. All of the nitroarylcorroles
are easier to reduce than the parent compound, 0
(E1/2 = —0.19 V), an expected result due to the highly
electron-withdrawing NO, substituent.

The second reduction of compounds 1-5 ranges
from E;;, = —-1.16 (for 1) to —0.92 V (for 2) and
these values can be compared to —1.94 V for the
second reduction of corrole 0 when the measure-
ment was carried out at —60 C [10]. This large dif-
ference in potential for the second reduction of
the five copper corroles bearing one or more ni-
troaryl substituents is consistent with a change in
the site of electron transfer, from 7-ring centered
in the case of 0 to the electroactive meso-nitroaryl
ring(s) in the case of compounds 1-5. This assign-
ment of electron transfer site in 1-5 is consistent with
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Figure 1. Cyclic voltammograms of copper corroles 1-5 in CH,Cl, containing 0.1 M TBAP. Scan rate =
0.1V/s. Potentials for the meso-nitroaryl reduction are shown in blue, the number of electrons transferred
in the second reduction step is indicated above the half-wave potential and peak potentials for chemically
generated products formed after oxidation are given in red.

the known electrochemistry of nitrobenzene [35],
which is reduced in two steps, the first being re-
versible and located at E;;» = —1.08 V versus SCE
in CH;Cl, [36]. The half-wave potential for the sec-
ond reduction of 1 (E;;2 = —1.16 V) is close to that
of free nitrobenzene while the second reversible re-
duction of corroles 2 (E1;2 = —0.92 V) and 3 (Ej/2 =
—1.00 V) are located at potentials close to reported
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E1/» values in nonaqueous media for reduction of
m-dinitrobenzene [37] and 2-nitrothiophene [38], re-
spectively. Additional evidence for reduction of the
nitroaryl groups is given by if2/if\!, defined as the
ratio of cathodic peak current (iy) for the second
electroreduction over the ipc value for the first re-
duction of the same compound. As seen in Table 1,

this ratio is approximately 1.0 for compounds 1-3,
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2.0 for compound 4, and 3.0 for compound 5, values
consistent with the number of nitroaryl substituents
on the examined corrole and indicating a single
one-electron reduction of this group in each case.
Reductions occurring at the meso-NO,Ph groups
of iron [39,40], cobalt [16,17,19,40] and copper [31]
corroles have previously been reported while simi-
lar meso-substituent-centered reductions have also
been shown to occur for porphyrins bearing meso-
nitrophenyl groups [40,41].

As mentioned above, nitrobenzene [35] and ni-
trothiophene [38] are both characterized by two re-
ductions in nonaqueous media, the second of which
is irreversible. The same is seen for the copper cor-
roles 2, 3 and 5 in CH,Cl, (Figure 1) where the sec-
ond and third reductions are assigned to occur at
the meso-nitroaryl group. It is worth noting that the
copper corrole 2 bearing both a ortho- and para-NO;
substituent on one meso-phenyl ring of the com-
pound displays only a single one-electron reduc-
tion at —0.97 V while m-dinitrobenzene displays two
closely spaced reversible reductions [37,42] located
at —0.90 and —1.25 V versus SCE when measured in
acetonitrile containing tetra-n-propylammonoium
perchlorate [37].

The first oxidation of corroles 1-5 is reversible
and located at potentials ranging from 0.80 to
1.08 V versus SCE. On the basis of literature assign-
ments for compound 0 and related copper corroles
[5,10-12,43], this process in the current study is as-
signed as a ligand-centered oxidation, resulting in
a cationic product with a divalent Cu' metal center
and a doubly oxidized corrole macrocycle according
to (2).

Cor*Cul! = [CorCul]* + e~ )

A plot of the first oxidation potential versus the
first reduction potential for compounds 0-5 in
CH,Cl, containing 0.1 M TBAP is shown in Fig-
ure 2 and reveals a characteristic of these noninno-
cent corrole systems. The plot in the figure is linear
with a high correlation coefficient of R? =0.985, thus
suggesting that the site of both electroreduction and
electrooxidation remains the same throughout the
series of compounds, and supporting the assign-
ments given in (1) and (2). Inductive effects of meso-
substituents on corroles, porphyrins and related
macrocycles are known to govern redox potentials [3,
19,41,44-48] and it was expected that a linear plot
would be obtained between the two redox potentials
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Figure 2. Plots of Ej, for first oxidation versus
Ey ), for first reduction of corroles 0-5 in CH, Cl,
containing 0.1 M TBAP.

in Figure 2 (assuming that the sites of electron trans-
fer remain the same throughout the series); however
the magnitude of the slope in the plot of Figure 2
provides insight into how the electron withdrawing
substituents influence differently the oxidation and
reduction potentials of noninnocent corroles in the
currently investigated series of compounds. As seen
in the figure, the slope of the linear regression analy-
sis is 0.804 with a standard error (or deviation) of the
slope (Sp) of 0.050. The obtained slope of less than
1.0 indicates that reduction of the noninnocent cop-
per triarylcorroles (or the LUMO/SOMO-1) is more
affected by electron withdrawing substituents on the
meso-aryl groups than is the oxidation (or HOMO
energies) by a factor of ~1.25.

Each investigated corrole also undergoes a sec-
ond oxidation which is irreversible for 1-4 and lo-
cated at an anodic peak potential (Ep,) between 1.40
and 1.57 V (see Figure 1). A chemical reaction follows
this electron transfer and leads to a new electrooxida-
tion product which is reduced at potentials between
Epc = 1.01 and 1.05 V for 1-3 on the reverse scan.
Interestingly, corrole 5 displays a reversible second
oxidation at Ej/» = 1.44 V indicating the absence of
a coupled chemical reaction on the cyclic voltamme-
try timescale, but plots of Ej,. values for this process
in compounds 1-5 versus Ej» for the first reduction
or first oxidation are linear, suggesting that the site of
the second electron abstraction does not change in
the series of investigated corroles.

3.2. Electrochemical or chemical reduction via
anion induced electron transfer (AIET)

To characterize the one-electron reduction prod-
uct(s) of 1-5, thin-layer UV-vis spectroelectrochem-
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b) Cyanide Addition
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Figure 3. UV-vis spectral changes for compounds 1-5 (a) during an applied reducing potential (~10* M)
in CH,Cl; containing 0.1 M TBAP and (b) upon addition of TBACN (0.02 M) to ~10~° M corrole in CH,Cl,
where the changes were recorded as a function of time.

ical studies were carried out in CH»Cl, containing
0.1 M TBAP. The spectral changes obtained under the
influence of an applied reducing potential in the thin
layer cell are presented in Figure 3a and the data for
the neutral and singly reduced corroles in the CH,Cl,
solvent containing 0.1 M TBAP are summarized in
Table 2.
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The neutral corroles 1-5 have a well-defined Soret
band located between 396 and 420 nm and broad ill-
defined Q-bands as seen in Figure 3a. Similar spectra
have been reported for 0 under the same solution
conditions [5,10]. Upon reduction of corroles 1-4, the
Soret band at decreases in intensity as a new red-
shifted Soret band of higher intensity grows in at
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Table 2. UV-vis spectral data of neutral and singly reduced copper corroles 0-5 in CH,Cl, containing

0.1 M TBAP
Amax, M (€ x 1074 M~ L.cm™)
Neutral Singly reduced
Cpd Soret Q-Band(s) Soret Q-Band(s) Ref.
0 410 (7.2) 540 (0.4) 633(0.2) 432 (9.0) 578 (1.3) 607 (1.8) [10]
1 396(6.8) 537(0.8) 597(0.5) 426(8.5) 537(1.8) 603(1.6) tw
2 397(9.2) 601 (0.6) 428(11.9) 558 (2.4) 601 (1.6) tw
3  405(7.3) 548(0.9) 602 (0.6) 428(11.6) 538(1.9) 576 (2.0) tw
4 407 (8.1) 541(0.6) 625(0.4) 432(8.3) 582(1.2) 610(1.5) tw
5 420(3.8) 540(0.5) 627 (0.4) 417(3.4) 518(1.3) 648 (1.0) tw

Structures of the compounds are given in Scheme 1.

t.w = this work.

426-432 nm along with two new Q-bands located
at 537-582 nm and 576 to 610 nm. There are no
near-IR bands characteristic of a corrole 7-anion
radical and the spectral changes in Figure 3a for 1-4
are consistent with (1) which specifies generation of
[CorCu']~, a compound which possesses an intact
conjugated macrocycle (i.e. Cor>~).

Copper corrole 5 exhibits slightly different be-
havior upon electroreduction. As seen in Figure 3a,
the Soret band of 5 shifts by only 3 nm to higher
energy wavelengths while the corresponding band
for compounds 1-4 shifts by 23-31 nm to the red af-
ter reduction. Singly reduced 5 also has two broad
and intense Q-bands at 518 and 648 nm, a spec-
tral pattern quite different than is seen for singly
reduced 0-4. This difference between the UV-vis
spectrum of singly reduced 5 and the singly reduced
corroles 0-4 (as well as various other copper cor-
roles [10,12,13]) might result from a change in the site
of electron transfer, but the plot in Figure 2 does not
lend credence to this explanation. Nonetheless, the
final spectrum of singly reduced 5 possesses broad
Q-bands in the visible region which appear similar to
hyperporphyrin-type spectra reported for peripher-
ally protonated free base tris(p-aminophenyl)corrole
isomers [49], a phenomenon which might arise from
a mesomeric effect of the para-nitro substituents
which is known to enhance delocalization of the con-
jugated 7t electrons, thus stabilizing the single nega-
tive charge on the molecule via resonance [50-52].

The effect of cyanide anions (CN~) on UV-vis
spectra of the copper corroles was also exam-
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ined and the time dependent spectral changes ob-
served upon addition of an aliquot to give a 0.02 M
TBACN/CH,Cl, solution of 1-5 (~107% M) is shown
in Figure 3b. In each case, the spectral changes seen
upon the addition of CN™ are strikingly similar to
what is seen for the same corroles under the appli-
cation of an applied reducing potential (Figure 3a).
Moreover, the final spectrum of each corrole af-
ter electrochemical or chemical conversion to its
monoanionic form are identical to each other, thus
providing clear evidence for the ability of cyanide an-
ions to reduce the open-shell noninnocent Cor*Cu'!
to a [CorCull]~ product according to (1) via anion
induced electron transfer (AIET).

The time elapsed for conversion of the neutral
copper corrole to its final chemically reduced form
ranged from 23 s for corrole 3 to 1392 s for com-
pound 1. Moreover, a monotonic increase in the
elapsed time needed to complete the AIET processes
was observed with decrease in the first reduction po-
tential of the compound (i.e. a more negative Ej,,
value). This trend is consistent with the thermody-
namically driven electron transfer (ET) event from
the HOMO of cyanide anion to the LUMO/SOMO-
1 of the corrole “mr-acid” complex [20-22] where
the relative energies of the corrole LUMO/SOMO-
1 are indirectly determined by the first reduction
potential.

A simple diagram for this AIET process is given
in Scheme 2, where the HOMO of the anion, in this
case cyanide, lies at an energy level well above that of
the open-shell copper corrole orbitals as detailed by
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Scheme 2. Schematic energy diagram for the
HOMOs of anions (X™) and the LUMO/SOMO-1
of the open-shell copper corrole depicting ther-
mal electron transfer (ET).
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Figure 4. UV-vis spectral changes for com-
pounds 3-5 upon addition of TBAF (0.05 M) to
~107° M corrole in CH,Cl, where the changes
are recorded as a function of time.

Ghosh, Solomon and coworkers [6] as well as Nocera
and coworkers [53].

Like in the case of cyanide anion, F~ has also
been shown to reduce m-acids [22] and was pre-
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Figure 5. UV-vis spectral changes for reference
corrole 0 (a) during an applied reducing po-
tential (~10™* M) in CH,Cl, containing 0.1 M
TBAP, (b) upon addition of TBACN (0.02 M) to
~107> M corrole in CH,Cl, and (c) upon ad-
dition of TBAF (0.5 M) to ~10~> M corrole in
CH,Cl, where the changes are recorded as a
function of time.

viously shown to reduce noninnocent cobalt cor-
roles [19]. Thus, the ability of fluoride anions to
reduce open-shell noninnocent copper corroles by
the addition of TBAF to solution was also inves-
tigated in the current study. As seen in Figure 4,
the addition of TBAF (0.05 M) to a CH,Cl, solu-
tion of corroles 3-5 led to exactly the same pat-
tern of spectral changes as seen for either electrore-
duction in a thin layer cell or chemical reduction
via CN™ (Figure 3). However, The time to complete
reduction of these corroles by anion induced elec-
tron transfer was slower with F~ than with CN™ and
this is shown by a comparison of the data for com-
pounds 3-5 in Figure 3 with that which was ob-
served in Figure 4 where the rates decreased by a fac-
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tor of ~18 to 6.5 depending upon the substitution
pattern.

Identical UV-visible were also observed for the
electrochemically and chemically reduced parent
compound 0 (Figure 5) but the time for reduction
by anion induced electron transfer was slower for F~
than CN™ despite the ten-fold increase in the con-
centration of fluoride as compared to cyanide.

4. Conclusion

The mounting evidence for the ability of Lewis basic
anions to reduce noninnocent corroles as described
in the current study on copper corroles and also in
our previous report for cobalt corroles [19] suggests
that the occurrence of an anion induced electron
transfer (AIET) event in aprotic media can serve as an
additional probe for provisionally assigning the non-
innocence or innocence of metallocorroles, particu-
larly where there is a more cryptic noninnocent be-
havior as in the case of silver corrole derivatives [4,5].
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Abstract. Porphyrins bearing imidazolium salts were synthesized and used as N-heterocylic carbene
(NHC) precursors for the preparation of gold(I) complexes. The dark toxicity and phototoxicity of
the obtained compounds were investigated in vitro on MCF-7 breast cancer cells. The obtained
data showed that porphyrins equipped with imidazolium salts are non-toxic in the dark and present
interesting photodynamic properties. On the contrary, corresponding NHC-gold(I) complexes are not
suitable photosensitizers for photodynamic therapy (PDT) applications. Their dark toxicity strongly
depends on the nature of the linker between the porphyrin core and the NHC. This work was extended
to the synthesis of a pyropheophorbide a derivative with a pendant imidazolium group for PDT
applications using excitation wavelengths of 450 nm, 545 nm, and importantly of 650 nm.

Keywords. Porphyrinoids, N-heterocyclic carbenes, Gold complexes, Photodynamic therapy, Biocom-

patibility, Cancer cells.
Available online 17th August 2021

1. Introduction
In the field of cancer therapy, photodynamic therapy

(PDT) represents an interesting alternative approach
besides chemotherapy, radiotherapy and surgery for

* Corresponding author.

ISSN (electronic) : 1878-1543

some types of cancer, notably skin cancer or tu-
mors accessible to light (directly or thanks to optical
fiber) [1-4]. It relies in using a photosensitizer (PS),
which is activated by light and able to generate reac-
tive oxygen species (ROS) and singlet oxygen (10,).
It implies that the PS in its singlet excited state (!PS)
can reach its triplet state (*PS) through intersystem
crossing (ISC, 1ps — 3PS). Then, energy transfer from
the 3PS with ground state molecular oxygen in its
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triplet state 30, leads to the generation of 10, (PDT
of type 2). Alternatively, electron transfer processes
involving the 3PS lead to the formation of ROS and
cytotoxic free radicals (PDT of type 1). Ultimately,
these strong oxidizing agents may lead to the death of
cancer cells through necrotic and apoptotic mecha-
nisms [5-9]. The important aspect of PDT is that only
cells containing PS and irradiated with visible light
are susceptible to be destroyed. To date, porphyri-
noids (including porphyrins, chlorins, phthalocyna-
nines) are among the best performing PS for PDT be-
cause of their inherent chemical stability and suitable
photophysical properties [10-13]. These tetrapyrrolic
aromatic compounds strongly absorb light in the
visible region and, more importantly, they are effi-
cient PS to generate '0,. For example, the 'O, quan-
tum yield of 5,10,15,20-meso-tetraphenylporphyrin
(H,TPP) in toluene is @5 = 68% [14]. Of course, there
are some important drawbacks like their poor wa-
ter solubility or their lack of selective accumulation
in cancer cells, but these drawbacks may be circum-
vented by appropriate functionalization of the por-
phyrin core [15-17]. Interestingly, some porphyrins
were functionalized with peripheral ligands allow-
ing the coordination of metal ions at their periph-
ery [18]. Some of the obtained complexes found rel-
evant applications in the field of PDT [19]. For exam-
ple, porphyrins functionalized with peripheral plat-
inum(II) or ruthenium(Il) complexes were used for
dual chemo- and phototherapy [20-32]. Platinum(II)
complexes have anticancer activity and also, signifi-
cantly improve the photodynamic effect by promot-
ing the generation of !0, through a heavy atom ef-
fect [20-28]. Ruthenium(II) complexes were also re-
ported for dual chemo- and phototherapy [29-32].
Moreover, some ruthenium(Il) complexes proved to
be efficient PS for two-photon excitation [33-35].
Although gold(I) complexes are promising candi-
dates to develop new metallodrugs for cancer ther-
apy, examples of porphyrinoids bearing peripheral
gold(I) complexes for combined chemo- and pho-
totherapy are relatively scarce. Gold(I) complexes
of porphyrins functionalized with peripheral phos-
phine ligands were synthesized and biological stud-
ies showed that these compounds present rather low
cytotoxicity [36]. However, water-soluble complexes
of this type proved to be efficient PS for PDT. N-
heterocyclic carbenes (NHC) are phosphine analogs
and are attractive ligands to design new metallo-
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drugs. During the last decade, we reported the syn-
thesis of several porphyrin derivatives equipped with
peripheral NHC-metal complexes [37-41], including
gold(I) complexes [42-45]. The photodynamic prop-
erties of imidazolium salt A and gold(I) complexes
B-D depicted in Scheme 1 were investigated and
we observed the important role played by the lig-
and trans to the NHC [45]. Indeed, the excellent pho-
todynamic properties observed for the PS D func-
tionalized with mannose are due to active target-
ing of cancer cells overexpressing mannose recep-
tors at their surface. We also observed that imida-
zolium salt A is an efficient PS for PDT, while gold(I)
complex B and C are inefficient for chemo- and pho-
totherapy. The aim of this study is to draw more de-
tailed conclusions about the potential of porphyrins
equipped with peripheral NHC-gold(I) complexes for
dual chemo- and phototherapy. For this purpose, we
report here the synthesis and the biological prop-
erties of porphyrins bearing imidazolium salts and
NHC-gold(I) complexes at their periphery.

2. Results and discussion

2.1. Synthesis of porphyrins meso-functionalized
with imidazolium salts

Imidazolium salts are routinely used as NHC pre-
cursors. NHC could be generated upon deprotona-
tion of an imidazolium salt with a base and trapped
with a metal cation such as Ag* or Au*, for example.
We first investigated compounds with imidazolium
salts directly N-linked to one meso position of a por-
phyrin core. The first imidazolium salt, namely free-
base porphyrin 3, was obtained in a three-step pro-
cedure starting from the porphyrin 1 previously de-
scribed in [46]. The reaction of porphyrin 1 with imi-
dazole and NaH in DMF (140 °C) afforded porphyrin
2 in 72% yield after column chromatography [46].
Then, demetalation of porphyrin 2 in acidic condi-
tions followed by methylation of the peripheral im-
idazole group with CH3lI afforded porphyrin 3 in an
overall yield of 77% after purification (Scheme 2).
The 'H NMR spectrum of porphyrin 3 showed the
expected signal of the imidazolium proton H? at
6 = 10.44 ppm and the signal of the two inner NH
protons at 6 = —2.95 ppm. High-resolution ESI-TOF
mass spectrometry (positive mode) featured the ex-
pected molecular mass peak at m/z = 647.2926 Da
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Scheme 1. Left: Structures of compounds A-D. Right: Cytotoxic (no laser) and photodynamic effect
(laser) of imidazolium salt A and gold(I) complexes B-D. The cells were incubated or not (control
experiment in black) with 10 um of PS for 4 h and then, submitted or not to laser irradiation (A = 405 nm,
18.75J-cm™2, 10 min). Cells were allowed to grow for two days and cell viability was quantified with MTT
assay. Data are mean values standard deviation from three independent experiments. *No living cells

detected [45].

with an isotopically resolved profile in agreement
with the calculated distribution for the monocationic
species [M-I]* (calcd m/z = 647.2918 Da). The iodide
counter-ion was observed by ESI-TOF mass spec-
trometry (negative mode) at m/z = 126.91 Da. Por-
phyrin 3 was then metalated with Zn(OAc), - 2H,0
to obtain the corresponding zinc(Il) porphyrin 4-1
in 80% yield. Metal insertion within the porphyrin
core was confirmed by 'H NMR, UV-visible absorp-
tion spectroscopy and mass spectrometry (see ESI).
To avoid the presence of iodide in the coordination
sphere of gold(I) complexes, iodide was substituted
by tetrafluoroborate, which is a non-coordinating
anion. For this purpose, reaction of porphyrin 4-I
with AgBF, in acetone in the dark gave porphyrin

C. R. Chimie— 2021, 24, n° S3, 83-99

4-BF, in 85% yield after column chromatography.
Tetrafluoroborate anion was observed by '“F NMR
spectroscopy with the two expected signals at § =
—149.20 and —149.26 ppm (caused by the two boron
isotopes 1B and ' B, respectively) and by mass spec-
trometry (negative mode).

Then, we synthesized imidazolium-based por-
phyrin compounds with a spacer between the meso
position of the porphyrin core and the imidazolium
salt. For this purpose, free-base porphyrin 5 was
used as starting material. The synthesis of this com-
pound is described in [47]. Nucleophilic substitu-
tion on the chlorine atom of porphyrin 5 with 1-
methylimidazole in DMF (80 °C) afforded porphyrin
6 in 78% vyield (Scheme 3). The IH NMR spectrum
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Scheme 3. Synthesis of the porphyrins 6 and 7.

of the porphyrin 6 clearly showed the expected sig-
nal of the imidazolium proton H? at § = 11.17 ppm.
The signals of imidazolium protons H* and H® were
also observed as apparent triplets at § = 7.45 and
7.31 ppm. Porphyrin 7 was obtained in 90% yield by
reacting free-base porphyrin 6 with Zn(OAc), - 2H,0.
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2.2. Synthesis of gold(I) complexes

NHC-gold(I) complexes can be synthesized follow-
ing different procedures. For example, complex 8 was
synthesized in one step by reacting porphyrin 4-BF,4
with [AuCl(tht)] (tht = tetrahydrothiophene) in the
presence of tBuOK in dry THE The mono(NHC)-
gold(I) complex 8 was obtained in 80% yield af-
ter column chromatography and recrystallization
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Scheme 4. Synthesis of gold(I) complexes 8 and 9.

(Scheme 4). The absence of signal corresponding to
the imidazolium proton H? in the 'H NMR spec-
trum of complex 8 confirmed the formation of the
Cnuc-Au(l) bond. Imidazolium protons H* and H®
are shifted upfield by A§ ~ 0.40 ppm as a conse-
quence of the formation of the Cnpc—Au(l) bond.
The signal of the Cypc bound to Au! was observed
at § = 175.1 ppm in the 3C{'H} NMR spectrum of
complex 8. This chemical shift is in good agreement
with those reported in literature for [(NHC)AuCl]
complexes [48,49]. Complex 9 was prepared in one
step according to the reaction conditions reported
by Richeter [42-45]. The deprotonation of the por-
phyrin 4-BF4 with K,CO3 in acetone in the pres-
ence of one equivalent of the complex 8 afforded
the homoleptic complex 9 in 52% vyield after col-
umn chromatography (Scheme 4). High-resolution
ESI-TOF mass spectrometry (positive mode) fea-
tured the expected molecular mass peak at m/z =
1617.3612 Da with an isotopically resolved profile
in good agreement with the calculated distribution
of the monocationic species [ZnP-Au-ZnP]* (calcd
m/z = 1617.3610 Da). NMR spectroscopy also con-

C. R. Chimie— 2021, 24, n° S3, 83-99

firmed the formation of the complex 9. Notably, in
the 3C{'H} NMR spectrum, the signal of the Cnpc
bound to Au! was observed at § = 188.8 ppm, a chem-
ical shift in good agreement with those reported in
literature for homoleptic monocationic complexes
[((NHC)Au!(NHC)]* [48,49]. The 'H NMR spectra of
complexes 8 and 9 are displayed in Figure 1. Inter-
estingly, in both cases, four separated doublets were
observed for the ortho and meta protons of the tolyl
groups. This can be explained by the restricted rota-
tion of the C,;es0-NNuc bond due to the presence of
the sterically demanding NHC-gold(I) complexes. As
a consequence, different chemical environments are
experienced by the meso aryl protons. The N-Me pro-
tons signal of complex 9 at 6 = 2.04 ppm is signifi-
cantly shielded (6 = 4.23 ppm for complex 8) indicat-
ing that the N-Me group of one porphyrin sits on top
of the second porphyrin ring and is exposed to its ring
current. Finally, the two gold(I) complexes were char-
acterized by diffusion-ordered spectroscopy (DOSY)
'H NMR. As expected, the diffusion coefficient of 9
(1.15 x 10719 m?.s71) is lower compared to 8 (1.54 x
10719 m2.s7!) because it contains two porphyrins.
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Figure 1. 1H NMR spectra (400 MHz, DMSO-dg, 298 K) of gold(I) complexes 8 (a) and 9 (b).

Gold(I) complex 10 was prepared following a strat-
egy that is widely used for the synthesis of NHC
gold(I) complexes: the reaction of the porphyrin 7
with 1 equation of Ag,0 in dichloromethane afforded
the corresponding silver(I) complex which was not
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isolated and used straightforward for the transmet-
allation reaction with [AuCl(tht)]. The correspond-
ing gold(I) complex 10 was obtained in 41% yield
after column chromatography and recrystallization
(Scheme 5). The absence of signal for proton H? in



Clémence Rose et al.

a)
120

89

100

(

80
60
40

Living MCF-7 cells (%)

20

bi
i J
w o

-]

0 " 005

0.1

05 1

N

Concentration (uM)

b)
120 1

100 -

80
60
40
20

Living MCF-7 cells (%)

1"

10

0 0.05

0.1

05 1 2

Concentration (uM)

Figure 2. Cytotoxicity of imidazolium salts 3 and 6, and their corresponding gold(I) complexes 8-11
on MCF-7 cancer cells. The cells were incubated without (control) or with 0.05, 0.1, 0.5, 1 or 2 uM of
the different compounds for 72 h. Cell viability was quantified with MTT assay. Data are mean values
standard deviation from three independent experiments.

the 'H NMR spectrum of complex 10 and the sig-
nal of the Cypc bound to Au' observed by *C{'H}
NMR spectroscopy at § = 172.3 ppm confirmed the
formation of the expected gold(I) complex. Gold(I)
complex 11 containing a free-base porphyrin could
not be synthesized following a similar strategy be-
cause silver(I) may be complexed by the porphyrin
core. However, gold(I) complex 11 could be obtained
by two different pathways. First, it is possible to re-
move the zinc(Il) by treating the complex 10 with a
TFA/CH,Cl, mixture. These acidic conditions do not
degrade the peripheral gold(I) complex as it was pre-
viously shown by us with analogous complexes [45].
Complex 11 was obtained in 70% yield after neu-
tralization with NaHCO3; and column chromatogra-
phy. It is also possible to react free-base porphyrin
6 with one equivalent of [AuCl(tht)] with tBuOK, in
a THF/MeOH mixture in the dark to obtain the cor-
responding complex gold(I) complex 11 in 57% yield
after column chromatography (Scheme 5). The for-
mation of complex 11 was first confirmed by 'H NMR
spectroscopy and the disappearance of the signal at

C. R. Chimie— 2021, 24, n° S3, 83-99

6 = 11.17 ppm corresponding to the imidazolium
proton H2. In its '3C{ H} NMR spectrum, the carbene
signal observed at 6 = 172.5 ppm demonstrated the
formation of the Cxpgc—Au(l) bond.

2.3. Cytotoxicity and phototoxicity studies

Biological properties of NHC-based gold(I) com-
plexes have been extensively reported in litera-
ture [50-62]. The cytotoxicity of imidazolium salts
and gold(I) complexes on MCF-7 breast cancer cells
was first investigated. For this purpose, MCF-7 can-
cer cells were incubated for 72 h in the dark with
each compound at different concentrations varying
from 0.05 to 2 uM. After 72 h, MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was performed to establish the cell viability
and the results obtained are summarized in Figure 2.
Free-base porphyrins 3 and 6 containing imida-
zolium salts are rather non-toxic up to 2 uM with
less than 15% cell death irrespective of the presence
or not of a linker between the porphyrin core and
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Figure 3. Photodynamic effect of imidazolium salts 3 and 6, and their corresponding gold(I) complexes
8-11 on MCF-7 cancer cells. The cells were incubated with 0.5 pM of each compound for 24 h and then
submitted to laser irradiation at A = 450, 545 or 650 nm for 10 min. Cells are allowed to grow for 48 h and

cell viability was quantified with MTT assay.

the NHC. In contrast, gold(I) complexes’ cytotoxicity
strongly depends on the presence or not of a linker
between the porphyrin core and the NHC. Indeed,
complex 8 without linker between the porphyrin
core and the NHC is not cytotoxic at 2 uM. On the
contrary, complex 10 with the meso-benzylic linker
between the porphyrin core and the NHC shows a
significant cytotoxicity with 60% cell death at 2 pM.
Therefore, the closer are the porphyrin core and the
NHC gold(I) complex, the lower is the observed cy-
totoxicity. This is in agreement with the low cyto-
toxicity observed for complex B (Scheme 1) where
NHC ligand is fused to the porphyrin core. Com-
pound 9 is a cationic bis(NHC) gold(I) complex and
it seems that the positive charge tends to increase
the observed cytotoxicity since ~50% cell death was
observed at 2 uM. Compared to complex 10, cyto-
toxicity of the corresponding gold(I) complex 11 in-
cluding a free-base porphyrin is similar to a concen-
tration up to 1 uM. The lower cytotoxicity observed
for complex 11 at a concentration of 2 uM may be
attributed to its low solubility in the cell culture
medium.

Photodynamic properties of the different com-
pounds were then investigated at 0.5 pM since no or
moderate cytotoxicity was observed at this concen-
tration. MCF-7 cancer cells were incubated with the
different PS for 24 h and submitted to laser irradia-
tion at A = 450, 545 or 650 nm for 10 min. The re-
sults obtained after MTT assay to estimate cell viabil-
ity are gathered in Figure 3. As can be seen in this fig-
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ure, none of the gold(I) complexes showed significant
photodynamic effect whatever the irradiation wave-
length. This is in agreement with our previous finding
that gold(I) complexes without any specific target-
ing agent are not suitable PS for PDT, although their
10, quantum yields may be improved through heavy
atom effect [45]. On the contrary, both imidazolium
salts 3 and 6 induced important cell death under
laser irradiation at A = 450 and 545 nm. The best pho-
todynamic effect was observed for imidazolium salt 6
at 0.5 uM which induced ~86% cell death after 10 min
of irradiation at A = 545 nm.! The good solubility
of imidazolium salts in aqueous media and the fact
that these cationic species can strongly interact with
the negatively charged cancer cell membranes can
explain the observed enhanced photodynamic activ-
ity compared to the corresponding gold(I) complex.
Nevertheless, photodynamic activity of both imida-
zolium salts 3 and 6 is weaker under irradiation at
A = 650 nm since less than ~19-26% cell death was
observed (see footnote 1). This prompted us to in-
vestigate the functionalization of pyropheophorbide
a with imidazole and imidazolium groups and their
use for PDT applications.

1 The values of photo-induced cell death are related to the non-
irradiated cells in the same experiment to fairly describe the PDT
efficiency, i.e. the cell death induced by light excitation only.
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Figure 4. 1H 2D DOSY NMR spectrum (600 MHz, CD»Cl,, 298 K) of the chlorin 14.

2.4. Synthesis and photodynamic properties of
pyropheophorbide a functionalized with
imidazole/imidazolium groups

Monocationic chlorin 14 was prepared in a two-
step procedure starting from pyropheophorbide a
12 as described in literature (Scheme 6) [63-66].
First, the reaction of pyropheophorbide a 12 with
1-(3-aminopropyl)imidazole in the presence of 4-
dimethylaminopyridine (DMAP) and dicyclohexyl-
carbodiimide (DCC) in dry dichloromethane af-
forded the chlorin 13 in 46% yield [67]. Its 'H NMR
spectrum clearly showed three triplets at § = 7.18,
6.81, and 6.62 ppm corresponding to the protons of
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the imidazole ring. The signals of the propyl chain
were also observed at § = 3.54 ppm and between
2.90 and 1.90 ppm. Then, methylation of the chlo-
rin 13 with excess of CHslI in dry THF afforded the
monocationic chlorin 14 in 52% yield. Its 'H NMR
spectrum clearly showed the deshielded signal of
the imidazolium proton at § = 9.26 ppm. The singlet
observed at § = 3.79 ppm corresponds to the pro-
tons of the N-CH3 group (Scheme 6). In the 'H 2D
DOSY NMR spectrum of monocationic chlorin 14,
alignment of the signals of the propyl bearing the im-
idazolium ring with the other signals of the chlorin
core clearly confirmed the formation of the expected
compound (Figure 4).
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Figure 5. (a) Cytotoxic effect of chlorin derivatives 12-14 on MCF-7 cancer cells. The cells were incubated
without (control) or with different concentrations of compounds 12-14 for 72 h. Cell viability was quan-
tified with MTT assay. Data are mean values standard deviation from three independent experiments.
(b) Photodynamic effect of the chlorin derivatives 12-14 under irradiation at A = 450 nm (left), 545 nm
(middle) and 650 nm (right). MCF-7 cancer cells were incubated with 0.5 uM of each chlorin for 24 h and
then submitted to laser irradiation for 10 min. Cells were allowed to grow for 48 h and the living MCF-7

cells were quantified with MTT assay.

The cytotoxicity studies of chlorin derivatives 12—
14 on MCF-7 breast cancer cells are summarized
in Figure 5a and revealed that pyropheophorbide a
12 and imidazolium salt 14 were not cytotoxic on
MCE-7 cells because they induce less than 10% cell
death at a concentration of 2 pM. On the contrary,
imidazole 13 exhibits significant cytotoxicity at 1 uM,
with more than 30% cell death (~45% cell death
at 2 uM). According to these results, photodynamic
activity of chlorin derivatives 12-14 was evaluated
with PS concentration of 0.5 pM under irradiation at
A =450, 545 and 650 nm. The obtained data are sum-
marized in Figure 5b. Upon irradiation at A = 450 nm,
only imidazole 13 exhibited a strong photodynamic
effect by inducing 60% cell death. Imidazolium salt
14 revealed a slightly phototoxic activity with 22% cell
death, whereas pyropheophorbide a 12 was not pho-
totoxic at all (Figure 5b, left). Upon irradiation at A =
545 and 650 nm, all chlorin derivatives 12-14 turned
out to be phototoxic (Figure 5b, middle and right).
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The significant phototoxicity of the three chlorins ob-
served upon irradiation at A = 650 nm constitutes the
noteworthy result in this study, since synthetic im-
idazolium salts 3 and 6 induced less than ~19-26%
cell death upon irradiation at A = 650 nm (Figure 3).
Chlorin derivatives 12, 13 and 14, induced 51%, 72%
and 57% cell death, respectively, and turned out to
be better photosensitizers upon irradiation with red
light (see footnote 1).

3. Conclusion

Porphyrins bearing imidazolium salts were used as
NHC precursors for the synthesis of gold(I) com-
plexes with the aim to combine their cytotoxicity
with PDT. This study shows that porphyrins con-
jugated with NHC-gold(I) complexes are metallo-
drugs possessing anticancer properties, as long as the
NHC ligand is not directly bonded to the porphyrin
core: a spacer is probably needed to keep away
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the NHC-gold(I) complex from the bulky porphyrin
core. Although heavy atom effect may be beneficial
to improve !0, production, these porphyrins con-
jugated with gold(I) complexes are not suitable PS
for PDT. Additional functionalization with targeting
agents is necessary to ensure active targeting of the
cancer cells and simultaneously better solubility in
aqueous media [68-70]. By contrast, the correspond-
ing porphyrins equipped with imidazolium salt moi-
eties are suitable PS for PDT and this effect is at-
tributed to the positive charges of the imidazolium
cations, which are known to ensure strong inter-
actions with negatively charged cancer cell mem-
branes. These cationic porphyrins can induce sig-
nificant cell death upon laser irradiation at 450 and
545 nm, but not at 650 nm. To improve light ab-
sorption and photodynamic effect at 650 nm, py-
ropheophorbide a derivatives equipped with pen-
dant imidazole/imidazolium groups were synthe-
sized. These hemisynthetic compounds proved to be
efficient PS for PDT at 650 nm.

4. Experimental section
4.1. Materials and instruments

Reactions needing inert atmosphere were performed
under argon using oven-dried glassware and Schlenk
techniques. Dry THF was obtained by a PureSolve
MD5 solvent purification system from Innovative
Technology. Dry DMF was purchased from Sigma-
Aldrich. Dry CH»Cl, and THF were obtained by a
PureSolve MD5 solvent purification system from
Innovative Technology. Gold(I) complex [AuCl(tht)]
(tht = tetrahydrothiophene) was prepared according
to the procedure described in literature [71]. Pyrrole
(>99%) was purchased from TCI and distilled un-
der reduced pressure before use. Imidazole (99.5%),
iodomethane (99%) and zinc(Il) acetate dihydrate
(>98%) were purchased from Sigma-Aldrich. Silver
tetrafluoroborate (99%) and hydrogen tetrachloroau-
rate(II) trihydrate ACS 99.99%, Au 49.0% min was
used as starting material and purchased from Alfa
Aesar. TLC were carried out on Merck DC Kieselgel
60 F-254 aluminum sheets and spots were visual-
ized with UV-lamp (A = 254/365 nm) if necessary.
Preparative purifications were performed by silica
gel flash column chromatography (Merck 40-60 uM).
NMR spectroscopy and MS spectrometry were per-
formed at the Laboratoire de Mesures Physiques
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(LMP) of the University of Montpellier (UM). NMR
spectra were recorded on Bruker 400 MHz Avance
IIT HD or 600 MHz Avance III spectrometers at 298K.
DMSO-dg, CD,Cl, and CD30OD were used as re-
ceived (purchased from Eurisotop, France). 14 and
13C{'H} NMR spectra were calibrated to TMS on
the basis of the relative chemical shift of the resid-
ual non-deuterated solvent as an internal standard.
Chemical shifts (§) are expressed in ppm from the
residual non-deuterated solvent signal and coupling
constants values ("]) are expressed in Hz. Abbrevi-
ations used for NMR spectra are as follows: s, sin-
glet; d, doublet; t, triplet; m, multiplet. Mass spectra
(HRMS) were recorded on ESI-TOF Q instruments
in positive/negative modes. UV-visible absorption
spectra were recorded at 25 °C on a JASCO V-650
spectrophotometer in 10 mm quartz cells (Hellma).
Molar extinction coefficients &€ (L-mol~'-cm™!) are
expressed as log €.

4.2. Synthesis and characterization of the differ-
ent compounds

4.2.1. Porphyrin 1

The synthesis and characterization data of the
porphyrin 1 were reported in [46].

4.2.2. Porphyrin 2

Porphyrin 1 (150 mg, 0.225 mmol, 1.0 eq) and im-
idazole (150 mg, 2.25 mmol, 10 eq) were dissolved
in dry DMF (11 mL). The solution was purged un-
der Argon atmosphere for 10 min. NaH (60% in sus-
pension in oil, 85 mg, 2.22 mmol, 10 eq) was added
and the reaction mixture was stirred at room tem-
perature for 30 min. Then, the reaction mixture was
stirred at 140 °C for 1 h. After cooling at room temper-
ature, CH,Cl, (150 mL) was added and the organic
phase was washed (distilled H,0), dried (MgSO,)
and concentrated. The residue was purified by col-
umn chromatography (SiO,, eluent from CH,Cl, to
CH,Cl,/MeOH (98:2)) to give the porphyrin 2 in 72%
yield (112 mg). 'H NMR (400 MHz, CD,Cl,, 298 K): §
8.86 (d, 3 Jy_p = 5.0 Hz, 2H, Hpyrrole), 8.84-8.76 (m 4H,
Hpyrrole), 8.66 (d, 3 Jin = 5.0 Hz, 2H, Hpyrrole), 8.37
(s, 1H, H?), 8.05 (s, 1H, H°), 8.02 (dd, 3Jy_n = 7.8 Hz,
*Ji-n = 1.6 Hz, Hy), 7.90 (d, *Jy_n = 8.0 Hz, 4H, H,),
7.79-7.64 (m, 3H, Hy,), 7.52 (m, 5H, Hy, and H*), 2.65
(s, 6H, CHsoly1). 3C {'H} NMR (150.9 MHz, CD2Cly,
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298, K): 6 144.4, 144.2, 143.7, 142.4, 141.1, 138.5,
137.9, 134.2, 134.2, 134.1 133.2, 133.2, 129.1, 128.7,
128.5, 128.2, 127.5, 121.2, 120.9, 112.8, 21.7 (CHz 01y1)
ppm. UV-visible (DMSO): A,,ax(loge): 414 (5.39), 526
(4.26) nm. MALDI-TOF" MS: calcd for C43H30NgNi:
689.2, found 689.2.

4.2.3. Porphyrin 3

Porphyrin 2 (125 mg, 0.18 mmol, 1.0 eq) was dis-
solved in a TFA/H,SO4 4:1 (v:v) mixture and the re-
action was stirred for 45 min at room temperature.
Then, the mixture was poured into ice and water
and neutralized by K»COj3(s). The organic phase was
extracted with CH,Cl,, dried (MgSO,), and concen-
trated. The residue was purified by column chro-
matography (SiO,, eluent CH,Cly). Recrystallization
from CH,Cl,/n-hexane afforded the free base corre-
sponding porphyrin in 87% yield (100 mg). Then, the
obtained compound (90 mg, 0.14 mmol, 1.0 eq) was
dissolved in dry THF (25 mL) and CH3I (2.2 mL, ex-
cess) was added. The reaction was stirred at 40 °C for
18 h under argon. Recrystallization from CH,Cl,/n-
hexane afforded the porphyrin 3 as a purple solid in
89% yield (98 mg).

'H NMR (400 MHz, CD»Cly, 298 K): § 10.44 (t,
*Ju-n = 1.7 Hz, 1H, H?), 9.06-8.98 (m, 5H, Hpyrrole
and H%), 8.90-8.86 (m, 4H, Hpyrrole), 8.40 (t, 3 Jiy and
4 i = 1.7 Hz, 1H, H%), 8.24-8.19 (m, 2H, H,), 8.11
(d, 3Ju_n = 7.3 Hz, 4H, Hy,), 7.92-7.82 (m, 3H, Hy, and
Hp), 7.68 (d, 3Ju_n = 7.3 Hz, 4H, Hp), 4.31 (s, 3H, N-
CHs), 2.69 (s, 6H, CHgmlyl), —-2.95 (s, 2H, NH) ppm.
13¢{'H} NMR (150.9 MHz, DMSO-dg, 298 K): § 142.5,
140.9, 137.9, 137.5, 134.4, 139.3, 134.3, 134.2, 132.7,
131.9, 130.2, 128.5, 128.2, 128.0, 127.1, 123.3, 123.1,
121.9, 108.7, 36.8 (NCH3), 21.2 (CHzoly) ppm. UV=
visible (DMSO): Anax(loge) = 413 (5.32), 525 (4.19),
615 (3.37) nm. HR ESI-MS (positive mode): calcd for
C44H35Ng: 647.2918, found: 647.2926. ESI-MS (nega-
tive mode): calcd for I” 126.91, found: 126.96.

4.2.4. Porphyrin 4-1

Porphyrin 3 (50 mg, 0.065 mmol, 1.0 eq)
was dissolved in CHCI3(5.5 mL). A solution of
Zn(OAc); - 2H,0 (19.8 mg, 0.090 mmol, 1.4 eq) in
MeOH (1.5 mL) was added and the reaction was
stirred at 50 °C for 1 h. After evaporation of the sol-
vent, recrystallization from CH,Cl,/n-hexane af-
forded the porphyrin 4-I in 80% yield (44 mg). 'H
NMR (400 MHz, DMSO-dg, 298 K): 6 10.40-10.36
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(br's, 1H, H?), 8.95 (t, 3 Ji_z and *Ji_ir = 1.8 Hz, 1H,
H®), 8.92 (s, 4H, Hpyrrole), 8.86-8.78 (m, 4H, Hpyrrole),
8.38 (t, 3 Jip and *Jyir = 1.8 Hz, 1H, H*), 8.22-8.14
(m, 2H, H,), 8.10-8.02 (m, 4H, H,), 7.88-7.76 (m, 3H,
Hp and Hp), 7.64 (d, 3Ju_n = 7.4 Hz, 4H, Hy), 4.30
(s, 3H, N-CHjs), 2.68 (s, 6H, CHzoly1) ppm. *C{'H}
NMR (150.9 MHz, DMSO-dg, 298 K): § 150.6, 150.1,
149.5, 146.9, 142.2, 142.2, 139.1 137.1, 134.3, 134.2,
134.1, 132.7, 133.7, 132.7, 132.3, 130.4, 128.0, 127.9,
127.6, 127.5, 126.8, 123.4, 123.0, 122.2, 108.9, 36.8
(N-CH3), 21.2 (CHs(oly1) ppm. UV-visible (DMSO):
Amax(loge) = 426 (5.37), 516 (3.42), 599 (3.60) nm.
ESI-MS (positive mode): calcd for CqqH33NgZn*:
709.21, found: 709.28. ESI-MS (negative mode):
calcd forI7: 126.91, found: 126.96.

4.2.5. Porphyrin 4-BFy

Porphyrin 4-1 (160 mg, 0.19 mmol, 1.0 eq) was dis-
solved in acetone (50 mL). Then, a solution of AgBF,
(39.5 mg, 0.20 mmol, 1.1 eq) in acetone (2.5 mL)
was added dropwise and the reaction mixture was
stitrred for 1 h under argon at room temperature
in the dark. After evaporation, the crude product
was purified by column chromatography (SiO,, elu-
ent from CH,Cl, to CH,Cl,/MeOH 95:5, (v:v)). Re-
crystallization from CH,Cl,/n-hexane afforded the
porphyrin 4-BF, in 85% yield (125 mg). 'H NMR
(400 MHz, DMSO-dg, 298 K): 6 10.39 (br dd, 1H,
H?), 8.95 (t, 3Ju_p and *Jy_p = 1.8 Hz, 1H, H%), 8.91
(s, 4H, Hpyrrole), 8.84-8.76 (m, 4H, Hyyrrole), 8.37 (1,
3Juny and “Jy_y = 1.8 Hz, 1H, HY), 8.21-8.15 (m,
2H, H,), 8.08-8.03 (m, 4H, H,), 7.83-7.79 (m, 3H,
Hp and Hp), 7.63 (d, *Ju-u = 7.4 Hz, 4H, Hy), 4.30
(s, 3H, N-CHjs), 2.68 (s, 6H, CHzo1) ppm. *C{'H}
NMR (150.9 MHz, DMSO-dg, 298 K): 6 150.6, 150.1,
149.5, 146.9, 142.2, 142.2, 139.1 137.1, 134.3, 134.2,
134.1, 132.7, 133.7, 132.7, 132.3, 130.4, 128.0, 127.9,
127.6, 127.5, 126.8, 123.4, 123.0, 122.2, 108.9, 36.8
(N-CH3), 21.2 (CHzo1y1) ppm. '°F (400 MHz, DMSO-
dg, 298 K): 6 —149.26 (s), —149.20 (s) ppm. UV-
visible (CH2Clp): Amax(loge) = 420 (5.79), 518 (3.18),
548 (4.40) nm. ESI-MS (positive mode): calcd for
Cy44H33NgZn*: 709.21, found: 709.28. ESI-MS (nega-
tive mode): calcd for BF} : 87.00, found: 86.98.

4.2.6. Porphyrin5

The synthesis and characterization data of the
porphyrin 5 were reported in [47].
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4.2.7. Porphyrin 6

Porphyrin 5 (160 mg, 0.2 mmol, 1.0 eq) was dis-
solved in dry DMF (15 mL) and 1-methylimidazole
(1.1 mL, 100 eq) was added. The solution was stirred
at 80 °C for 24 h under argon atmosphere. Alkylation
completion was monitored by TLC. Once finished,
the solvent was evaporated under reduced pres-
sure. Recrystallization from CH,Cl,/n-hexane gave
the porphyrin 6 in 78% yield (138 mg). '"H NMR
(400 MHz, CD,Cly, 298 K): § 11.17 (br s, 1H, H?),
8.76 (d, *Ju_n = 4.8 Hz, 2H, Hyyrrole), 8.67 (d, *Jiin =
4.8 Hz, 2H, Hpyrrole), 8.63 (br s, 4H, Hpyrrole), 828 (d,
3 Jiu = 8.0 Hz, 2H, H,), 7.86 (d, 3 J_u = 8.0 Hz, 2H,
Hm), 7.45 (t, 3 Jy-n and *Jy_g = 1.8 Hz, 1H, H°), 7.31
(dd, ®Jy-n and *Jy-y = 1.8 Hz, 1H, H*), 7.29 (broad
s, 6H, Hmesmera), 5.94 (s, 2H, CH»), 4.16 (s, 3H, N-
CHs), 2.61 (s, 9H, CH3mespara), 1.83-1.86 (2s, 18H,
CH3 mes ortho)» —2.62 (s, 2H, NH) ppm. 3C{'H} NMR
(150.9 MHz, CD>Clp, 298 K): 6 143.9, 139.9, 139.8,
138.7, 138.6, 138.5, 135.8, 133.3, 128.3, 127.9, 123.9,
122.4,121.0, 118.6, 118.6, 118.4, 22.0, 21.9, 21.7 ppm.
UV-visible (CH2Clz): Apnax(oge) = 418 (5.41), 515
(4.05), 548 (3.55), 590 (3.52), 648 (3.31) nm. HR ESI-
MS (positive mode): calcd for CsgHssNj: 835.4488,
found: 835.4494.

4.2.8. Porphyrin 7

Porphyrin 6 (110 mg, 0.126 mmol, 1.0 eq) was dis-
solved in CHCI3 (12 mL). A solution of Zn(OAc); -
2H,0 (41.6 mg, 0.189 mmol, 1.5 eq) in MeOH (2.6 mL)
was added and the solution was stirred at 50 °C for
1 h. Then, the solvent was evaporated under reduced
pressure. Recrystallization from CH,Cl,/n-hexane
afforded the porphyrin 7 in 90% yield (106 mg).
'H NMR (400 MHz, DMSO-dg, 298 K): § 9.46 (t,
*Jym = 1.7 Hz, 1H, H?), 8.64 (d, 3Jyn = 4.6 Hz,
2H, Hpyrrole), 8.56 (d, *Ju-n = 4.6 Hz, 2H, Hpyrrole),
8.54-8.50 (m, 4H, Hpyrrole), 8.22 (d, 3Jyp = 8.1 Hz,
2H, H,), 8.07 (t, 3Juyg and *Jyu = 1.7 Hz, 1H,
H®), 7.87 (t, ®Jyu and *Jyp = 1.7 Hz, 1H, HY),
7.77 (d, 3Jux = 8.1 Hz, 2H, Hy), 7.30 (broad s,
6H, Hmesmera), 5.78 (s, 2H, CHy), 3.98 (s, 3H, N-
CHg), 2.57 (s, 9H, CH3mespara), 1.78, 1.77, 1.75 (3s,
18H, CH3mesortho) ppm. 3C{'H} NMR (150.9 MHz,
DMSO-dg, 298 K): 6 149.0, 149.0, 148.9, 148.8, 143.2,
139.1, 139.0, 138.4, 138.4, 137.1, 136.9, 136.8, 134.6,
133.9, 131.5, 130.5, 130.0, 127.6, 126.2, 124.2, 122.8,
118.4, 117.7, 51.9, (-CH>), 36.0 (N-CH3), 21.6, 21.5,

C. R. Chimie— 2021, 24, n° S3, 83-99

21.0 (CH30rho» CH3 para) ppm. UV-visible (CH2Clz):
Amax(oge) = 420 (5.63), 549 (4.22) nm. HR ESI-MS
(positive mode): calcd for CsgHs3NgZn™: 897.3623,
found: 897.3632.

4.2.9. Gold(I) complex 8

Porphyrin 4-BF; (60 mg, 0.075 mmol, 1.0 eq)
and [AuCl(tht)] (26.5 mg, 0.083 mmol, 1.1 eq)
were dissolved in dry THF (6.3 mL). A solu-
tion of tBuOK (9.3 mg, 0.083 mmol, 1.1 eq)
in THF/MeOH (2.3 mL/10 drops) was added
dropwise and the reaction mixture was stirred
at room temperature under argon for 18 h.
After evaporation, the crude was purified by col-
umn chromatography (SiO,, eluent CH»Cly). Recrys-
tallization from CHCly/n-hexane gave the gold(l)
complex 8 as a dark pink solid in 80% yield (72 mg).

'H NMR (600 MHz, DMSO-dg, 298 K): § 8.87
(d, 3Ju-n = 4.6 Hz, 2H, Hpyrrole), 8.80-8.76 (m, 4H,
Hpyrrole), 8.71 (d, 3 Jhny =4.6 Hz, 2H, Hpyrrole), 8.52 (d,
3Ju-n = 1.9 Hz, 1H, H%), 8.21-8.11 (m, 4H, H,), 8.06
(d, *Ju-n = 1.9 Hz, 1H, HY), 8.02 (dd, *Jy_p = 7.3 Hz
and *Jy_p = 2.1 Hz, 2H, H,) 7.82-7.78 (m, 3H, Hy
and Hp), 7.64-7.58 (m, 4H, Hp), 4.23 (s, 3H, N-
CHg), 2.67 (s, 6H, CHsr) ppm. '3C{*H} NMR
(150.9 MHz, DMSO-dg, 298 K): 6 175.1 (Cnuc),
150.2, 150.0, 149.3, 148.1, 142.4, 139.3,136.9, 134.15,
134.1, 134.0,133.0, 132.1, 131.9, 130.2, 128.4, 127.3,
126.6, 122.4, 121.5, 121.2, 113.7, 38.1 (CHzopy), 21.1
(N-CH3) ppm. 'H DOSY NMR (600 MHz, CD;Cl;,
298 K): 1.54 x 10710 m?.s™!. UV-visible (CH2Cly):
Amax(oge) = 420 (5.75), 548 (4.38) nm. HR ESI-
MS (positive mode): calcd for Cy4H32AuClINgZn:
946.1911, found: 946.1923.

4.2.10. Gold(I) complex 9

Complex 8 (45 mg, 0.048 mmol, 1.0 eq) and por-
phyrin 4-BF; (34.6 mg, 0.044 mmol, 0.90 eq) were
dissolved in acetone/MeOH (18 mL/0.5 mL). Then,
K»COs3 (6.7 mg, 0.048 mmol, 1.0 eq) was added and
the reaction mixture was stirred at room tempera-
ture for 16 h under argon in the dark. After evapora-
tion, the crude was purified by column chromatog-
raphy (SiO,, eluent from CH,Cl, to CH,Cl,/MeOH
95:5 (v:v)). Recrystallization from CH»Cl,/n-hexane
afforded the gold(I) complex 9 in 52% yield (40 mg).

'H NMR (600 MHz, DMSO-ds, 298 K): 6 8.80
(s, 8H, Hpyrrole)) 8.70 (d, 4H, 3Jyy = 4.5 Hz,
Hpyrrole), 845 (d, *Ju-u = 1.8 Hz, 2H, H®), 8.32 (d,
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3 Jii = 4.5 Hz, 4H, Hpyrrole), 8.22-8.17 (m, 4H, Hy),
8.04 and 7.98 (2dd AB system, % /iy = 7.7 and 2.0 Hz,
each 4H, H,), 7.89-7.79 (m, 6H, Hy, and Hp), 7.65
and 7.58 (2dd AB system, 3Jyy = 7.7 and 2.0 Hgz,
each 4H, Hy), 7.34 (d, 3 Jig = 1.8 Hz, 2H, H%), 2.68
(s, 12H, CHsoly1), 2.04 (s, 6H, N-CHs) ppm. *C{'H}
NMR (150.9 MHz, DMSO-dg, 298 K): 6 188.8 (Cnuc),
150.2, 150.0, 149.8, 149.5, 147.6,142.3, 139.2,136.9,
134.1, 134.0, 133.9,132.7, 132.3, 132.0, 129.7, 128.3,
127.7,127.4,126.7,122.4, 121.5, 113.6, 35.1 (CHz o1y,
21.0 (N-CH3) ppm. 'H DOSY NMR (600 MHz,
CD,Cly, 298 K): 1.15 x 107'%m?.s~!. UV-visible
(CH2ClLp): Amax(loge) = 420 (5.75), 548 (4.38) nm.
High-resolution ESI-MS (positive mode): calcd for
CggH32Au;N 2703 : 1617.3610, found: 1617.3612. HR
ESI-MS (negative mode): calcd for BF} : 87.00, found:
86.98.

4.2.11. Gold() complex 10

Porphyrin 7 (40 mg, 0.043 mmol, 1.0 eq) was dis-
solved in dry CH,Cl, (10 mL). Then, Ag,0O (9.9 mg,
0.043 mmol, 1.0 eq) was added and the reaction
mixture was vigorously stirred at room tempera-
ture under argon protected from light. After 16 h,
[AuCl(tht)] (13.7 mg, 0.043 mmol, 1.0 eq) was added
and the mixture was stirred for 18 h under the same
conditions. The solvent was evaporated under re-
duced pressure and the crude compound was pu-
rified by column chromatography (SiO,, eluent
CH,Cly). Recrystallization from CH,Cl,/n-hexane
gave the gold(I) complex 10 as a red-purple solid in
41% yield (20 mg). 'H NMR (400 MHz, CD,Cl,, 298
K): 6 8.84 (d, 3Jy_y = 4.6 Hz, 2H, H yrrole), 8.73 (d,
*Jh-n = 4.6 Hz, 2H, Hpyrrole), 8.69 (d, * Jin = 1.2 Hz,
4H, Hpyrrole), 8.23 (d, °Ju-n = 8.0 Hz, 2H, H,), 7.69
(d,®Ju_g = 8.0 Hz, 2H, Hy), 7.29 (broad s, 6H,
Hmes meta), 726 (d, 3Ju_p = 2.0 Hz, 1H, H%), 7.13
d, 3Jgn = 2.0 Hz, 1H, HY), 5.74 (s, 2H, CHpy),
3.96 (s, 3H, N-CHz), 2.62 (s, 9H, CH3mespara)
1.84-1.82 (2s, 18H, CHsmesorsho) ppm. 2C {'H}
NMR (150.9 MHz, CD»Cl,, 298 K): 6 172.3 (Cnuc),
150.4, 150.4, 150.3, 150.2, 143.8, 139.7, 139.6, 139.5,
139.4, 138.1, 135.4, 135.3, 138.4, 135.6, 135.5, 132.4,
131.6, 131.5, 131.1, 128.1, 126.5, 123.2, 121.4, 119.7,
119.4, 119.3, 55.5 (CHy), 38.9 (N-CHj3), 22.0, 21.9,
21.7 (CHszmesorthor CH3mespara) PPM. UV-visible
(CH2Clp): Amax(oge) = 420 (5.75), 549 (4.36) nm.
MALDI-TOF* MS: calcd for C64H55AU4N12C14Z
1128.29, found 1128.30.
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4.2.12. Gold(I) complex 11

Procedure A. Porphyrin 6 (40 mg, 0.043 mmol,
1.0 eq) was dissolved in dry THF (10.5 mL). Then,
[AuCl(tht)] (15.4 mg, mmol, 1.1 eq) was added and
the mixture was degassed with argon for 10 min.
tBuOK (6 mg, mmol, 1.1 eq) was dissolved in MeOH
(0.5mL) and added dropwise to the reaction mixture,
which was stirred at room temperature for 18 h un-
der argon in the dark. Then, the solvent was evap-
orated under reduced pressure and the residue was
purified by column chromatography (SiO;, eluent
CH,Cly). Recrystallization from CH,Cl, / n-hexane af-
forded the gold(I) complex 11 as a purple solid in
57% yield (28 mg). Procedure B. Porphyrin 10 (30 mg,
0.027 mmol) was dissolved in acetone (12 mL) under
argon. Then, a CH,Cl,/TFA 4:1 mixture (6 mL) was
slowly added and the reaction mixture was stirred
for 30 mn. After neutralization with NaHCOg3, the
solvent was evaporated and the residue purified by
column chromatography (SiO;, eluent CH,Cl,). Re-
crystallization from CH,Cl,/n-hexane afforded the
gold(I) complex 11 as a purple solid in 70% yield
(20 mg). I'H NMR (400 MHz, CD,Cl,, 298 K): § 8.77
(d, 3]H—H = 4.8 Hz, 2H, prrrole)v 8.67 (d, 3]H—H =
4.8 Hz, 2H, Hpyrrole), 8.63 (s, 4H, Hpyrrole), 8.22 (d,
3Jun = 8.0 Hz, 2H, H,), 7.69 (d, 3Jg_n = 8.0 Hz,
2H, Hp), 7.29 (s, 6H, Hmesmera), 724 (d, 3Jun =
1.9 Hz, 1H, H%), 7.12 (d, 1H, *Jy-n = 1.9 Hz, HY),
5.73 (s, 2H, CHy), 3.95 (s, 3H, N-CH3), 2.61 (s, 9H,
CH3 mes para), 1.86-1.84 (25, 18H, CHsmesortho), —2.62
(s, 2H, NH) ppm. 13C{H} NMR (150.9 MHz, CD>Cls,
298 K): 6 172.5 (Cnuc), 143.0, 139.9, 138.9, 138.8,
138.6, 138.4, 135.6, 135.5, 128.3, 126.7, 123.2, 121.4,
118.8, 118.6, 118.4, 55.5 (CHy), 39.0 (N-CH3), 21.9
(28, CHames ortho), 21.7 (CH3mes para) ppm. UV-visible
(CH2ClL,): Amax(loge) = 418 (5.65), 514 (4.28), 548
(3.80), 590 (3.75), 647 (3.55) nm. MALDI-TOF" MS:
calcd for Cg4Hs5Au4N12Cly: 1066.38, found 1066.40.

4.2.13. Pyropheophorbidea 12

The synthesis and characterization data of py-
ropheophorbide a 12 were reported in [63-66].

4.2.14. Chlorin 13

Pyropheophorbide a 12 (62 mg, 0.12 mmol,
1.0 eq), 1-(3-aminopropyl)imidazole (18.6 pL,
0.16 mmol, 1.4 eq) and 4-DMAP (18.4 mg, 0.15 mmol,
1.3 eq) were dissolved in dry CH»Cl, (4.0 mL). DCC
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(31.1 mg, 0.15 mmol, 1.3 eq) was portionwise added
at 0 °C under argon atmosphere. The reaction mix-
ture was stirred at room temperature for 3 h in the
dark. The reaction was monitored by TLC. Once
finished, H,O (4.0 mL) was added and the mixture
was stirred for 15 min. Then, organic phase was ex-
tracted with CH,Cl,, washed (distilled H,0), dried
(MgS04) and concentrated. The residue was dis-
solved in a minimum amount of CH,Cl, and re-
frigerated overnight. The crude was then filtered,
washed with cold CH,Cl,, and the filtrate was con-
centrated (the operation was reiterated twice). Re-
crystallization from CH,Cl,/n-hexane afforded the
chlorin 13 as a dark green solid in 46% yield (34 mg).
IH NMR (400 MHz, CD2Cl,, 298 K): 6 9.44, 9.41,
8.64 (each s, each 1H, 5, 10 and 20-H), 8.04 (dd,
3 iz = 17.8, 11.6 Hz, 1H, 31), 7.18 (br dd, 1H, Hy),
6.81 (br dd, 3Jy.y = 1.3 Hz and *Ji_y = 1.3 Hz, 1H,
Hy), 6.62 (br dd, 3 Jiriy = 1.3 Hz and *Jyg = 1.3 Hz,
1H, H¢), 6.34-6.16 (m, 2H, 3?%), 5.24 and 5.06 (2d AB
system, % Ji_y = 19.8 Hz, each 1H, 132), 4.58-4.51,
4.39-4.36 (each m, each 1H, 17 and 18), 3.75-3.69
(m, 2H, 8!), 3.59-3.49 (m, 2H, H¢), 3.65, 3.43, 3.26
(eachs, each 3H, 2!, 7! and 121), 2.89-2.72, 2.66-2.42,
2.25-2.17 and 1.95-1.80 (each m, each 2H, 17!, 172,
H, and Hy,), 1.81 (d, 3 Ji_i = 7.3 Hz, 3H, 181), 1.67 (t,
3 Jyu = 7.6 Hz, 4H, 82), —1.79 (s, 2H, NH) ppm. UV-
visible (CH2Clp): Anax(loge) = 412 (4.57), 508 (3.88),
538 (3.82), 609 (3.75), 667 (4.13) nm. MALDI-TOF*
MS: calcd for C3gHy3N705 642.35, found 642.30.

4.2.15. Chlorin 14

Chlorin 13 (30 mg, 0.047 mmol, 1.0 eq) was dis-
solved in dry THF (6.0 mL) and CH3l (290 uL,
4.7 mmol, 100 eq) was added. The solution was
stirred at 40 °C for two days under argon atmosphere
and protected from light. The reaction was moni-
tored by TLC. After evaporation of the solvent, re-
crystallization from CH3Cly/n-hexane afforded the
monocationic chlorin 14 as a black solid in 52%
yield (19 mg). 'H NMR (400 MHz, (CD,Cl,/CD30D
9:1 (v:v), 298 K): 6 9.50, 9.37, 8.72 (each s, each
1H, 5, 10 and 20-H), 9.26 (br s, 1H, Hy), 8.04 (dd,
3Jum = 17.9,11.5 Hz, 1H, 3!), 7.04, 6.98 (each br
s, each 1H, He and H¢ ), 6.31 and 6.18 (2d AB sys-
tem, %Ji_g = 19.8 Hz, each 1H, 3?), 5.32 and 5.07
(2 d AB system, ?Ji_y = 19.2 Hz, each 1H, 13%),
4.70-4.64 and 4.33-4.28 (each m, each 1H, 17 and
18), 3.79 (s, 3H, Hg), 3.62 and 3.23 (each s, each
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3H), 3.00-2.91 (m, 2H, H,), 2.71-2.56 and 2.43-2.32
(each m, each 3H, 17!, 172 and Hy,), 1.81 (d, 3 Jygu =
7.4 Hz, 1H, 18Y), 1.69 (t, 3Jy_y = 7.6 Hz, 4H, 8%),
—1.75 (s, 2H, NH) ppm. "*C{'H} NMR (150.9 MHz,
(CD,Cl,/CD30D 9:1 (v:v), 298 K): § 197.1 (C=0),
174.4, 173.1, 161.8, 155.6, 151.1, 149.4, 145.6, 142.1,
138.1, 137.3, 136.7 (2s), 136.1, 132.8, 130.8, 129.6,
128.6, 123.5, 122.9, 122.7, 104.4, 97.1, 94.5, 52.5, 50.5,
49.6, 48.8, 47.7, 37.0, 35.7, 34.4, 33.6, 31.0, 29.9, 26.2,
25.6,23.5,19.9, 17.7,12.5, 12.2, 11.5 ppm. UV-visible
(CH2Cly): Amax(loge) = 413 (4.67), 509 (3.75), 540
(3.67), 610 (3.61), 668 (4.28) nm. HR ESI-MS (pos-
itive mode): calcd for C40H46N7O§r 656.3708 found
656.3694. HR ESI-MS (negative mode): calcd for I":
126.9050 found: 126.9046.

4.3. Biological studies

Cell culture. Human breast cancer cells (MCF-7)
were purchased from ATCC (American Type Cul-
ture Collection, Manassas, VA). Cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were allowed to grow
in humidified atmosphere at 37 °C under 5% CO-.

4.3.1. Cytotoxicity study in the dark

MCE-7 cells were seeded into 96-well plates at
5000 cells per well in 200 pL culture medium and
allowed to grow for 24 h. Increasing concentra-
tions (from 0 to 2 uM) of compounds were incu-
bated in culture medium of MCF-7 cells during
72 h. Then, a MTT assay was performed to evalu-
ate the toxicity. Briefly, cells were incubated for 4 h
with 0.5 Ing-mL’1 of MTT (3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide; Promega)
in media. The MTT/media solution was then re-
moved, and the precipitated crystals were dissolved
in EtOH/DMSO (1:1). The solution absorbance was
read with a microplate reader at 540 nm.

4.3.2. PDT experiments

For 450 nm and 545 nm in vitro phototoxicity, 1000
cells by well were plated in a 384-well plates, in 50 pL
of culture medium. Twelve hours after seeding, com-
pounds were added on cells at a concentration of
0.5 uM for 24 h. After this incubation, cells were sub-
mitted (or not) to laser irradiation for 10 min with
the Leica DM IRB at 450 nm (4.6 J-cm™2) or 545 nm
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(19.5 J-cm™2). The laser beam was focussed by a mi-
croscope objective lens (magnification x4). Two days
after irradiation, an MTT assay was performed to
measure the cell viability. For 650 nm in vitro pho-
totoxicity, 5000 cells by well were plated in a 96-well
plates, in 100 pL of culture medium. Twelve hours af-
ter seeding, compounds were added on cells at a con-
centration of 0.5 uM for 24 h. Then, cells were sub-
mitted (or not) to laser irradiation with a red laser at
650 nm for 10 min (18.75 J-cm™~2). Two days after irra-
diation, an MTT assay was performed to evaluate the
cell viability.
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1. Introduction

The photo-synthesis of reduced forms of carbon
from CO, holds the promise to set us on track to
mitigate the alarming anthropogenic amount of CO,
we are dumping into our biosphere from the mas-
sive use of fossil fuels [1,2]. Blueprints of this strat-
egy are directly provided by photosynthesis and cel-
lular respiration that have enabled the development
of energy infrastructures for solar energy harnessing
and its storage in chemical compounds [3]. The effi-
cient capture of sunlight, its conversion into a chem-
ical potential and coupled to oxidative and reductive
catalytic processess are the elemental steps that must
be synchronized and optimized.

Since the early reports in the 80s on homogeneous
photocatalytic systems for CO, reduction based on
transition metals [4,5], a multitude of electron donor
(ED)/photosensitizer (PS)/catalyst (Cat) combina-
tions have been reported to reduce CO; in organic
and aqueous media [6-11]. In the scheme of photo-
catalytic CO, reduction, the PS mediates the trans-
fer of electrons from the ED to the Cat, but uti-
lizes photons to drive the otherwise endergonic elec-
tron transfer steps. In a simple multicomponent ap-
proach, the three components can be simply mixed
in solution and the kinetics of the electron trans-
fer steps are expected to be diffusion-limited with-
out kinetic advantage for a particular interaction. An
alternative aproach to overcome this diffusion limit
and favor productive reaction steps consists of cova-
lently attaching the PS and the Cat in a PS-Cat dyad
to promote fast electron transfer from the PS to the
Cat [12-15].

We and others have demonstrated that iron-
porphyrins are one of the best performing homoge-
neous catalysts for the electrocatalytic reduction of
CO, [16-19]. Their electrocatalytic properties such as
overpotential, turnover number (TON) and turnover
frequency (TOF) can be further improved by intro-
ducing substituents on the porphyrin macrocycle
such as electron withdrawing or donating groups,
proton relays, hydrogen bond donors or electrostatic
groups [10,11,20-24]. When associated with a PS in a
multicomponent system, iron-porphyrins were also
recently shown to catalyze the photoreduction of
CO; to CO [25-27], and even further to methane in
some conditions [28,29]. However, to the best of our
knowledge, there are no reported supramolecular
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dyads consisting of an iron porphyrin catalyst and
any photosensitizer [30]. This is in part due to the
fact that the high absorption coefficient of the por-
phyrin catalyst across the visible region, overlaps and
sometimes overwhelms the light-absorption role of
the photosensitizer, leading to short-lived, and there-
fore non-productive, excited states. As such, for most
multicomponent systems, there is a common trend
of employing huge differences in the concentration
of the iron porphyrin catalyst (UM range) and the
photosensitizer (mM range). This piqued our cu-
riosity to examine if a photoredox-iron-porphyrin
catalyst design may lead to a new reactivity pattern.
In this work, we report the synthesis and char-
acterization of a molecular assembly porFe-bpyRu
composed of an iron porphyrin as catalyst cova-
lently attached to a ruthenium trisbipyridine, the
photosensitizer, through an amide linker (Scheme 1).
Methoxy groups were introduced on the porphyrin
as electron donating groups to enhance the nucle-
ophilic character of the iron center and promote CO;
reduction [16]. The electrochemical and photophysi-
cal properties of the porFe-bpyRu dyad were system-
atically compared with iron porphyrin (porFe) and
ruthenium trisbipyridine (bpyRu) reference com-
pounds. The electrochemical data indicate that the
amide linkage does not promote strong electronic
communication between the Cat and the PS, keep-
ing the independent redox properties of the consti-
tutive modules intact. Laser flash photolysis stud-
ies demonstated that upon excitation of the pho-
tosensitizer in the dyad, an efficient energy trans-
fer occurs towards the porphyrin catalyst, leading
to a very fast quenching (<20 ns) due to the pres-
ence of the Fe metal, thereby shutting off the pos-
sibility for the light activation of the catalytic unit.
In the presence of an electron donor, an immedi-
ate dark electron transfer is observed in the catalyst
(porFe-bpyRu or porFe) forming Fe(II) species from
Fe(IIl). For an independent mixture of the PS/PS-
Cat and a reversible electron donor, a light induced
charge shift leading to the reduced Fe(I) species
was evidenced. Accordingly, upon exciting an ex-
ogenous bpyRu added to the porFe-bpyRu/electron
donor mixture, a photo-induced electron transfer
was observed from the exogenous Ru(I) photore-
ductant to the Fe(Il) species, consequently forming
the two-electron reduced form Fe(I). More interest-
ingly, under continuous irradiation in the presence
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porFe-bpyRu
Scheme 1. Structures and abbreviation of the porFe-bpyRu supramolecular complex and the corre-
sponding model complexes porFe and bpyRu and the electron donors BIH and Asc.

of dimethylphenylbenzimidazoline (BIH) as sacri-
fical electron donor, the porFe-bpyRu dyad dis-
played a surprisingly higher photocatalytic activity
and CO2-to-CO selectivity compared to the refer-
enced iron porphyrin (porFe). Comprehensive pho-
tophysical and electrochemical studies pinpoint to
the fact that despite the extinction of the photo-
physical properties of the photosensitizer in the
supramolecular dyad, its appendage to the porFe was
beneficial inasmuch as it acts as an electron reservoir
next to the catalytic unit that promotes the formation
of the catalytically active species at minimal thermo-
dynamic cost.

2. Experimental section
2.1. General procedure

Proton and carbon nuclear magnetic resonance (*H
and !'3C NMR) spectra were recorded at room tem-
perature on Bruker Advance spectrometers. The elec-
trospray ionization mass spectrometry (ESI-HRMS)
experiments were performed on TSQ (Thermo Sci-
entific. 2009) with an ESI* method. Ground state
absorption spectra were measured on a Specord
spectrophotometer (Analytik Jena). EPR spectra were
recorded at 40 K on a Bruker ELEXSYS 500 spec-
trometer equipped with a Bruker ER 4116DM X band
resonator, an Oxford Instrument continuous flow
ESR 900 cryostat, and an Oxford ITC 503 temperature
control system. Cyclic voltammetry measurements
were performed in an electrochemical cell com-
posed of a glassy carbon (3 mm diameter) working
electrode, Ag/AgNO3 (1072 M) reference electrode,
and a platinum wire counter electrode with tetra-
N-butylammonium hexafluorophosphate (TBAP)
as supporting electrolyte. Scan rate was chosen at
100 mV/s and a CH Instruments potentiostat work-
station was utilized to control the applied voltages
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and to measure resulting current. Ferrocene was
used as an internal reference and the potentials are
converted to NHE [31]. Spectroelectrochemical mea-
surements were performed in a thin-layer quartz
cuvette cell using a platinum honeycomb electrode
(PINE Research) and a Pt wire reference electrode.
Nanosecond transient absorption measurements
were performed on a home-built set-up which has
been described in detail previously [32] and a com-
mercial Edinburgh Instruments LP920 Laser Flash
Photolysis Spectrometer system. Photocatalytic ex-
periments were performed in a 41.5 mL vial contain-
ing 6.5 mL CO,-saturated DMF/H,0 (9:1 v/v) + 2 uM
catalyst + 50 uM photosensitizer + 50 mM electron
donor. A SugarCUBE high intensity LED fiber optic
illuminator was utilized with a blue light output cen-
tered at 463 nm with a full width at half maximum
(FWHM) characteristic of about 50 nm, adjusted to
produce 9.5 mW-cm~2. The reaction vessel is con-
nected in line with a micro gas chromatography Infi-
con system to analyze the products of the reaction.

2.2. Synthesis and characterization

2.2.1. Synthesis of 1,3-dimethoxybenzene (1)

Potassium bicarbonate, KCO3 (6.28 g, 45 mmol)
and methyl iodide CH3I (2.6 mL, 41.4 mmol) are
added simultaneously and dropwise to a stirred so-
lution of resorcinol (2.00 g, 18 mmol) in anhydrous
acetone, at 0 °C under Ar atmosphere. The reac-
tion mixture is stirred at room temperature for 12 h.
Once reaction reached completion, the volatiles are
evaporated under reduced pressure and 30 mL of
H,0 are added to the residue. The crude product
mixture is extracted with ethyl acetate (3 x 30 mL)
and the combined organic layers are dried over
Na,SO,4. After evaporation of the solvent, the ob-
tained residue is purified via silica column chro-
matography (hexane/ethyl acetate (5:1 v/v)) to give
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1,3-dimethoxybenzene as a light-yellow oil (1.92 g,
13.9 mmol, 77%). 'H NMR (500 MHz, CDCl3): § =
7.19 (t, ] = 8.2 Hz, 1H), 6.52 (d, J = 2.4 Hz, 1H), 6.51
(d, J=2.4Hz, 1H), 6.47 (t, ] = 2.4 Hz, 1H), 3.8 (s, 6H).

2.2.2. Synthesis of 2,6 dimethoxybenzaldehyde (2)

1,3-dimethoxybenzene (1.4 mL, 1.51 g, 10.9 mmol)
is dissolved in 50 mL of dry THE under N, and the re-
sulting solution is purged with N, for at least 20 min.
Afterwards, under vigorous stirring, n-BulLi (8.2 mL,
86.8 mmol) is added dropwise at 0 °C and once the
addition is completed, the reaction mixture is stirred
at room temperature for 2 h under N, atmosphere.
Then, dry DMF (2.1 mL, 27 mmol) is added to the
solution and the mixture is stirred for an additional
2 h. After 2 h, 20 mL of H,O are added and extrac-
tions with ethyl acetate (3 x 30 mL) are carried out.
The collected organic layers are dried over Na,SO4
and evaporated under vacuum to obtain a yellowish
oily residue. The desired product was recrystallized
from hexane (15 mL) and collected as a light brown
solid (1.26 g, 7.6 mmol, 70%). 'H NMR (500 MHz,
CDCl3): 6 =10.51 (s, 1H), 7.45 (t, ] = 8.5 Hz, 1H), 6.58
(d, J =8.5Hz, 2H) 3.90 (s, 6H).

2.2.3. Synthesis of 5-(4-nitrophenyl)-10,15,20-tris-
(2,6-dimethoxyphenyl)-21H, 23H porphyrin (3)

2,6-dimethoxybenzaldehyde (0.75 g, 4.5 mmol)
and 4-nitrobenzaldehyde (0.23 g, 1.5 mmol) are dis-
solved in 600 mL of CHCl3 and the resulting solution
is subsequently purged with N> for at least 30 min un-
der vigorous stirring. Then, pyrrole (0.42 mL, 6 mmol)
is added dropwise in the absence of light and the re-
action mixture is purged with N for an additional pe-
riod of 10 min, before BF3OEt; (233 puL, 1.88 mmol)
is added. After the addition of BF3OEt;, the reaction
mixture is stirred in the dark at room temperature
for 3 h under N, atmosphere. Then, DDQ (1.36 g,
6 mmol) is added to the solution and it stirred for
2h atroom temperature. The resulting crude product
mixture is subsequently filtered through silica pad
and then is purified via silica column chromatogra-
phy (CH,Cl,/hexane 4:1 (v/v)). However, only a small
percentage of the desired porphyrin can be obtained
clean. Given that, without any further purification,
the 148 mg of the crude mixture was then used
for the synthesis of 5-(4-aminophenyl)-10,15,20-tris-
(2,6-dimethoxyphenyl)-21H, 23H porphyrin (4). 'H
NMR (500 MHz, CDCl3): 6 = 8.77 (d, ] = 4.7 Hz, 2H),
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8.72 (s, 4H), 8.64 (d, J = 4.7 Hz, 2H), 859 (d, J =
8.7 Hz, 2H), 8.39 (d, J = 8.7 Hz, 2H), 7.71 (m, 3H), 6.99
(m, 6H), 3.53 (s, 6H), 3.51 (s, 12H), —2.57 (s, 2H). 13C
NMR (75 MHz, CDCls): 6 = 160.7, 150.1, 147.5, 135.3,
130.3, 121.7, 120.0, 119.8, 115.53, 112.2, 111.9, 104.3,
104.3, 56.2. UV/Vis (CH2Cl): Apax (6, mM~l.cm™) =
419 (262.5), 514 (16.6), 550 (5.5), 590 (5.3), 644 (2.5).

2.2.4. Synthesis of 5-(4-aminophenyl)-10,15,20-tris-
(2,6-dimethoxyphenyl)-21H, 23H porphyrin (4)

To a stirred solution of the isomeric mixture
of porphyrin derivative (3) (148 mg) in DCM
(15 mL), 2.5 mL of conc. HCl and SnCl,-2H,0 (0.2 g,
0.89 mmol) are added at 0 °C and the mixture is
heated to 70 °C for at least 20 h. The progress of the
reaction is monitored by thin layer chromatography
(TLC, SiO2, CH»Cl,/MeOH (99:1 v/v)). Upon reac-
tion completion, 50 mL of DCM are transferred to
the solution and it is left stirring for 15 min. After-
wards, the organic phase is collected, quenched with
sat. aqueous solution of NaHCO3; and washed thor-
oughly with H,O. Then, the obtained organic layer
is dried over Na,SO4 and evaporated until dryness.
Porphyrin (4) is obtained as a purple solid after silica
column chromatography (DCM/EtOH (98:2 v/v)) pu-
rification (67.4 mg, 0.083 mmol, overall yield of two
steps 5.5%). 'H NMR (500 MHz, CDCl3): § = 8.77 (d,
J =4.7 Hz, 2H), 8.72 (s, 4H), 8.64 (d, ] = 4.7 Hz, 2H),
8.59 (d, / = 8.7 Hz, 2H), 8.39 (d, ] = 8.7 Hz, 2H), 7.71
(m, 3H), 6.99 (m, 6H), 3.53 (s, 6H), 3.51 (s, 12H), —2.57
(s, 2H). 13C NMR (75 MHz, CDClz): § = 160.7, 150.1,
147.5, 135.3, 130.3, 121.7, 120.0, 119.8, 115.53, 112.2,
111.9, 104.3, 104.3, 56.2. UV/Vis (CH2Cl): Amax (€,
mM~.cm™) = 419 (262.5), 514 (16.6), 550 (5.5), 590
(5.3), 644 (2.5).

2.2.5. Synthesis of 4 -methyl-4-carboxy-2,2 -
bipyridine (5)

4,4-dimethyl-2,2'-bipyridine (1.1 g, 6 mmol) is dis-
solved in 65 mL of 1,4-dioxane and SeO, (800 mg,
7.2 mmol) is added. The resulting solution is stirred
and heated to reflux for 24 h. After 24 h, the hot so-
lution is passed through a short pad of celite to re-
move the elemental Se that is formed during the reac-
tion. The filtrate once it is cooled down to room tem-
perature, it is evaporated under reduced pressure.
The obtained yellow residue is dissolved in 40 mL of
EtOH and under vigorous stirring, 10 mL of aque-
ous solution of AgNOj3 (1.1 g, 6.6 mmol) is added in
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the absence of light. Then, over a period of 30 min,
25 mL of aqueous solution of 1 M NaOH are added
dropwise and the reaction mixture is stirred for 15 h
at room temperature. Afterwards, the solution is con-
centrated under vacuum and the formed precipitate
is filtered and washed first with 1.3 M NaOH (2 x
15 mL) and then with 15 mL of H,O. The filtrate is col-
lected and extracted with DCM (4 x 30 mL). Next, the
pH of the collected basic aqueous layer is adjusted to
pH = 3.5 by the addition of 4.0 N HCI/CH3 COOH (1:1
v/v). Upon acidification, the precipitation of a pink
solid is observed and the mixture is kept at —10 °C
for an additional period of 20 h for further precipi-
tation. The precipitate is filtered and dried at 90 °C
for 12 h. Finally, the crude mixture is purified via a
Soxhlet extractor apparatus using anhydrous acetone
as the eluent for 3 days. 4’-methyl-4-carboxy-2,2'-
bipyridine is obtained as a light-yellow solid (255 mg,
1.19 mmol, 20%). 'H NMR (500 MHz, DMSO-dg): § =
13.89 (brs, 1H), 8.85 (br d, J =4.9 Hz, 1H), 8.82 (br s,
1H), 8.57 (br d, J = 4.9 Hz, 1H), 8.27 (br s, 1H), 7.85
(dd, J=4.8Hz, J=1.4Hz, 1H), 7.33 (brd, / =4.8 Hz,
1H), 2.43 (s, 3H).

2.2.6. Synthesis of cis-bis(2,2 -bipyridine)dichloro-
ruthenium(l) (Ru(bpy),Cl) (6)

2,2'-bipyridine (0.331 g, 2.1 mmol), 10 mL of dry
DME RuCls (0.200 g, 0.96 mmol) and LiCl (0.290 g,
6.75 mmol) are transferred into a two-neck round
bottom flask and the resulting dark purple solution
is heated to reflux overnight. After cooling down to
room temperature, the formed orange precipitate is
filtered and washed thoroughly first with acetone and
then with H,O. Finally, it is washed with diethyl ether
and hexane. Ru(bpy),Cl, is obtained as a dark purple
solid (0.160 g, 0.33 mmol, 34%). '"H NMR (500 MHz,
DMSO-dg): 6 =9.97 (br d, J = 4.6 Hz, 2H), 8.64 (br d,
J =7.9 Hz, 2H), 8.49 (br d, J = 7.8 Hz, 2H); 8.06 (m,
2H), 7.76 (m, 2H), 7.68 (m, 2H), 7.51 (brd, J =4.9 Hz,
2H), 7.10 (m, 2H).

2.2.7. Synthesis of compound 7

In a schlenk tube, compound 5 (48 mg,
0.224 mmol) is dissolved in 9 mL of SOCl, and
the resulting stirring solution is heated up to 78 °C
under N, for 2 h. In the next step, SOCl, is evapo-
rated under reduced pressure and to the remaining
residue 15 mL of dry THF is added. Then, porphyrin
(4) (60 mg, 0.074 mmol) and anhydrous EtsN are
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transferred to the solution under N,. The reaction
mixture is heated up to 50 °C for 20 h. Once the re-
action reaches completion, the volatiles are removed
under vacuum and the crude solid is purified via
column chromatography (SiO,, DCM/MeOH (99:1
v/v)) affording derivative (7) as a purple solid (73 mg,
0.073 mmol, 98%). 'H NMR (500 MHz, CDCls):
0 =8.94 (s, 1H), 8.93 (s, 1H), 8.78 (d, J = 4.7 Hz, 2H),
8.76 (s, 1H), 8.74 (d, ] = 4.7 Hz, 2H), 8.71 (m, 4H), 8.61
(m, 1H), 8.36 (m, 1H), 8.21 (d, J = 8.5 Hz, 2H), 8.07 (d,
J=8.3Hz,2H), 8.01 (dd, J1 =4.8Hz, J2=1.9Hz, 1H),
7.70 (t, J = 8.5 Hz, 3H), 7.23 (m, 1H), 6.99 (m, 6H),
3.52 (s, 6H), 3.50 (s, 12H), 2.53 (s, 3H), —2.59 (s, 2H).
13C NMR (75 MHz, CDCls): § = 164.2, 160.7, 157.4,
155.1, 150.6, 149.2, 148.8, 143.3, 139.5, 137.1, 135.2,
131.9, 130.2, 125.6, 122.5, 122.2, 120.1, 119.9, 118.6,
118.1, 117.5, 111.7, 111.0, 104.3, 56.2, 21.4. UV/Vis
(CH2Clp): Amax (6, mM™t-cm™!) = 419 (382.9), 513
(16.5), 546 (5.4), 589 (4.9), 645 (2.5).

2.2.8. Synthesis of compound 8

To a stirring solution of porphyrin derivate (4)
(45 mg, 0.06 mmol) in dry THE benzoyl chloride
(50 pL, 0.38 mmol) and 70 pL of dry EtzN are added.
The mixture is heated up to 70 °C for 12 h under N
atm. Afterwards, THF and Et3N are evaporated un-
der reduced pressure and the reaction product mix-
ture is purified by column chromatography (SiO,,
CH,Cl,/EtOH (99.7/0.3 v/v)). The desired product is
afforded as a purple solid (40 mg, 0.043 mmol, 73%).
'H NMR (500 MHz, CDCl3): § = 8.76 (d, J = 4.7 Hz,
2H), 8.72 (m, 6H), 8.14 (d, J = 8.4 Hz, 2H), 8.12 (s,
1H), 7.98 (m, 2H), 7.92 (d, J = 8.4 Hz, 2H), 7.69 (m,
3H), 7.58 (m, 1H), 7.52 (m, 2H), 6.98 (m, 6H), 3.51
(s, 6H), 3.49 (s, 12H), —2.53 (br s, 2H). *C NMR
(75 MHz, CDCl3): 6 = 166.1, 160.7, 139.0, 137.4, 135.1,
132.0, 130.1, 129.0, 127.3, 126.4, 120.3, 120.0, 118.2,
111.6, 110.9, 104.3, 56.2. UV/Vis (CH3CN): Apmax (€,
mM~.cm™!) = 415 (401.1), 511 (17.3), 544 (6.0), 588
(5.1), 644 (2.8).

2.2.9. Synthesis of compound 9

In a two-neck round bottom flask, porphyrin
(7) (60 mg, 0.06 mmol) is dissolved in 38 mL of
CH3COOH and the stirring solution is purged with
N, for 15 min at room temperature. After degassing,
Ru(bpy)2Cl, (57.6 mg, 0.12 mmol) is transferred to
the flask and the reaction mixture is heated to re-
flux for 12 h under N,. Then CH3 COOH is evaporated
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under reduced pressure and the obtained orange red-
dish residue is washed with H,O (5 x 20 mL). Then,
the crude residue is purified by column chromatog-
raphy (SiOZ, CH3CN/H20/KN03(Sat) (30:2:1 v/v)). Af-
terwards, the counter anions of Ru! are exchanged
with PF; anions. More specifically, the dyad is dis-
solved in the minimum amount of CH3CN and to the
resulting solution, a saturated solution of NH4PFg in
MeOH is added. Then, H,O was added slowly. Upon
addition of H,O, the precipitation of a brown-purple
solid is observed. The precipitate is subsequently fil-
tered and washed thoroughly with H,O to remove the
excess of the NH4PFg salt giving porphyrin derivative
(9) as an orange-purple solid (21 mg, 0.012 mmol,
20%). 'H NMR (500 MHz, (CD3),CO): § = 10.50 (br
s, 1H), 9.43 (s, 1H), 8.98 (s, 1H), 8.76 (s, 1H), 8.76 (s,
4H), 8.73 (s, 4H), 8.64 (br s, 2H), 8.39 (br s, 2H), 8.26
(d, J = 8.2 Hz, 2H), 8.16-8.09 (m, 2H), 8.03-7.95 (m,
5H), 7.84 (br d, J = 5.6 Hz, 1H), 7.79 (t, ] = 8.6 Hz,
3H), 7.57-7.49 (m, 4H), 7.45 (d, ] = 5.4 Hz, 1H), 7.14
(d, J=8.6 Hz, 6H), 3.52 (s, 18H), 2.61 (s, 3H), —2.50 (s,
2H). 3C NMR (75 MHz, (CD3)»CO0): § = 163.3, 161.3,
159.0, 157.8, 157.1, 153.2, 152.5, 152.4, 151.7, 151.6,
144.2, 139.3, 138.9, 138.7, 135.5, 131.4, 129.9, 128.6,
126.7, 126.3, 125.1, 125.0, 122.9, 120.0, 199.7, 119.4,
118.9,113.0,112.6,104.9, 56.1, 21.2. UV/Vis (CH3CN):
Amax (6, mM™1-cm™!) = 288 (87.8), 415 (413.5), 476
(22.9), 510 (24.2), 544 (9.3), 587 (6.7), 642 (4.1).

2.2.10. Synthesis of porFe-bpyRu

FeBr, (0.088 g, 0.41 mmol) and derivate (9)
(0.023 g, 0.014 mmol) are dissolved in 5 mL of dry
and degassed THE The reaction mixture is kept un-
der stirring and heated at 50 °C for 12 h under Ar. The
progress of the reaction is monitored by absorption
spectroscopy. Once the reaction is completed, THF is
evaporated under reduced pressure. The remaining
solid is dissolved in 20 mL of DCM and treated with
4N HCI (3 x 15 mL). The organic layers are combined,
washed with H,O (3 x 15 mL) and dried over Na,SOy,.
The crude product is purified via silica column chro-
matography (CH3zCN/H20/KNOj3(say (30:2:1 v/v)).
Then, the counter anions of Ru! were exchanged
with PF; anions, as described previously for the syn-
thesis of compound 9. The final compound is given
as an orange-purple solid (18 mg, 0.010 mmol, 71%).
UV/Vis (CH3CN): Amay (6, mM™'-cm™') = 288 (83.0),
377 (59.4), 417 (95.8), 465 (27.7), 505 (17.9), 576 (5.3),
655 (4.1), 689 (4.3). ESI-HRMS: m/z calculated for

C. R. Chimie— 2021, 24, n° S3,101-114

a chemical formula CgyHgsCIFeN1; O7RU?* [M]?* =
754.1543, found 754.1580.

2.2.11. Synthesis of porFe

To a solution of FeBr, (0.272 g, 1.27 mmol) in
5 mL of dry and degassed THE porphyrin (7) (0.037 g,
0.041 mmol) is added and the mixture of the reac-
tion and heated at 55 °C for 12 h under Ar. After re-
action reaches completion, THF is evaporated and
the residue is dissolved in 20 mL of DCM. Then,
15 mL of 4N HCl is added. The organic phase is col-
lected and extracted for additional two times with 4N
HCI (2 x 15 mL). Finally, the organic layers are col-
lected, washed with H,O (3 x 15 mL) and dried over
Na,SO;,. PorFe is afforded as an orange-purple solid
after column chromatography (SiO,, CH,Cl,/MeOH
(99:1 v/v)) purification (24 mg, 0.024 mmol, 58%).
UV/Vis (CH2Cl2): Aax (6, mM~l.cm™1) = 274 (31.6),
341 (32.0), 417 (87.2), 499 (11.2), 506 (11.0), 577 (5.4),
640 (3.0). ESI-HRMS: m/z calculated for a chemical
formula Cs7Hs5FeN5O; [M-Cl]T = 967.2619, found
967.2664.

3. Results and discussion
3.1. Synthesis

As shown in Scheme 2, dyad porFe-bpyRu and iron-
porphyrin porFe share the same porphyrin plat-
form 4. This synthetic intermediate was prepared
in an acid-catalyzed condensation of four pyrroles,
one para-nitrobenzaldehyde and three di-ortho-
methoxybenzaldehyde (2) followed by an oxida-
tion of the obtained macrocyle using dichloro-5,6-
dicyano-p-benzoquinone (DDQ), then by a reduc-
tion of the nitro group into amino using tin chlo-
ride in acidic conditions. Aldehyde 2 was obtained
in two steps from resorcinol by first methylating
the hydroxy groups and then a lithium-mediated
formylation reaction of the aromatic carbon in po-
sition 2 takes places. The coupling between por-
phyrin 4 and one of the bipyridines of the bpyRu
moiety was performed using modified bipyridine
5 bearing a carboxyl group in position 4 that was
prepared by a SeO, oxidation of one of the methyl
groups in the 4,4’'-dimethyl-2,2'-bipyridyl. After an
activation of the carboxyl group using thionyl chlo-
ride, 5 reacts with the aniline group in porphyrin
4 to yield the amide-bridged porphyrin-bipyridine
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Scheme 2. Synthesis of the porFe-bpyRu supramolecular complex and the corresponding reference

complex porFe.

ligand 7. The bipyridine in 7 can displace the two
chlorides of the dichlorobis(bipyridine)ruthenium
6 to form the porphyrin-bpyRu complex (9) that
leads, after complexation of the iron, to the aimed
dyad porFe-bpyRu. Reference iron-porphyrin porFe
was prepared using a similar synthetic scheme
and by replacing the bipyridine 5 with benzoyl
chloride.
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3.2. Electrochemical characterization

Cyclic voltammetry (CV) of model compound porFe
in argon-degassed dimethylformamide (DMF)
containing 100 mM of tetra-N-butylammonium
hexafluorophosphate (TBAP) shows three reversible
redox waves corresponding to the formal Fe(III/II),
Fe(II/T), and Fe(I/0) couples (Figure 1(a), Table 1).
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Figure 1. Cyclic voltammograms (CV) of the supramolecular and reference complexes at concentrations
of 0.5 mM in dimethylformamde with 100 mM tetra-N-butylammonium hexafluorophosphate (a) under
Ar and (b) under CO, and 5.5 mM H;O. Inset in (b) shows magnification of the onset of catalysis.

Table 1. Electrochemical potentials of the formal redox couples involved in the supramolecular and
reference complexes, referenced vs NHE in dimethylformamide with 100 mM tetra-N-butylammonium

hexafluorophosphate
Complex Fe(IIl/II) Fe(I/I) Fe(/0) Rudl/I) Ru{d/0) Ru(0/-I)
porFe-bpyRu  —0.23 -1.03 -1.77 -1.03 -1.27 -1.51
porFe -0.12 -1.02 -1.76 — — —
bpyRu — — — -1.01 -1.21 -1.45

As expected, due to the presence of the methoxyl
groups, these three waves are shifted to more neg-
ative potentials compared to those of the previ-
ously reported non-functionalized iron-tetraphenyl-
porphyrin (FeTPP) [18]. Three successive reduction
waves are also observed for bpyRu complex which
were previously reported to be mainly centered on
the bipyridine ligands [33]. The CV of porFe-bpyRu
displays a combination of the porFe and bpyRu re-
duction waves. A noticeable anodic shift of about
100 mV is observed for the Fe(III/II) couple in the
dyad compared to the reference complex but no sig-
nificant shifts are observed for the Fe(II/1) and Fe(I/0)
redox couples. Similarly, the bpy-based reduction
waves of the Ru moiety in the dyad showed minimal
anodic shifts of around 5 mV. These are all indica-
tive that the amide linker does not establish a strong
electronic communication between the two moi-
eties. The redox couples Fe(II/I) and Ru(Il/I) overlap
in the dyad as a two-electron reduction wave, which
is indicative that the one-electron reduced form of
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the PS can reduce both the Fe(II) and Fe(III) states of
the catalyst in the dyad with thermodynamic driving
force of 0 and —800 meV, respectively. However, this
same photoreductant would have an uphill penalty
of +760 meV to reduce the iron-porphyrin moiety to
its catalytically active Fe(0) form.

When the CVs were performed under a CO; atmo-
sphere and in presence of water as a proton source
(Figure 1(b)), porFe and porFe-bpyRu displayed a
typical catalytic current corresponding to CO, reduc-
tion at the last reduction wave (Fe(I/0) redox couple)
with a significantly higher current intensity in the
case of porFe-bpyRu. More interestingly, the onset
potential of catalysis started at a significantly more
positive potential in the dyad (Figure 1(b) inset), al-
most at the Fe(Il/I) and Ru(II/I) waves with a smaller
current intensity increase preceding a much higher
current observed after —1.5 V. A control experiment
with bpyRu in the same conditions shows minimal
current intensity increase and only at the third bpy-
reduction wave, confirming that the iron-porphyrin



Adelais Trapali et al.

109

umol product
» IS @ o
' :

CO Selectivity

[
L

0.8

o
o
1

o
~
L

0.2 4

0.0

-~
e K

porFe-bpyRu
300
O
| 250 f_,
z
l200 O
- -

*

- 450

porFe

T
80
time / min

T T T
0 20 40 60

T T T T T
60 80 100 120 140

time / min

Figure 2. (a) Photocatalytic curves for the production of CO (solid lines) and H» (dotted lines) during the
irradiation of the following in CO,-saturated DMF/H,0 (9:1 v/v): 2 uM porFe-bpyRu + 50 uM bpyRu +
50 mM BIH (black); 2 uM porFe + 50 uM bpyRu + 50 mM BIH (red). (b) Comparison of the photocatalytic
performance in terms of selectivity towards CO production (columns) and turnover numbers (TON).

Table 2. Summary of photocatalytic activities showing the production of CO and H; after irradiation for
135 min of a CO,-saturated DMF/H,0 (9:1 v/v) solution containing the photosensitzer—catalyst system

investigqted in this study

Photosensitizer Catalyst umol CO pmolH, TONCO TONH, Selectivityco
2 uM porFe-bpyRu n.d. n.d. — — —
2 uM porFe-bpyRu 50 pM bpyRu 5.7 3.2 436 244 64%
2 uM porFe 50 uM bpyRu 2.3 5.0 180 386 32%
2 uM porFe — n.d. n.d. — — —
— 50 uM bpyRu 1.4 0.5 4.5 1.6 74%

n.d. = not detectable.

catalyst is responsible for the observed catalytic wave
in the porFe-bpyRu dyad. The early onset potential
for the first catalytic regime of the dyad takes place
right after the electro-generation of the Fe(I) species
that is accompanied concomitantly with addition of
one electron on the bipyridine holding the PS and
the Cat. This proposal is based on the fact that the
bridging bipyridine is chemically modified with a C-
terminated amido group and is under the influence
of two metallic cations, rendering it the privilege lo-
cus for the addition of an electron as compare to the
other two bipyridine ligands. This species can there-
fore be looked at as an Fe(I) coupled to an anion rad-
ical species that can trigger the catalytic activity.

3.3. Photocatalytic evaluation

Motivated by the promising results from the elec-
trochemical measurements, we undertook the eval-
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uation of the photocatalytic performance of the
supramolecular dyad toward CO; reduction. An ini-
tial experiment was performed by irradiating with a
blue LED source a solution containing 2 uM porFe-
bpyRu as photo-catalyst and 50 mM BIH as sacrifi-
cial electron donor in DMF/H,0 (9:1 v/v). Unfortu-
nately, the gas chromatography analysis of the reac-
tion vessel headspace was not able to detect any gas
product. Similarly, no detectable products were ob-
served for a solution containing only 2 uM porFe and
50 mM BIH. In the same conditions but in a bimolec-
ular configuration using 2 pM porFe as catalyst and
50 uM bpyRu as PS, the reaction produces 5.0 pmol
of H, as the major product and 2.3 pmol of CO (Fig-
ure 2(a), Table 2). However, in a hybrid configuration
where exogenous bpyRu (50 uM) in combination
with 2 uM porFe-bpyRu were used, 5.7 pmol CO and
3.2 umol H, were produced after 135 min of irra-
diation (Figure 2(a), Table 2). To ascertain that the
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Figure 3. (a) Absorption spectra of of the supramoleclar porFe-bpyRu dyad in comparison with the
reference complexes in ACN/H,0 (6:4 v/v). Inset shows magnification of the Q bands region. (b) Transient
emission spectra of porFe-bpyRu in DMF upon laser excitation at 460 nm. Inset shows kinetics at 650 nm
revealing emission lifetime of 18 ns. Similar transient emission was recorded in ACN/H,O (Figure S2).

photocatalytic activity comes mainly from the dyad,
a control experiment was performed with 50 uM
of bpyRu and in absence of the dyad. Under these
conditions, much smaller amounts of CO (1.4 umol)
and H» (0.5 umol) are produced (Figure S1), possibly
due the minor CO, reduction activity of the Ru bis-
bipyridyl, a degradation product of bpyRu that was
shown to form in absence of the electron acceptor,
in this case the Cat, and exhibit some CO, reduction
activity [34-36]. In the same catalytic conditions,
the porFe-bpyRu dyad displays a higher selectivity
(~64%) for CO production (Figure 2(b)) during the
course of photocatalysis, while in the case of porFe
the selectivity was below 40%. This improved selec-
tivity exhibited by the supramolecular porFe-bpyRu
dyad also translates in a significantly higher TON of
~440 compared to that obtained with the porFe as
catalyst (TON = 180). Even though the porFe-bpyRu
dyad didn’t fulfill the initially intended photo-catalyst
role, it surprisingly improves the selectivity and TON
when used as a catalyst in presence of exogenous PS.

3.4. Photophysical and mechanistic analyses

The intriguing and peculiar photocatalytic perfor-
mance of the porFe-bpyRu dyad merited further
photophysical investigation. The absorption spec-
trum of the dyad (Figure 3(a)) consists of combina-
tion of spectral features of the mononuclear com-
plexes porFe and bpyRu: a Soret band at 417 nm and
Q bands at 490, 585, and 635 nm characteristic of the
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iron porphyrin catalyst and the >MLCT band of Ru
PS as broad shoulder at 460 nm. The absence of sig-
nificant spectral changes between the porFe-bpyRu
dyad and the mixture of porFe and bpyRu confirm
the previous observation that the amide linkage does
not alter the electronic properties of the individual
components in the ground state. Upon excitation at
460 nm to excite mainly the Ru PS (a similar excita-
tion domain of the blue LED lamp employed in the
photocatalytic experiments), only emission from the
porFe could be detected (Figure 3(b); narrow band
at 650 nm with a shoulder at 700 nm). The absence
of emission from the Ru excited state, expected as
a broad band at 610 nm, is indicative of ultrafast
quenching of the Ru excited state. As expected, the
lifetime of the porFe fluorescence is shorter than the
time resolution (20 ns) of the ns laser flash photolysis
apparatus. No transient absorption peaks were ob-
served (even at the shortest time scale of the exper-
iment) indicating the absence of any long-lived ex-
ited triplet Ru species. These observations are attrib-
uted to (a) an efficient energy transfer from the ex-
cited singlet Ru species to singlet porphyrin, which
is then significantly quenched due to the presence of
the heavy Fe metal center, and (b) competing photon
absorption (~50%) between the PS and the Cat.
Upon addition of sodium ascorbate (Asc) as a
reversible electron donor for the photophysical
measurements, a noticeable red shift in the Soret
band (416 nm — 428 nm) of the ground state spec-
trum of porFe-bpyRu was observed in Ar-saturated
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Figure 4. UV-Vis spectral changes when Asc is added to a solution of (a) porFe-bpyRu or (b) porFe in
Ar-saturated ACN/H,O (6:4 v/v) and its similarity to (c) the spectral evolution during the 1st reduction
Fe'! — Fe!! of porFe in ACN using spectroelectrochemistry, SEC (more details in Figure S3).

ACN/H0 solutions (Figure 4(a)). A similar shift
was observed for the reference porFe catalyst (Fig-
ure 4(b)), indicating that there is a dark chemical
reaction occurring between the Asc and the cata-
lyst. Spectroelectrochemical measurement on the
reference complex porFe shows a similar character-
istic red-shift of the Soret band for the Fe(II) species
(Figures 4(c) and S3-S4) which indicates that the
observed red shift of the Soret band is due to the
reduction of Fe(III) to Fe(II). A similar reduction of
Fe(Ill) is occurring when BIH was used as sacrifi-
cial electron donor. The electron paramagnetic res-
onance (EPR) spectra of porFe-bpyRu (Figure S5)
shows the disappearance of the high spin Fe(IIl) sig-
nal upon addition of the electron donor in the dark.
We also investigated the photophysical properties of
the singly reduced Fe(Il) state of porFe-bpyRu upon
excitation at 460 nm. Here too, no transient absorp-
tion peaks were observed. Hence, revealing again
an efficient quenching of any excited states. Accord-
ingly, the absence of long-lived excited species and
the lack of light-induced electron transfer processes
leading to reduced species for redox reactions, ex-
plain why the porFe-bpyRu dyad in the presence of
BIH did not show any photocatalytic CO, reduction
activity under continuous illumination. Therefore,
these results highlight that linking the bpyRu PS and
porFe catalyst through the single amido function was
disadvantageous in the scenario of eliminating the
diffusion control limits in the photo-driven electron
transfer processes and catalysis. Reasons behind this
in our particular case probably originate from the
competition for photon absorption between the cat-
alyst and the photosensitizer, a mismatch of emis-
sion and absorption properties of both constitutive
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chromophores and finally the short distance be-
tween the two modules which promote an efficient
energy transfer and quenching of the excited states.
As it turns out, the photoredox-catalyst molecu-
lar dyad did not lead to the expected photo-induced
charge separation and charge accumulation towards
the catalyst. We then pursue the photophysical in-
vestigation by the addition of an exogenous ruthe-
nium (II) trisbipyridine photosensitizer (bpyRu) to-
gether with Asc a reversible electron donor con-
sidering the porFe-bpyRu as basically a dyad with
an extinct photosensitizer unit but with a func-
tioning porFe catalyst unit. In this configuration,
photo-induced electron transfer steps are observed
as summarized in Figures 5(a)—(c). At short time do-
main (0-100 ns in Figure 5(a)), upon laser excita-
tion at 460 nm and formation of the excited state
Ru* (bleaching of Ru(Il) MLCT at 450 nm), there
is a simultaneous formation of the one-electron re-
duced form of the PS, formal Ru(I) species, character-
ized by an absorption at 520 nm, and oxidized Asc™*
(absorbing at 360 nm). Global fitting of the kinetic
traces with a triexponential function [a; exp(—¢/71) +
ap exp(—t/12)+asexp(—t/13)+c] gave satisfactory fits
(Figure 5(d)). This first photo-induced electron trans-
fer event (Ru(Il) + Asc — Ru(l) + Asc™) occurs with
an apparent time constant of 26 ns with 100 mM
Asc. In the proceeding time scale (100 ns to 60 ps in
Figure 5(b)), the Ru(l) species decays to give a new
spectral feature at 458 nm, corresponding to the re-
duction from the Fe(Il) to Fe(I) oxidation state of
the porphyrin catalyst moiety of the porFe-bpyRu
dyad. This is confirmed by two control experiments:
(a) similar transient absorption changes are observed
for the solution containing the reference complexes
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Figure 5. (a—c) Optical transient absorption (OTA) spectra in three time domains showing the spectral
evolution of each species during single flash photolysis of a solution containing 13 uM porFe-bpyRu
dyad, 31 uM bpyRu, and 100 mM Asc in ACN/H,0 (6:4 v/v) (laser excitation at 460 nm, 10 mJ per
pulse). (d) Globally-fitted transient kinetics at some wavelengths with fitting parameters used to plot
the (e) decay-associated difference spectra. (f) Comparison of the OTA decay spectra corresponding to
(Fe(D)-Fe(II)) with that obtained from spectroelectrochemistry (SEC) in Figure S3 (in the absence of H,0O).

porFe, bpyRu and Asc in the similar time window
(Figure S6) and (b) a similar differential spectrum
is observed during spectroelectrochemical measure-
ment of the reference complex porFe when going
from the Fe(Il) to the Fe(I) oxidation states (Fig-
ures 5(e), (f) and S3). This second electron transfer
event (Ru(l) + Fe(II) — Ru(Il) + Fe()) occurs with a
diffusion-limited second order rate constant of 7.9 x
10° M~!.s7! estimated from the apparent time con-
stant of 18 ps and formation of 7.1 uM Fe(l). Finally,
at longer time scale (>60 ps in Figure 5(c)), this Fe(I)
species decays back to the Fe(II) state after charge
recombination with oxidized Asc™* (Fe(I) + Asc’* —
Fe(II) + Asc) with a time constant of 610 ps.

These photophysical investigations have shown
that when the porFe-bpyRu dyad is assimilated as
only the catalyst in the presence of exogenous ruthe-
nium (II) trisbipyridine photosensitizer and a sac-
rificial electron donor, three electrons can be ac-
cumulated on the catalyst to form the Fe(I)-Ru(Il)
species: one electron coming from a dark reaction
with the electron donor and two electrons com-
ing from the photo-induced Ru(I) reductant. These
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first three electron transfer events are similarly en-
visioned as the initial steps in the proposed photo-
catalytic cycle in Figure 6. However, from the CV of
porFe catalyst (Figure 1(b)) it is clear that the Fe(0)
oxidation state must be reached before the catalytic
reduction of CO, can proceed. With this thermody-
namic constraint, the Ru(I) photo-reductant faces an
uphill thermodynamic penalty of +760 meV to pro-
ceed. An alternative route may come from the non-
innocent reducing radical BI' resulting from the first
electron donor step of BIH (E = —1.39 V vs NHE [37]
ensuing a less positive AG ~ +370 meV for this reac-
tion), as we and others have previously reported [38—
40]. However, an interesting feature of the porFe-
bpyRu dyad is the possibility for the appended ruthe-
nium (II) trisbipyridine to act as an electron reser-
voir, as suggested by the earlier onset of catalysis
(Figure 1(b)) occurring at a potential corresponding
to the Fe(II/I) and Ru(Il/I) couples. Since there is
only a minimal driving force for the exogenous Ru(I)
photo-reductant to reduce the appended Ru moiety
in the dyad (AG ~ +20 meV), we hypothesize that
this occurs to form a Fe(I)-Ru(l) state of the dyad:
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Ru' =< Ru"

BIH  v2H* + VBIF

FeIII_Rull
Dark reaction

CO +H,0

CO,+2H*

Figure 6. Proposed photocatalytic cycle in-
volving the supramolecular porFe-bpyRu dyad
and exogenous bpyRu PS with BIH as sacrifi-
cial electron donor. Dashed arrows show com-
peting minor pathways.

Fe(D-Ru(Il) + Ru(l) — Fe(D-Ru(l) + Ru(Il). The for-
mal Fe(I)-Ru(]) state can then be regarded as an Fe(I)
species backed up by an additional electron with the
same reducing power probably delocalized on the
bipyridine extending onto the porphyrin macrocy-
cle. Such a reduced species may then start the two-
electron activation of CO, at a lower overpotential
than the classic Fe(0) active form. The lower ther-
modynamic penalty along this route can account for
the higher performances of the porFe-bpyRu dyad,
in terms of TON and CO selectivity, than the porFe
catalyst in the presence of the same amount of ex-
ogenous ruthenium (II) trisbipyridine as photosensi-
tizer. As a consequence, even though the bpyRu pho-
toredox unit in the porFe-bpyRu dyad is shut down
due to fast deleterious energy transfer processes, it
assists in lowering the overpotential for CO, reduc-
tion by acting as a reservoir for providing an extra re-
ducing power to ignite the catalysis at the formal Fe(I)
state of the catalyst.

4. Conclusion

We have synthetized a new photoredox-catalyst cou-
ple, the porFe-bpyRu, where a ruthenium (II) tris-
bipyridine photosensitizer bpyRu is covalently at-
tached to an iron porphyrin catalyst porFe through
an amide linker. We found that this molecular dyad
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did not lead to the expected photo-induced charge
separation and charge accumulation towards the cat-
alyst due to a non-productive quenching of the ex-
cited state of the photosensitizer by energy transfer
to the catalyst. A comparative electrochemical study
points to a change in the electrocatalytic pattern of
the porFe-bpyRu dyad compared to the porFe cata-
lyst. Indeed, for the porFe, the catalytic wave is ob-
served at the Fe(0) state while for the porFe-bpyRu
dyad, a catalytic wave starts at the formal Ru(I)-Fe(I)
species at some 700 mV lower overpotential than the
porFe catalyst. This species can be best described as
a formal Fe(I) species at the catalyst in interaction
with a radical anion on the bipyridine ligand holding
the porFe. Interestingly though, in presence of exoge-
nous bpyRu photosensitizer, the porFe-bpyRu dyad
presents a significant enhancement of the turnover
number and CO,-to-CO selectivity of the catalysis
compared to the porFe catalyst analogue under the
same photocatalytic conditions. Reasons behind this
probably come from the role of the bpyRu unit in the
porFe-bpyRu dyad that acts an electron reservoir to
power the photocatalytic activity. DFT calculations
are underway to provide more insights in the func-
tioning of such dyad.
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1. Introduction

Polyoxometalates (POMs) have been widely studied
in photovoltaic applications and in the design of elec-
troactive materials despite their absorption in the
200-400 nm region that is a significant drawback re-
garding their efficiency. This inconvenience has been
mostly circumvented by the use of sensitizers, that

* Corresponding authors.

ISSN (electronic) : 1878-1543

absorbs in the visible region, able to transfer elec-
trons to POMs. Among these sensitizers, porphyrins
that offer the advantages of strong absorption coef-
ficients in the visible domain have been used in ef-
ficient, but rather undefined, assemblies generated
by polymerization at the surface of electrodes [1,2].
Discrete species can be prepared by several cova-
lent methods. In polyoxomolybdates [3-6] and poly-
oxovanadates [7], replacing one or several periph-
eral hydroxyl groups by alkoxy groups of a linker
already connected to a porphyrin unit has proven to

https://comptes-rendus.academie-sciences.fr/chimie/
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be efficient on several occasions, leading to scaffolds
with photocatalytic activity. In the case of polyoxo-
tungstates, it is also possible to substitute an oxo-
group by a transition metal ion that will coordinate
a peripheral ligand introduced on a porphyrin [8].
Coordination chemistry has been employed taking
advantage of the Lewis acidity of metal ions incorpo-
rated in the porphyrin core [9,10], however, due to the
highly negative charge of the POMs, electrostatic in-
teractions have emerged as an efficient self-assembly
driving force in the field of porphyrin/POM hy-
brids [11-13]. Despite their performances in photo-
induced processes, materials built on electrostatic
interactions are structurally poorly defined [14-16]
which limits the scope of optimization based on
molecular properties. Well-defined species provide
information on interactions at the molecular scale
and a reliable insight on the performance of the re-
sulting molecular materials.

2. Results and discussion

Supramolecular chemistry and its toolbox of non-
covalent interactions combined with host-guest
principles of molecular recognition provide tools
for the design of hosts adapted for the binding of
diversely shaped polyoxomolybdates. In an attempt
to provide a rational approach to the formation of
well-defined porphyrin/POM hybrids, charged bis-
porphyrinic receptors have been synthesized and
used in binding studies of Lindqvist-type POMs. The
design of pre-organized porphyrin dimers able to de-
velop controlled interactions with polyoxometalates
is described hereafter. In order to introduce charges
on the porphyrin dimers, two options were possi-
ble and are summarized in Figure 1. Introduction of
charges at the position marked in green (X = N*) via
nucleophilic addition of a pyridine group on a por-
phyrin radical cation, obtained by chemical or elec-
trochemical oxidation of a triarylporphyrin, failed for
mechanistic reasons [17], and thus the introduction
of charges in the positions marked in red (Y = N¥)
has been developed (Figure 1).

Two main synthetic methods have been devel-
oped. The first dealt with the stepwise functionaliza-
tion of the linker and the formation of the series of
compounds represented in Scheme 1.

The yields of porphyrins 3, 4, 5 and 6 have been
optimized through the testing of a variety of solvents
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atroom temperature and reflux. It must be noted that
some loss of compound occurs during the anion ex-
change that follows the quaternization of the pyri-
dine group. The porphyrins 3, 4, 5 and 6 can be in-
volved as alkylating agent for a second quaterniza-
tion of either 1 or 2 in refluxing THF over 30 h to
lead to the bis-porphyrins 7, 8, 9, 10 represented in
Figure 2.

The same series of compounds can be obtained
by the second approach that consists in reacting an
excess of the porphyrins 1 or 2 with the appropri-
ate «, o -dibromoxylene in refluxing THE This direct
method afforded the doubly charged bis-porphyrins
7,8,9and 10in 46%, 38%, 46% and 32% yield, respec-
tively. Although all the bis-porphyrins were intended
to form tweezers in which the two porphyrins are
facing each other, all characterization methods sug-
gested that the compounds adopt an extended con-
formation in solution, as shown, for example, by the
IH NMR spectrum of 7 in DMSO (Figure 3). In this
spectrum, no anisotropic shielding of the porphyrin
protons due to stacking is observed and all sig-
nals appear at chemical shifts typical of independent
porphyrins.

Primary modelling has been performed using
Spartan (MM2) for 9Zn, and three different tem-
plate guests, namely 4,4'-bipyridine, 4,4'-dipyridy-
lacetylene, and 4-(p-phenyl-4-pyridyl)-pyridine, to
evaluate the most favourable size for a guest in the
hypothetical zinc(I) complexes. The structure cal-
culated for 4,4'-dipyridylacetylene as a guest is de-
picted in Figure 4. The series of calculated struc-
tures suggested that in a cofacial conformation of
the two porphyrins, an energy minimum should be
reached for a distance somewhere between 11 and
14 A for 9Zn; although all structures have proven to
be quite flexible. For this reason, the choice of POM
guest for this study rested on a Lindqvist-type en-
tity in which the distance between terminal oxygen
atoms is 8 A (X-ray diffraction) [18]. The inclusion of
Lindqvist POM ([Mog0O19]27) in bis-porphyrins has
been investigated by various methods. UV-visible
absorption titrations were judged not suitable due to
the absence of noticeable spectral variations upon
addition of guest. However, fluorescence quench-
ing experiment and excited state lifetime measure-
ments on the porphyrin dimers and electrochemistry
provided insightful information on the recognition
process.
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Scheme 1. Synthesis of bis-porphyrin precursors 3-6.

3. Fluorescence quenching titrations

Fluorescence quenching experiments have been
performed on hosts 3-6 and 7-10 to determine
the highest association constant. For the strongest
porphyrin/POM association, excited state lifetime
measurements have been performed. Figure 5(a)
represents a typical evolution of the porphyrin emis-
sion observed during the titration of 9 (6.43 x 1076 M)
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with [MogO19][(7-Bu)4 N1, (1.76 x 1072 M). Monitor-
ing the decrease of the intensity for both emission
bands centred at 652 and 712 nm upon addition of
the POM guest lead to the plot in Figure 5(b) which
confirms that the emission decrease at 652 nm is
not the sole result of dilution. The same trend is
observed for the band at 712 nm. The analysis of
these data using the Specfit program yielded an as-
sociation constant K with a log value of 4.20 + 0.03
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Series of doubly charged porphyrin dimers obtained by stepwise quaternization.
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Figure 3. 1H NMR of 7 at 300 MHz in DMSO-dg (298 K). (*) Residual non deuterated solvent and (**) H,O.

for a complex 9-POM with a 1:1 stoichiometry. The
corresponding Job plot is available in the supporting
information (Figure S51), and the distribution curve
(Figure S46 in the ESI) shows that a maximum of 95%
of host-guest complex is formed in the presence of
large excess of POM (ca. 340 eq).

The behaviour of 9 has been compared with the
behaviour of a single porphyrin derivative such as 6,
and, interestingly, the fluorescence quenching seems
globally more efficient in the case of the single por-
phyrin 6 (Figure 6). The residual emission observed
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at the end of the titration is indeed probably due to
free porphyrin 6 because of the experimental condi-
tions for which only about 65% of 6-POM complex is
formed (Figure S47 in the ESI). In addition, the mon-
itoring of the decrease clearly suggests that the as-
sociation process is less efficient than in the case of
the dimer (log K =2.4+0.1 for 6-POM versus log K =
4.20+0.03 for 9-POM as determined by Specfit). Thus,
areasonable hypothesis is that the single porphyrin 6
has more degrees of freedom and is able to establish
some close contact with the POM for efficient excited



Raphaél Lamare et al.

119

Figure 4. Artificially folded calculated structure of a coordination complex of 9Zny with 4,4'-
dipyridylacetylene. Colour code: Burgundy = porphyrin, black = spacer, ball and stick = guest.
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Figure 5. (a) Fluorescence titration of 9 with [MogO;9][(r-Bu)sN],. Solvent: DME T = 25.0 °C, Aex =

517 nm, emission and excitation slits 15/20 nm, (1)

[9] = 6.43 x 107 M; (2) [POM]/[9] = 340. (b) Monitor-

ing of the emission intensity at 652 nm as a function of the number of [MogO19][(-Bu)4N]» equivalents.
The absorption spectra are not corrected from dilution effects.

Table 1. Solvent DME T =25.0 °C, A¢x =517 (+1) nm, (error) equal to 1 o (standard deviation)

Compound Porphyrin Bis-por Porphyrin Bis-por Porphyrin Bis-por Porphyrin Bis-por
3 7 4 8 5 9 6 10
log K (o) 2.8(1) 2.7(1) 2.7(1) 3.3(1) 2.8(1) 4.20(3) 2.4(1) 2.6(2)

state quenching whereas, in the dimer, the presence
of the spacer introduces some restraints preventing
both porphyrins from getting in close contact with
the POM guest or forcing only one of the porphyrin
to be quenched by the POM guest thus explaining the
significant residual of emission 9-POM (Figure S46 in
the ESI). It should be noted that for all single por-
phyrin derivatives, stoichiometry has been difficult
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to assign due to the level of error in the data and the
weakness of most association constants and the lat-
ter have been determined for a 1/1 stoichiometry for
comparison. A summary of the association constants
is displayed in Table 1.

The association constants with the single por-
phyrin species are all in the same range and, as
expected, rather weak. Among the bis-porphyrin



120

2
-
=)
S
S

T

“—

a.u. (arbitrary units)
(2]
o
2

600 650 700 750
Wavelength (nm)

Raphaél Lamare et al.

b) 8007

7007

6007

5007

a.u. (arbitrary units)

4001

3007 o

0 500 1000 1500 2000

Neqg. POM

Figure 6. (a) Fluorescence titration of 6 with [MogO19][(n-Bu)4N],. Solvent: DME T = 25.0 °C, Aex =
517 nm, emission and excitation slits 15/20 nm, (1) [6] = 4.39x 10~% M; (2) [POM] /[6] = 2000. (b) Monitor-
ing of the emission intensity at 657 nm as a function of the number of equivalents [MogO19][(72-Bu)4N]>.
The emission spectra are not corrected from dilution effects.

receptors, 9 emerges being by far the best recep-
tor for a Lindqvist-type guest. Although the Spar-
tan™ model suggest an ideal porphyrin—porphyrin
distance in the 11 to 14 A range that is too large for
the terminal oxygen atoms spacing in a Lindqvist-
type polyoxometalate, the difference in stability may
be explained by a stronger interaction of the oxy-
gen atoms with the m-pyridinium charges in 9. A
better wrapping of the porphyrins around the POM
would release two PF anions and the correspond-
ing entropy gain could account for the 2 orders of
magnitude enhancement of the association. In com-
parison, for a similar positioning of the pyridinium
charges in 10, the longer spacer must still allow a
stronger and thus more organized interaction of the
counter anions with the host-guest complex. As a
result of the binding studies described above, the
9:POM species has been selected to investigate the
properties of the porphyrin/POM scaffolds.

4. Electrochemisty and photophysical proper-
ties of 9:POM species

The binary complex 9-POM has been selected to de-
termine the nature of both the interactions and the
quenching observed in solution. As shown by the se-
ries of voltammograms in Figure 7, the trace of the
bis-porphyrin reduction is unaffected by the addition
of POM in the millimolar concentration range. This
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observation suggests the absence of electronic inter-
actions between the host and the guest in the ground
state, confirming the absence of spectral changes
that hampered an easy determination of the associ-
ation constants by UV-Vis means. The values of the
redox couples observed in Figure 7 allow prediction
of the energy levels involved in a photo-induced elec-
tron transfer in any porphyrin/POM donor/acceptor
scaffold.

The two modes of quenching, static and dynamic,
are represented in Figure 8, together with the as-
sociated energy diagram of the oxidative quenching
of the porphyrin excited state. In a static quenching
process, the fluorescence decrease is caused by the
lesser number of fluorescent chromophores when
the quencher is present that transduces in a lower
fluorescence quantum yield but the kinetic constants
associated to the relaxation of the excited state re-
main unchanged. As a result, the excited state life-
time does not vary upon changes in the concentra-
tion of the quencher, which is typical of the formation
of a non-fluorescent host-guest complex [19]. When
the quenching results from a dynamic process, the
rising of a new deactivation pathway affects the relax-
ation of the excited state and both the fluorescence
quantum yield and the lifetime of the excited state
vary upon the quencher concentration changes [20].

As shown in the Figure 9, neither the profile nor
the time scale of the decay show any alteration upon
the addition of POM to the fluorescent dimer 9.



Raphaél Lamare et al. 121

I (uA)

-20 4

—i9
9 + [MogO19).2TBA
—— [MogO1].2TBA

-40 4

-60 4

-2 -1 0 1
E (V) vs. SCE

b) 100
50
0
< N
ST s [MogO1g] IMogO 1g]
-100 —Q
9 + [MogO1g) 2TBA
450 —— [MogO1g]. 2TBA
A 0 1
E (V) vs. SCE

Figure 7. (a) Cyclic voltammogram of the porphyrin dimer 9 (black trace), of [[MogO19][(r2-Bu)4N]> (blue
trace) and a mixture of 9 + [MogO;9][(-Bu)4N], (red trace), conditions: DMF 0.1 M NBu4PFg, (9] =
[MogO19][(72-Bu)4N]» = 0.80 mM. Scan rate: v = 100 mV-s~. (b) Corresponding stationary voltamper-
ometry: v =10 mV-s~L, working electrode: glassy carbon (d = 3 mm), internal reference: Fc (not shown).
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Figure 8. Idealized representation of the oxidative (a) static fluorescence quenching and (b) dynamic
fluorescence quenching of porphyrins in the dimer 9 by a Lindqvist-type polyoxometalate; (c) energy
diagram of the subsequent electron transfer. P = porphyrin.

Table 2. Lifetime values for dimer 9 as a function of [MogO19][(BusyN)2] equivalents (10% error margin)

POM equivalents 0 2.5

Lifetime (ns) 10.1

9.94 9.77 9.51

18 36 72 184 368
9.27 9.53 9.86 9.80

Table 2 summarizes the small changes (average: 6%)
observed for the lifetime of 9 which are assigned to
small dilution effects and largely within the standard
errors (10%).

These results clearly show that the partial fluo-
rescence extinction is caused by the formation of a
host-guest complex between 9 and the POM in their
ground state and not by a dynamic process or an elec-
tron transfer in the excited state.
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5. Conclusion

In this work, several dicationic bis-porphyrins have
been prepared as receptors for polyoxometalate an-
ions. The receptors show various positioning and
spacing of their positive charge and, to the one ex-
ception of 9, only moderate affinities for a Lindqvist-
type polyoxometalate. As a result, it is fair to as-
sume that electrostatic interactions taken for granted
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Figure 9. Excitation pulse (black trace) and decay of the fluorescing species (red trace): (a) dimer 9,
(b) dimer 9 and 368 equivalents of [MogO;9][(72-Bu)4N]». Solvent DME T = 25.0 °C, Aex = 517 nm, [9]

=6.43 x 1075 M.

in most self-assembling methods for the formation
of porphyrin-POM scaffolds are subject to geomet-
ric requirements. Thus without the knowledge of the
precise structure of the porphyrin-POM assembly,
the rationalization of the behaviour and the struc-
ture/properties relationships remains difficult, if not
unreliable. In the case of the most stable host-guest
complex 9-POM, it has been shown that a quench-
ing of the excited state of the bis-porphyrin is due to
the formation of a host-guest complex because the
lifetime of the fluorescent species itself remains un-
affected. To rationalize all parameters, receptors with
different spacers and the use of charged metallopor-
phyrins instead of free bases needs to be performed.
At the moment, the investigation of the affinities of
all other porphyrin dimers described in this work for
variously shaped POMs such as Keggin and Anderson
is in progress in order to extract parameters relevant
to the host—guest interactions.

6. Experimental section
6.1. General methods

Dichloromethane used for reactions or column chro-
matography was distilled from calcium hydride.
Tetrahydrofuran and toluene were distilled over
sodium/benzophenone ketyl under argon. All other
commercially available reagents and solvents were
used without further purification. Bases (K3POy,
K,CO3, CsyCO3 and NayCOs3) were oven-dried at
100 °C. Analytical thin layer chromatography (TLC)
was carried out on silica gel 60 Fy54 (Merck) and
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column chromatography was performed with sil-
ica gel or alumina from Merck (alumina oxide 60
standardized or silica gel 60, 0.04-0.063 pm). Nu-
clear magnetic resonance spectra were recorded on
Bruker Avance spectrometers at 300, 400, 500 or 600
MHz. The chemical shifts are given in parts-per-
million (ppm) on the delta scale. The solvent peak
was used as reference value: for 'H NMR: CDCl; =
7.26 ppm, DMSO-dg = 2.50 ppm, for *C NMR:
CDCl3 = 77.23 ppm, DMSO-dg = 39.52 ppm. The
data are presented as follows: chemical shift, multi-
plicity (s = singlet, d = doublet, t = triplet, q = quar-
tet, hept = heptuplet, m = multiplet), coupling con-
stant (J/Hz) and the integration. Mass spectra were
obtained by ESI-TOF or MALDI-TOF (337 nm nitro-
gen laser for desorption, dithranol used as matrix)
experiments. High resolution mass spectra (HRMS)
data were recorded on a microTOF spectrometer
equipped with orthogonal electrospray interface
(ESI). The ions (m/z) were analyzed on a Bruker
Daltonics microTOF for ESI and a Bruker Autoflex
II TOF-TOF for MALDI. The parent ions, [M+H]™,
[M+K]*, [M+Na]™ or [M"*] are given. UV-visible
spectra were recorded on a Cary 5000 UV/vis/NIR
double-beam spectrometer in dichloromethane,
chloroform or DME Molar extinction coefficients
were determined for samples with analyte concen-
trations ranging from 5 x 107 to 5 x 107 mol-L~!.
Binding studies were carried out with spectro-
scopic grade DMF (Carlo Erba, 99.9% for spec-
troscopy). To prevent any photochemical degrada-
tion, all solutions were protected from daylight expo-
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sure. All stock solutions were prepared using a Met-
tler Toledo XA105 Dual Range (0.01/0.1 mg-41/120 g)
to weigh samples, and complete dissolution in DMF
was achieved using an ultrasonic bath. The con-
centrations of stock solutions of the receptors and
substrates were calculated by the quantitative disso-
lution of solid samples in DME

Luminescence titrations were carried out on so-
lutions of dimers and monomers with absorbances
lower than 0.1. The titrations of 2 mL of dimer or
monomer with [MogO19][(BugN).] ([Dimers] = 6.43 x
107% M and [Monomers] = 4.39 x 1075 M) were car-
ried out in a 1 cm Hellma quartz optical cell by
the addition of known microvolumes of solutions of
[MogO19][(BuyN)2] with an Eppendorf Research plus.
The excitation wavelengths were set at 517 or 559 nm.
The luminescence spectra were recorded from 550 to
800 nm on a PerkinElmer LS-50B instrument main-
tained at 25 °C. The slit widths were set between 15
and 20 nm for the emission. Luminescence titrations
were conducted under precise and identical experi-
mental conditions.

The spectrophotometric titration of 9 with
[MogO19][(BugN)»] ([9] = 1.76 x 1072 M) was car-
ried out in a 1 cm Hellma quartz optical cell by
the addition of known microvolumes of solutions
of [MogO19][(BugN),] with an Eppendorf Research
plus. Special care was taken to ensure that complete
equilibration was attained. The corresponding UV-
Vis spectra were recorded from 300 to 800 nm on a
Cary 5000 (Agilent) spectrophotometer maintained
at 25 °C.

The spectrophotometric data were analyzed with
Specfit [21] program that adjusts the absorptivities
and the stability constants of the species formed at
equilibrium. Specfit uses factor analysis to reduce
the absorbance matrix and to extract the eigenvalues
prior to the multi-wavelength fit of the reduced data
set according to the Marquardt algorithm [22,23].

6.2. General procedure for the single porphyrin
derivatives 3-6 (GP1)

A mixture of porphyrin 1 or 2 and the «, &'-dibromo-
xylene corresponding in THF (15 mL) was refluxed
for 6 h under argon atmosphere. Water was added
to the reaction mixture. The organic layer was sep-
arated, and the aqueous layer was extracted with
CH,Cl, (20 mL). The organic layer was washed with
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water, dried over Na,SO,4 and the solvent removed
under vacuum. The crude product was recrystallized
three times (addition of saturated KPFg aqueous so-
lution to acetone solution). The precipitate was fil-
tered, washed with water and solubilized in acetone.
The acetone was then removed under vacuum.

6.2.1. Porphyrin 3

Prepared following the GP1 and using o, o~
dibromo-m-xylene(160 mg, 1.60 mmol, 20 eq) and
porphyrin 1 (50 mg, 0.08 mmol, 1 eq). The crude
product was purified by silica gel column chro-
matography (CH,Cly) and gradually ending with
CH,Cl,/Acetone (9/1). The compound 3 (73 mg,
0.071 mmol, 87%) was obtained as a purple solid. 'H
NMR (500 MHz, Acetone-dg): 6 9.73 (d, ] = 6.6 Hz,
2H, H-ortho-py*), 9.16 (d, J = 6.6 Hz, 2H, H-meta-
py"), 9.03-8.84 (m, 8H, H-B-pyrrolic), 8.23-8.06 (m,
6H, H-tolyl), 7.93 (s, 1H), 7.81 (dt, J = 7.0, 2.0 Hz,
1H), 7.68 (d, J = 7.7 Hz, 6H, H-tolyl), 7.65-7.59 (m,
2H), 6.43 (s, 2H, Py"—CH,-Ar), 4.81 (d, J = 5.5 Hz,
2H, Ar-CH,»-Br), 2.72 (s, 9H, —CH3), —2.72 (s, 2H, free
base). 3C NMR (11 MHz, Acetone-dg) § 161.1, 145.4,
144.3, 139.2, 139.1, 139.0, 135.4, 134.8, 134.4, 130.6,
129.2, 129.1, 128.7, 128.7, 128.7, 123.7, 123.7, 122.5,
122.5, 113.1, 64.3, 27.6, 21.7. 3'P NMR (203 MHz,
Acetone-dg) § —144.0 (hept, J = 711.7 Hz). '9F NMR
(471 MHz, Acetone-dg) 6 —72.6 (d, J = 711.7 Hz).
UV-Vis (DMF): A (g) = 419 (223000), 516 (12700),
552 (7700), 591 (5700), 647 nm (4100 M~'.cm™).
ESI-TOF: m/z = 840.27 Calcd for Cs4H43N5Br ([M*]):
840.27. TLC (silica) Ry: 0.25 (CH2Cl,/Acetone 9/1).

6.2.2. Porphyrin 4

Prepared following the GP1 and using o, of-
dibromo-m-xylene (160 mg, 1.60 mmol, 20 eq)
and porphyrin 1 (50 mg, 0.08 mmol, 1 eq). The
crude product was purified by silica gel column
chromatography (CH,Cl, and gradually ending with
CH,Cl,/Acetone 9/1). The compound 4 (76 mg, 0.073
mmol, 91%) was obtained as a purple solid. '"H NMR
(400 MHz, Acetone-dg): 6 9.72 (d, J = 6.8 Hz, 2H,
H-ortho-py*), 9.16 (d, J = 6.8 Hz, 2H, H-meta-py™),
9.03-8.95 (m, 4H, H-3-pyrrolic), 8.91 (q, J = 4.9 Hz,
4H, H-f-pyrrolic), 8.17-8.06 (m, 6H, H-tolyl), 7.94
(d, J = 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.69-
7.59 (m, 6H, H-tolyl), 6.43 (s, 2H, Py"*—CH-Ar), 4.78
(s, 2H, Ar-CH,-Br), 2.70 (s, 6H, -CH3), 2.69 (s, 3H,
-CHj3), —2.73 (s, 2H, free base). '3C NMR (126 MHz,
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Acetone-dg): 6 —72.5 (d, J = 707.7 Hz). 3'P NMR
(121 MHz, Acetone-dg): 6 —144.2 (hept, ] =707.7 Hz).
I9F NMR (282 MHz, Acetone-dg): § 160.9, 144.2,
141.2, 139.5, 138.8, 135.2, 134.5, 134.5, 131.3, 131.0,
128.5, 128.5, 123.4, 122.3, 113.0, 65.0, 33.4, 27.5, 21.5.
UV-Vis (DMF): A (g) = 421 (314000), 518 (19000), 556
(11800), 592 (7300), 649 nm (6600 M~!-cm™1). HRMS,
ESI-TOF: m/z = 840.2685 Calcd for CsqHg3BrN7
(IM*]): 840.2696. TLC Ry: 0.24 (CH,Cly/Acetone
9/1).

6.2.3. Porphyrin5

Prepared following the GP1 and using «,o/-
dibromo-m-xylene (160 mg, 1.60 mmol, 20 eq) and
porphyrin 2 (50 mg, 0.08 mmol, 1 eq). The crude
product was purified by silica gel column chro-
matography (CH,Cly) and gradually ending with
CH,Cl,/Acetone (9/1). The compound 5 (68 mg,
0.065 mmol, 79%) was obtained as a purple solid. 'H
NMR (400 MHz, Acetone-dg): 6 10.21 (m, 1H, H-py™),
9.79 (dt, J = 6.2, 1.5 Hz, 1H, H-py*), 9.60 (dt, J = 8.0,
1.5 Hz, 1H, H-py+), 9.04-8.88 (m, 8H, H-3-pyrrolic),
8.81(dd, J=8.1,6.2Hz, 1H, H-py*), 8.18-8.07 (m, 2H,
H-tolyl), 7.97 (br s, 1H) 7.83 (dd, J = 7.6, 1.6 Hz, 1H),
7.70-7.61 (m, 7H, H-tolyl), 7.58-7.55 (m, 1H, H3),
6.45 (s, 2H, Py*-CHj-Ar), 4.68 (s, 2H, Ar-CH,-Br),
2.71 (s, 3H, —-CHj3), 2.70 (s, 6H, -CH3), —2.78 (s, 2H,
free base). '3C NMR (126 MHz, Acetone-ds): § 150.1,
148.1, 145.2, 144.0, 140.8, 139.5, 139.5, 138.8, 135.2,
131.5, 130.9, 130.9, 130.2, 128.5, 128.5, 128.3, 123.1,
122.1, 110.6, 65.7, 33.5, 21.5. 3'P NMR (121 MHz,
Acetone-dg): 5 —144.3 (hept, J = 707.5 Hz). '9F NMR
(282 MHz, Acetone-dg): 6 —72.60 (d, J = 707.5 Hz).
UV-Vis (DMF): A (g) = 422 (312000), 517 (18000), 552
(8900), 591 (6400), 649 nm (5700 M~ !-cm™!). HRMS,
ESI-TOF: m/z = 840.2658 Calcd for Cs4Hy3BrN7
(IM*]): 840.2696. TLC Rf: 0.19 (CH,Cl,/Acetone 9/1).

6.2.4. Porphyrin 6

Prepared following the GP1 and using «,o’-
dibromo-p-xylene (160 mg, 1.60 mmol, 20 eq) and
porphyrin 2 (50 mg, 0.08 mmol, 1 eq). The crude
product was purified by silica gel column chro-
matography (CH»Cl,) and gradually ending with
CH;Cl,/Acetone(9/1). The compound 6 (72 mg, 0.07
mmol, 86%) was obtained as a purple solid. IH NMR
(400 MHz, Acetone-dg): 6 10.19 (s, 1H, H-py™), 9.79
(d, J = 6.2 Hz, 1H, H-py*), 9.59 (d, ] = 7.9 Hz, 1H,
H-py"), 9.10-8.87 (m, 8H, H-p-pyrrolic), 8.80 (dd,
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J=17.9,6.2Hz, 1H, H-py"), 8.21-8.06 (m, 6H, H-tolyl),
7.86 (d, J = 8.1 Hz, 2H), 7.74-7.58 (m, 8H, H-tolyl),
6.44 (s, 2H, Py*-CH,-Ar), 4.69 (s, 2H, Ar-CH,-Br),
2.71 (s, 6H, —CHs), 2.71 (s, 3H, —CH3), —2.78 (s, 2H,
free base). 13C NMR (126 MHz, Acetone-dg): 6 50.1,
148.2, 145.2, 139.5, 138.8, 135.2, 134.7, 131.2, 130.8,
128.5, 128.5, 128.3, 123.1, 122.1, 65.6, 33.3, 21.5.
31p NMR (121 MHz, Acetone-dg): § —141.3 (hept,
J = 707.5 Hz). ®'F NMR (282 MHz, Acetone-dg):
8 —72.6 (d, J = 707.5 Hz). UV-Vis (DMF): A (¢) = 422
(314000), 517 (17500), 552 (8500), 591 (6000), 649 nm
(5200 M~'.cm™!). HRMS, ESI-TOF: m/z = 840.2644
Calcd for Cs4Hy3BrN; (IM*]): 840.2696. TLC Ry: 0.23
(CH,Cl,/Acetone 9/1).

6.3. General procedure for the bis-porphyrin 7-
10 (GP2)

6.3.1. Method A

A mixture of monomeric porphyrin and por-
phyrins 1 or 2 in THF (5 mL) was refluxed for 30 h
under argon atmosphere. Water was added to the
reaction mixture. The organic layer was separated,
and the aqueous layer was extracted with CH,Cl,
(20 mL). The organic layer was washed with water,
dried over Na,SO,4 and the solvent removed under
vacuum. The crude product was recrystallized three
times (addition of saturated KPFg aqueous solution
to acetone solution). The precipitate was filtered,
washed with water and solubilized in acetone. The
acetone was removed under vacuum.

6.3.2. Method B

A mixture of porphyrin 1 or 2 and the «,«'-
dibromo-xylene corresponding in THF (15 mL) was
refluxed for 38 h under argon atmosphere. Water was
added to the reaction mixture. The organic layer was
separated, and the aqueous layer was extracted with
CH,Cl, (20 mL). The organic layer was washed with
water, dried over Na,SO,4 and the solvent removed
under vacuum. The crude product was recrystallized
three times (addition of saturated KPFz aqueous so-
lution to acetone solution). The precipitate was fil-
tered, washed with water and solubilized in acetone.
The acetone was removed under vacuum.

6.3.3. Bis-porphyrin 7

Prepared following the GP2 and using monomeric
systems (61 mg, 0.062 mmol, 1 eq) (Method A) or
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«, o’ -Dibromo-m-xylene (18 mg, 0.062 mmol, 1 eq)
(Method B) and porphyrin 1 (204 mg, 0.31 mmol,
5eq). The crude product was purified by silica gel col-
umn chromatography (CH,Cl») and gradually ending
with a solution of KPFg (27 mM) in acetone. The com-
pound 7 (80 mg, 0.047 mmol, 75%, Method A) or (49
mg, 0.029 mmol, 46%, Method B) was obtained as a
purple solid. 'H NMR (500 MHz, DMSO-ds,): § 9.62
(d, J = 6.0 Hz, 4H, H-ortho-py"), 9.12 (d, J = 6.0 Hz,
4H, H-meta-py*), 8.83 (d, J = 4.5 Hz, 4H, H-B-
pyrrolic), 8.74 (d, J = 4.5 Hz, 4H, H-B-pyrrolic), 8.38
(d, J = 4.7 Hz, 4H, H-B-pyrrolic), 8.35 (d, J = 4.7 Hz,
4H, H-B-pyrrolic), 8.24 (s, 1H), 8.12-8.02 (m, 6H, H-
ortho-tolyl), 7.89 (d, J =7.7Hz, 1H), 765 (d, J =74
Hz, 4H, H-meta-tolyl), 7.01 (d, J = 7.3 Hz, 8H, H-
ortho-tolyl), 6.69 (d, J = 7.3 Hz, 8H, H-meta-tolyl),
6.33 (s, 4H, -CH»-), 2.69 (s, 6H, —CH3), 2.24 (s, 12H,
—CH3), —3.06 (s, 4H, free base). '3C NMR (126 MHz,
DMSO-dg): 6 158.5, 143.4, 138.1, 137.6, 137.3, 136.7,
135.5, 134.2, 133.4, 132.8, 131.0, 130.4, 129.7, 127.7,
126.9, 121.7, 120.3, 112.4, 63.1, 21.1, 20.6. 3lp NMR
(121 MHz, DMSO-dg): 6 —144.2 (hept, J = 711.3 Hz).
19F NMR (282 MHz, DMSO-dg): § —=70.1 (d, J = 711.3
Hz). UV-Vis (DMF): 1 (&) = 419 (198000), 516 (11300),
552 (6300), 591 (4500), 648 nm (3700 M~!.cm™1). ESI-
TOF: m/z = 709.83 Calcd for CigoH7gNZy ([M?**]):
709.32. TLC Ry: 0.26 (solution of KPFg (27 mM) in
Acetone).

6.3.4. Bis-porphyrin 8

Prepared following the GP2 and using monomeric
systems (61 mg, 0.062 mmol, 1 eq) (Method A) or
«, o’ -Dibromo-p-xylene (18 mg, 0.062 mmol, 1 eq)
(Method B) and porphyrin 1 (204 mg, 0.31 mmol,
5eq). The crude product was purified by silica gel col-
umn chromatography (CH,Cl) and gradually ending
with a solution of KPFg (27 mM in acetone). The com-
pound 8 (72 mg, 0.042 mmol, 68%, Method A) or (40
mg, 0.024 mmol, 38%, Method B) was obtained as a
purple solid. '"H NMR (400 MHz, DMSO-dg): § 9.66
(d, J = 6.2 Hz, 4H, H-ortho-py*), 9.12 (d, ] =6.2 Hz,
4H, H-meta-py*), 9.06-8.99 (m, 4H, H-p-pyrrolic),
8.97-8.92 (m, 4H, H-3-pyrrolic), 8.90-8.81 (m, 8H, H-
[3-pyrrolic), 8.11 (s, 4H, H-aryl), 8.10-8.04 (m, 12H,
H-ortho-tolyl), 7.65 (d, J = 7.8 Hz, 8H, H-meta-tolyl),
7.61 (d, J = 7.8 Hz, 4H, H-meta-tolyl), 6.28 (s, 4H, —
CH,-), 2.68 (s, 6H, —-CH3), 2.64 (s, 12H, -CH3), —2.89
(s, 4H, free base). '3C NMR (126 MHz, DMSO-dp): §
158.8, 143.8, 138.5, 138.2, 138.2, 138.1, 138.0, 136.5,
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135.9, 134.6, 133.7, 130.8, 128.2, 122.5, 121.4, 113.1,
111.1, 69.0, 30.1, 21.6, 21.5. 3P NMR (121 MHz,
DMSO-ds): 6 —141.27 (hept, J = 711.3 Hz). 'F NMR
(282 MHz, DMSO-dg): 6§ —70.14 (d, J = 711.3 Hz).
UV-Vis (DMF): A (¢) = 422 (354000), 518 (37600),
556 (29200), 592 (22400), 650 nm (19300 M~'.cm™1).
HR-ESI-TOF: m/z = 709.8236 Calcd for CmonN%r
(IM?*]): 709.8216. TLC Ry: 0.31 (solution of KPFg
(5 mM) in Acetone).

6.3.5. Bis-porphyrin 9

Prepared following the GP2 and using monomeric
systems (61 mg, 0.062 mmol, 1 eq) (Method A) or
«, o’ -Dibromo-m-xylene (18 mg, 0.062 mmol, 1 eq)
(Method B) and porphyrin 2 (204 mg, 0.31 mmol, 5
eq). The crude product was purified by silica gel col-
umn chromatography (CH2Cly) and gradually end-
ing with a solution of KPFs (27 mM in acetone). The
compound 9 (67 mg, 0.039 mmol, 63%, Method A)
or (51 mg, 0.030 mmol, 48%, Method B) was ob-
tained as a purple solid. '"H NMR (400 MHz, DMSO-
dg): 6 10.19 (s, 2H, H-py™), 9.62 (d, J = 6.5 Hz, 2H,
H-py"), 9.38 (d, J = 7.9 Hz, 2H, 2H, H-py*), 8.89-
8.79 (m, 8H, H-p3-pyrrolic), 8.75-8.65 (m, 8H, H-f3-
pyrrolic), 8.54 (dd, J = 7.9, 6.5 Hz, 2H, H-py™), 8.13-
8.05 (m, 4H, H-tolyl), 8.01 (s, 1H), 7.86 (d, J = 7.7
Hz, 2H), 7.80 (d, J = 7.3 Hz, 4H, H-tolyl), 7.71 (t,
J = 7.7 Hz, 1H), 7.69-7.59 (m, 8H, H-tolyl), 7.40 (d,
J = 7.3 Hz, 4H, H-tolyl), 7.22 (d, J = 7.8 Hz, 4H, H-
tolyl), 6.21 (s, 4H, -CH»—), 2.68 (s, 6H, -CHj3), 2.49
(s, 12H, -CHs), —3.01 (s, 4H, free base). '3C NMR
(126 MHz, DMSO-dg): 6 1148.9, 147.0, 144.4, 141.6,
138.1, 137.8, 137.7, 137.6, 137.4, 135.4, 134.2, 134.0,
133.9, 133.8, 130.5, 130.2, 130.2, 130.2, 129.3, 127.8,
127.7, 127.6, 127.6, 127.4, 127.0, 121.7, 120.6, 110.2,
104.9, 55.9, 32.2, 29.6, 21.1, 20.9. 3P NMR (121 MHz,
DMSO-dg): § —144.2 (hept, J = 711.3 Hz). '°F NMR
(282 MHz, DMSO-dg): 6 —70.1 (d, J = 711.3 Hz).
UV-Vis (DMF): A () = 422 (154000), 516 (9800), 552
(4700), 590 (3600), 647 nm (2500 M~'-cm™!). HR-ESI-
TOF: m/z = 709.8220 Calcd for CigoH7gN3§ (IM?*]):
709.8216. TLC Ry: 0.21 (solution of KPFg (5 mM) in
Acetone).

6.3.6. Bis-porphyrin 10

Prepared following the GP10 and using
monomeric systems (61 mg, 0.062 mmol, 1 eq)
(Method A) or &, o’-Dibromo-p-xylene (18 mg, 0.062
mmol, 1 eq) (Method B) and porphyrin 2 (204 mg,
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0.31 mmol, 5 eq). The crude product was purified
by silica gel column chromatography (CH,Cl,) and
gradually ending with a solution of KPFg (27 mM in
acetone). The compound 10 (76 mg, 0.044 mmol,
71%, Method A) or (34 mg, 0.020 mmol, 32%, Method
B) was obtained as a purple solid. 'H NMR (500 MHz,
DMSO-dg): 6 10.26 (s, 2H, H-py*), 9.71 (d, ] = 6.3 Hz,
2H, H-py"), 9.39 (d, J = 7.9 Hz, 2H, H-py*), 8.88-
8.82 (m, 8H, H-3-pyrrolic), 8.77-8.69 (m, 8H, H-f3-
pyrrolic), 8.64 (dd, J = 7.9, 6.3 Hz, 2H, H-py™), 8.15-
8.04 (m, 4H, H-tolyl), 7.91 (s, 4H, H-aryl), 7.83 (d,
J = 7.7 Hz, 4H, H-tolyl), 7.70-7.58 (m, 8H, H-tolyl),
7.34 (d, J = 7.7 Hz, 4H, H-tolyl), 7.15 (d, J = 7.7 Hz,
4H, H-tolyl), 6.17 (s, 4H, -CH,—), 2.68 (s, 6H, -CHj3),
2.41 (s, 12H,-CH3), —2.97 (s, 4H, free base). 13C NMR
(126 MHz, DMSO-dg): 6 162.3, 148.7, 147.0, 144.4,
141.6, 138.1, 137.8, 137.6, 137.3, 135.7, 134.2, 134.0,
133.8, 133.8, 129.8, 127.7, 127.5, 127.4, 127.2, 121.7,
120.7,110.3, 63.3, 55.8, 35.8, 30.8, 21.1, 20.8. 3'P NMR
(121 MHz, DMSO-dg): 6 —144.2 (hept, J = 711.3 Hz).
19F NMR (282 MHz, DMSO-dg): 6 —70.1 (d, J=711.3
Hz). UV=Vis (DMF): A (¢) = 420 (101000), 516 (8500),
552 (5900), 590 (4800), 649 nm (4200 M~ 1-cm™).
HR-ESI-TOF: m/z = 709.3229 Calcd for CIOOH73N%r
(IM2*]): 709.3200. TLC Ry: 0.28 (solution of KPFg
(5 mM) in acetone).
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Abstract. Most photosensitizers (PS) suffer from a lack of water solubility and from a low selectivity
toward tumor cells. Delivery systems using nanoparticles make it possible to improve PS water
solubility, and also tumor targeting via the enhanced permeability and retention (EPR) effect. Among
the organelles, mitochondria are attractive target sites for drug-delivery strategies since they perform
a variety of key cellular processes. Our study was aimed at synthesizing nanoparticles consisting
of xylan-carrying porphyrins attached to a triphenylphosphonium moiety, in order to enhance the
PDT effect through mitochondrial targeting. Hybrid nanoparticles were designed that consisted of a
silica core coated with xylan substituted with porphyrin derivatives carrying a triphenylphosphonium
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moiety. These hybrid nanoparticles have been constructed, along with their counterparts devoid of
silica core, taking into consideration the controversy surrounding the use of silica nanoparticles.
Phototoxicity experiments, conducted against the HCT-116 and HT-29 colorectal cancer cell lines,
showed that nanoparticles with porphyrins bearing a triphenylphosphonium moiety exhibited an
enhanced photocytotoxic effect in comparison with free porphyrin or nanoparticles with porphyrins
without the triphenylphosphonium moiety.

Résumé. La plupart des photosensibilisateurs (PS) souffrent d'un manque de solubilité dans I'eau
et d'une faible sélectivité envers les cellules tumorales. Les systemes d’administration utilisant des
nanoparticules permettent a la fois d’améliorer la solubilité dans 'eau du PS, ainsi que le ciblage
des tumeurs via I'effet EPR. Parmi les organites, les mitochondries sont des cibles de choix pour
les stratégies d’administration de médicaments puisqu’elles sont essentielles au fonctionnement
cellulaire. Notre étude a pour objectif de synthétiser des nanoparticules constituées de xylane portant
des porphyrines avec un groupement triphénylphosphonium, afin d’améliorer 1'effet PDT grace au
ciblage mitochondrial. Des nanoparticules hybrides, constituées d’'un cceur de silice recouvert de
xylane substitué par des dérivés de porphyrine portant un groupement triphénylphosphonium ont
été préparées ainsi que leurs homologues dépourvues du cceur inorganique. Des expériences de
phototoxicité, menées sur les lignées cellulaires des cancers colorectaux HCT-116 et HT-29, ont
montré que les nanoparticules avec des porphyrines portant un groupement triphénylphosphonium
présentaient une photocytotoxicité plus importante que la porphyrine libre ou les nanoparticules avec

des porphyrines sans groupement triphénylphosphonium.

Keywords. Xylan, Polysaccharides, Silica nanoparticles, Porphyrin, Photodynamic therapy.

Mots-clés. Xylane, Polysaccharides, Nanoparticules de silice, Porphyrine, Thérapie photodynamique.
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1. Introduction

Current cancer treatments include surgery, radio-
therapy and chemotherapy, the latter causing many
side effects such as the killing of cancer cells along
with healthy ones [1]. Photodynamic therapy (PDT)
is an interesting alternative which allows cytotoxic
species to be produced in situ after administration
of a photosensitizer (PS) followed by light irradiation
of the tumor area [2]. The most frequently studied
PS are tetrapyrrolic compounds such as porphyrins,
phthalocyanines, chlorins, and bacteriochlorins and
some of them have been clinically approved [3,4].
However, the use of these molecules suffers from two
major limitations. Most PS are highly hydrophobic
and thus are sparingly soluble in water; they also
exhibit a poor selectivity toward tumor cells. Sev-
eral approaches have been developed to bypass these
drawbacks. Among the most promising approaches
is the use of water soluble nanoparticles associated
with PS [5]. These particles increase the solubility
of hydrophobic PS, while particles smaller than 100
nm with long circulation times will preferentially
accumulate in the tumor tissue thanks to the en-
hanced permeability and retention (EPR) effect [6-
8]. Many organic and inorganic carriers of photo-
sensitizers have already been studied, including sil-
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ica nanoparticles (SINPS) [9-12]. Silica nanoparti-
cles possess several advantages, notably biocompat-
ibility, tunable size, large surface area and ease of
functionalization [13]. In order to increase the circu-
lation time of inorganic nanoparticles in the blood
stream and to reduce their opsonization, it is possible
to cover them with a hydrophilic polymer [14] such
as polyethylene glycol [15] or polysaccharides such as
chitosan [16] or dextran [17].

We have recently developed core-shell hybrid
nanoparticles consisting of a silica core coated with
xylan carrying a porphyrin shell. In vitro biologi-
cal evaluations of this composite nanoparticle have
shown a significant gain in efficiency against HCT-
116 and HT-29 colorectal cancer cell lines as com-
pared with the free porphyrin [18,19]. In order to
further increase the efficiency of this system, we fo-
cused our work on mitochondrial targeting. Mito-
chondria are well known to play crucial roles in cell
life and death [20]. Mitochondrial targeting of drugs
can be achieved by the covalent binding of the triph-
enylphosphonium (TPP+) group which is a moiety of
MitoTrackers such as MitoSOXTM Red reagent [21].
We report herein the synthesis and characterization
of silica/xylan/porphyrin-TPP nanoparticles, along
with xylan/porphyrin-TPP. The latter was included
in our study in order to address the controversy
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surrounding the use of silica nanoparticles. Prelim-
inary phototoxicity studies of these platforms have
been carried out against the HCT-116 and HT-29 col-
orectal cancer cell lines.

2. Experimental section
2.1. Materials

For a list of materials, see Supplementary Informa-
tion (SI).

2.2. Analytical methods

FTIR analyses were performed on a PerkinElmer FTIR
Spectrum 1000 spectrometer using KBr pellets (1-
2 wt%). NMR analyses were carried out on a Bruker
Avance III HD 500 MHz NMR spectrometer. UV-vis
spectra were recorded on a AnalytikaJena SPECORD
210 double beam spectrophotometer, using 10 mm
quartz cells. MALDI-TOF spectra were performed
on a Shimadzu AXIMA confidence using dithranol
as matrix. High resolution electrospray ionization
mass spectrometry (HR ESI-MS) was performed at
the ICOA/CBM platform (Orléans University) on a
Bruker Q-TOF maXis mass spectrometer, coupled to
an Ultimate 3000 RSLC chain (Dionex). Purifications
were performed with Combiflash Rf 100® from Tele-
dyne Isco. The stationary phase consisted of an 80 g
silica column. The products to be purified were solu-
bilized in a minimum amount of solvent and fixed on
Florisil (60-100 mesh, VWR). For Scanning Electron
Microscopy (SEM) studies, a droplet of nanoparticle
suspension was lyophilized on a sample holder. The
sample was metalized by sputtering of platinum us-
ing an Agar Sputter Coater. Images were taken with
a LEO 1530 VP instrument. Particle size distribu-
tion was analyzed through Dynamic Light Scattering
(DLS) using a Zetasizer Nano-ZS (Malvern, UK). NPS
suspension was diluted in absolute ethanol and ana-
lyzed at 20 °C at a scattering angle of 173°. The mean
diameter of NPS was expressed as the average value
of two measurements, each one comprising 15 runs.

2.3. Syntheses

2.3.1. Synthesis of 5,15-bis(4-hydroxyphenyl)-10,20-
bisphenylporphyrin (1)

4-Hydroxybenzaldehyde (7.02 g, 57.5 mmol) and
benzaldehyde (6.10 g, 57.5 mmol) were dissolved
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in 300 mL of propionic acid and heated till reflux.
Once the aldehydes were dissolved, pyrrole (7.71 g,
115 mmol, 8 mL) was added dropwise and the solu-
tion was refluxed for 90 min. Propionic acid was re-
moved in vacuo to leave a purple oily residue. The
porphyrin was purified using column chromatog-
raphy (silica gel, CH,Cl,, followed by 2% MeOH
in CH,Cl, and 6% MeOH in CH,Cl,), giving 5,15-
bis(4-hydroxyphenyl)-10,20-bisphenylporphyrin (1)
(260 mg, 0.4 mmol, 1,4%). 'H NMR (CDCl3, 500 MHz)
6u, ppm: 8.87 (d, 4H, J = 4.6 Hgz, Hg-pyrrol), 8.83
(d, 4H, J = 4.6 Hz, Hg pyro)), 8.21 (d, 4H, J =
7.4 Hz, Hp), 8.06 (d, 4H, J = 8.4 Hz, Hpp), 7.75 (m,
6H, Ha), 7.19 (d, 4H, J = 8.4 Hz, Hypp), —2.78 (s,
2H, NH); MS (ESI): m/z = C44H31N40,, [M + H]*,
647.2435, calcd. 647.2442. UV-vis (CHCl3) Amax nmM
(¢,10° L-mol~-cm™1): 420 (607), 519 (20), 553 (9), 591
(6), 649 (5).

2.3.2. Synthesis of tert-butyl 4-bromobutanoate (2)

Concentrated sulfuric acid (1.375 mL, 25 mmol)
was added to a vigorously stirred suspension of an-
hydrous magnesium sulfate (12.02 g, 25 mmol) in
dry CH2Cl, (40 mL). The mixture was stirred for
15 min, after which 4-bromobutanoic acid (4.15 mL,
25 mmol) was added. Tert-butanol (11.95 ml,
100 mmol) was added last. The mixture was tightly
stoppered and stirred for 48 h at room temperature.
The reaction mixture was then quenched with cold
saturated sodium bicarbonate solution (187 mL) and
stirred until complete dissolution of magnesium sul-
fate. The organic phase was separated, washed with
brine, dried (MgSO,4), and concentrated. The crude
product was purified by flash chromatography (silica
gel, CHCl3) to yield tert-butyl 4-bromobutanoate as a
pale yellow liquid (3.27 g, 14.65 mmol, 60%). '"H NMR
(CDCl3, 500 MHz) dy, ppm: 3.45 (t, 2H, J = 6.8 Hz,
Br—-CHy), 2.40 (t, 2H, J = 7.2 Hz, CH,—C=0), 2.13 (qt,
2H, ] = 6.8 Hz, CH,—-CH,—CHy), 1.45 (s, 9H, CH3); MS
(ES): m/z = CgH;5BrO,, [M+H]", 223.0331, calcd.
223.0328.

2.3.3. Synthesis of porphyrin (3)

5,15-Bis(4-hydroxyphenyl)-10,20-
bisphenylporphyrin (1) (500 mg, 0.772 mmol) was
dissolved in DMF (20 mL) and K»COs (2.69 g, 19.31
mmol) was added. tert-Butyl 4-bromobutanoate (2)
(172 mg, 0.772 mmol) was then added to the solution
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and the mixture was stirred for 2 h at 110 °C. After re-
moval of DMF with a rotary evaporator, the resulting
residue was dissolved in chloroform (15 mL) and the
solution was washed three times with water. After
purification by preparative thin-layer chromatogra-
phy (EtOH/CHCl3 = 5/95), the desired monosub-
stituted porphyrin 3 was obtained as a dark violet
solid (279 mg, 0.347 mmol, 45% yield). 'H NMR
(CDCl3, 500 MHz) 6y, ppm: 8.87 (d, 4H, J = 4.7 Hz,
Hg-pyrrol), 8.83 (d, 4H, J = 4.7 Hz, Hg_pyrro1), 8.21 (dd,
4H, J = 7.7 Hz,1.4 Hz, Ha,), 8.11 (dd, 4H, J = 8.4 Hz,
1.8 Hz, Hpy), 7.79-7.72 (m, 6H, Hy,), 7.27 (d, 2H,
J = 8.6 Hz, Hy,), 7.26 (d, 2H, J = 8.5 Hz, Hy,), 4.29
(t, 2H, J = 5.9 Hz, O-CHy), 2.60 (t, 2H, J = 7.4 Hz,
CH,-CO0), 2.27 (tt, 2H, J = 6.9, 6.5 Hz, CH,—CH»-CO),
1.53 (s, 9H, tBu), —2.76 (s, 2H, NH); MS (MALDI) :
mlz = CspHy5N4 Oy, [M+H]+, 789.50, calcd. 789.34.
UV-vis (CHCl3) Amax nm (loge L-mol!-cm™): 420
(5.78), 519 (4.30), 553 (3.85), 591 (3.78), 649 (3.70).

2.3.4. Synthesis of porphyrin (4)

Porphyrin (3) (285 mg, 0.361 mmol) was dissolved
in DMF (12 mlL) and K»;CO3 (1.24 g, 9.03 mmol)
was added. 1,4-Dibromobutane (1.95 g, 9.03 mmol)
was then added to the solution and the mixture was
stirred for 5 h at 110 °C. After removal of DMF with
a rotary evaporator, the resulting residue was dis-
solved in chloroform (15 mL) and the solution was
washed three times with water. After purification
by preparative thin-layer chromatography (CHCls),
the desired porphyrin 4 was obtained as a dark vio-
let solid (237 mg, 0.271 mmol, 71% yield). 'H NMR
(CDCl3, 500 MHz) 6y, ppm: 8.88 (m, 8H, Hg_pyrrol)s
8.21 (dd, 4H, J = 7.7, 1.4 Hz, Ha,), 8.10 (d, 4H, ] =
7.6 Hz, Hpy), 7.79-7.70 (m, 6H, Hp,), 7.27-7.23 (m, 4H,
Har), 4.37 (t, 2H, J = 5.8 Hz, O-CH,—-CH,-CH,-CO),
4.27 (t, 2H, J = 6.1 Hz, O-CH,—CH,-CH,-CH,-Br),
4.26 (t,2H, J = 4.8 Hz, CH»-Br), 2.59 (t, 2H, / = 7.3 Hz,
CH,-CO), 2.41 (tt, 2H, J = 6.8 Hz, J = 6.6 Hz, CHy—
CH,-CO), 2.05 (m, 4H, O-CH,-CH,—CH»-CH,-Br),
1.52 (s, 9H, tBu), -2.75 (s, 2H, NH). MS (MALDI):
m/z = CsgHs51BrN4O4, [M+H] T, 923.10, calcd. 923.32.
UV-vis (CHCl3) Amax nm (loge L-mol™l-cm™1): 420
(5.76), 517 (4.38), 551 (4.19), 591 (3.98), 649 (3.95).

2.3.5. Synthesis of porphyrin (5)

Porphyrin (4) (224 mg, 0.242 mmol) was dis-
solved in DMF (25 mL). Triphenylphosphine (1.03 g,
3.93 mmol) was then added to the solution and the
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mixture was stirred for 24 h at 110 °C. After removal
of DMF with a rotary evaporator, the desired prod-
uct was obtained after purification by preparative
thin-layer chromatography (EtOH/CHCI3 = 5/95) as
a dark violet solid (210 mg, 73% yield). lH NMR
(CDCl3, 500 MHz) 6y, ppm: 8.84 (m, 8H, Hg.pyrrol),
8.21 (dd, 4H, J = 7.1 Hz, J = 1.3 Hz, Hy;), 8.10 (dd,
4H, J = 8.5 Hz, J = 8.5 Hz, Hyay), 7.95 (dd, 3H, J =
7.5 Hz, ] = 1.0 Hz, Hy,), 7.93 (dd, 3H, J = 7.5 Hz,
J = 1.0 Hz, Hpy), 7.82 (dd, 3H, J = 8.2 Hz, J =
6.6 Hz, Ha;), 7.79-7.72 (m, 12H, Hp;), 7.26 (d, 2H,
J = 8.5 Hz, Hpp), 7.20 (d, 2H, J = 8.5 Hz, Hy,), 4.39
(t, 2H, J = 5.3 Hz, O-CH,-CH,-CH,—-CO), 4.29 (t, 2H,
J = 6.1 Hz, O-CH,-CH,-CH,-CH-PPhj3), 4.08 (m,
2H, CH,-PPh3), 2.60 (t, 2H, J = 7.3 Hz, CH,—-CO),
2.42 (qt, 2H, J = 6.1 Hz, CH,-CH»-CO), 2.27 (qt, 2H,
J = 6.7 Hz, O-CH,—CH,-CH»-CH-PPhj3), 2.05 (m,
2H, O-CH,-CH,-CH;,-CH,-PPh3), 1.53 (s, 9H, ¢Bu),
—2.76 (s, 2H, NH); MS (ESI): m/z = C74HggN4O4P,
[M]*, 1105.4812, calcd. 1105.4816. UV-vis (CHCI3)
Amax nm (loge10® L-molt-cm™): 421 (5.77), 518
(4.35), 554 (4.09), 592 (3.82), 648 (3.73).

2.3.6. Synthesis of porphyrin (6)

Porphyrin (5) (297 mg, 0.25 mmol) was dissolved
in dichloromethane (16 mL) and mixed with TFA
(4 mL). After 2 h stirring at room temperature, the
reaction mixture was concentrated in vacuo, and the
residue was dissolved in dichloromethane (30 mL).
The solution was washed with a saturated sodium
bicarbonate solution (100 mL), water (3 x 50 mL),
dried over magnesium sulfate, filtered, and concen-
trated in vacuo. The product was purified by prepar-
ative thin-layer chromatography (EtOH/CHCl3 =
15/85) to give porphyrin 6 as a dark violet solid in
94% vyield (266 mg, 0.235 mmol). '"H NMR (CDCl3
+ 10% TFA-D, 500 MHz) 6y, ppm: 8.69 (d, 2H,
J = 4.7 Hz, Hg_pyrrol), 8.67 (m, 4H, Hg_pyirol), 8.62
(d, 2H, J = 4.7 Hz, Hg_pyrro1), 8.53 (dd, 4H, J = 7.5 Hz,
J = 2.0 Hz, Ha), 8.48 (d, 4H, J = 7.5 Hz, Hp;), 8.03
(m, 6H, Hpy), 7.91 (dd, 3H, J = 8.0 Hz, J = 6.7 Hz,
Har), 7.77 (m, 6H, Hpay), 7.68 (m, 6H, Hp;), 7.55
(d, 2H, J = 8.5 Hz, Hay), 7.47 (d, 2H, J = 8.4 Hgz,
Hap), 4.44 (t, 2H, J = 5.8 Hz, O-CH,-CH»-CH,-CO),
4.39 (t, 2H, J = 5.2 Hz, O-CH,-CH,-CH,-CH,-
PPh3), 3.28 (dt, 2H, J = 8.1 Hz, J = 12.9 Hz, CH,-
PPh3), 2.88 (t, 2H, J = 7.1 Hz, CH,-CO), 2.41 (qt, 2H,
J = 6.4 Hz, CH»,-CH,—-CO), 2.25 (qt, 2H, J = 6.0 Hz,
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O-CH,-CH,~CH,~CH,-PPh3), 2.13 (m, 2H, O-
CHy-CH»-CH»-CH»-PPh3); MS (ESD): m/z =
C70Hs58N4O4P, [M]T, 1049.4199, calcd. 1049.4190.
UV-vis (DMSO) Amax nm (loge 103 L-mol!-cm™!):
422 (5.44),518 (4.15), 554 (4.98), 593 (3.78), 649 (3.74).

2.4. Preparation of xylan/porphyrin 6 conjugate

After solubilizing porphyrin 6 (43 mg, 0.038 mmol) in
8 mL DMSO, N,N-carbonyldiimidazole (CDI) (37 mg,
0.23 mmol) was added and the mixture was stirred
at 60 °C for 24 h. This solution was then added to
100 mg of xylan and allowed to react under stir-
ring at 80 °C for 48 h. The product was precipitated
with absolute ethanol and was washed three times
with ethanol and three times with chloroform to re-
move unreacted starting material and then dried un-
der vacuum. 106 mg of xylan/porphyrin 6 conjugate
were obtained.

2.5. Preparation of the hybrid nanoparticles
SiNPS@Xylan/Porphyrin-TPP

The hybrid nanoparticle SiINPS@Xylan/Porphyrin-
TPP was prepared according to a previously pub-
lished procedure [18]. Xylan/porphyrin 6 conju-
gate (10 mg) was dissolved in 20 mL of distilled
water. Then, an ethanolic suspension of 100 mg of
silica nanoparticles functionalized with APTES (3-
aminopropyltriethoxysilane) was added dropwise
and the mixture was ultrasonicated during addi-
tion and during the five following minutes. This
mixture was then stirred for 15 min. The resulting
SiNPS@Xylan/Porphyrin-TPP were centrifuged for
30 min at 8000 rpm and subjected to washing and
centrifugation, three times in water and two times in
absolute ethanol.

2.6. Acetylation of xylan

To a solution of xylan (200 mg, 1.51 mmol of xy-
lose unit) in 20 mL of DMSO were added 10 mL
of N-methylimidazole (125.43 mmol). The mixture
was magnetically stirred at 80 °C for 1 h under ni-
trogen atmosphere. Then the mixture was cooled
down to room temperature, and 0.25 to 4 equiva-
lents of acetic anhydride were added. After 2 h stir-
ring at room temperature, acetylated xylans were
precipitated by addition of absolute ethanol, recov-
ered by filtration, washed, and dried in vacuo. Seven
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acetylated xylans (Ac-Xyl 1 to Ac-Xyl 7) were ob-
tained with DS values ranging from 0.04 to 1.10.
IR: 897 cm™! (B-glucosidic linkages), 1045 cm™!
(C-O stretching in C-O-C linkages), 1220 cm™! (C-O
stretching), 1370 cm™! (-C-CH3), 1735 cm™! (C=0
ester), 3400 cm™! (O-H stretching).

2.7. 5-(4-(3-carboxypropoxy)phenyl)-10,15,20-
triphenylporphyrin grafting to acetylated
xylan Ac-Xyl 3, Ac-Xyl 4 and Ac-Xyl 5

5-(4-(3-Carboxypropoxy) phenyl)-10,15,20-
triphenylporphyrin (108 mg, 0.15 mmol), whose
synthesis has been previously described [18], was
solubilized in 20 mL DMSQ, then six equivalents of
CDI (147 mg, 0.903 mmol) were added. After stir-
ring at 60 °C for 24 h, 100 mg of acetylated xylan
(0.757 mmol of xylose residue) were added into the
mixture and allowed to react under stirring at 50 °C
for 24 h. The product was precipitated out in ab-
solute ethanol and was washed three times with
ethanol and three times with chloroform to remove
unreacted starting material and then dried under
vacuum.

2.8. Porphyrin 6 grafting to acetylated xylan Ac-
Xyl 4

Porphyrin 6 (70 mg, 0.062 mmol) was solubilized in
12 mL DMSO, then six equivalent of CDI (61 mg,
0.37 mmol) were added. After stirring at 60 °C for 24 h,
40 mg of acetylated xylan Ac-Xyl 4 (0.31 mmol xylose
unit) were added to the mixture and allowed to re-
act under stirring at 50 °C for 24 h. The product was
precipitated with absolute ethanol and was washed
three times with ethanol and three times with chloro-
form to remove unreacted starting material and then
dried under vacuum.

2.9. Preparation of self-assembled nanoparticles
(NPS)

The self-assembled nanoparticles were prepared by
a dialysis method. Acetylated xylan/porphyrin con-
jugates (20 mg or 15 mg) were dissolved in 5 mL of
DMSO or DMAc (depending of their solubility). The
solutions were placed in dialysis membranes (re-
generated cellulose, Spectra/Por 3, molecular weight
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Table 1. Mass concentrations and molar concentrations of porphyrins in the final solutions containing
the self-assembled porphyrin nanoparticles of the three different samples, Ac-Xyl 4-Porphyrin, Ac-Xyl 5-

Porphyrin and Ac-Xyl 4-Porphyrin-TPP

Ac-Xyl 4-Porphyrin  Ac-Xyl 5-Porphyrin  Ac-Xyl 4-Porphyrin-TPP

Amount of xylan used (mg) 20
Mass concentration (g/L) 8.7

Porphyrin concentration (mol/L) 1.24x107*

20 15
5.5 6.6
1.59x 107> 1.26x 107

cutoff of 3500 Da) of about 10 cm length and dialyzed
against 500 mL of deionized water for 15 h. Water
was renewed five times, every 3 h. After centrifuga-
tion at 10,000 rpm for 30 min the supernatant was re-
moved. The obtained nanoparticles were redispersed
in distilled water, then two washing/centrifugation
cycles were carried out. Nanoparticles were redis-
persed in 5 mL of water and stored at +4 °C. 1 mL
of this suspension of nanoparticles was freeze-dried
to determine the mass concentration and then re-
solubilized in DMSO prior to UV-vis spectropho-
tometry analysis. Porphyrin concentrations in the
final suspensions containing the self-assembled
porphyrin nanoparticles were determined at 420 or
422 nm thanks to the molar extinction of the free
porphyrin (444,347 L-mol™'-cm™') or porphyrin-
TPP (274,815 L-mol~!-cm™1). The mass concen-
trations and the porphyrin concentrations of the
three different samples, Ac-Xyl 4-Porphyrin, Ac-Xyl
5-Porphyrin and Ac-Xyl 4-Porphyrin-TPP are listed in
Table 1.

2.10. Determination of degree of substitution in
acetyl groups and porphyrin

NMR is a common method to determine the degree
of substitution of a polymer [22,23].

The formula to calculate the degree of substitution
in acetyl groups per anhydroglucose unit is expressed
as follows:

Inc/3

DSacety1 =
IHl-xylan

where Iy represents the integral signals of the pro-
tons of the acetyl groups, and Ijy, xylan the integral
signals of the anomeric protons of the xylose units
(substituted and non-substituted ones), at § 4.1-

4.7 ppm.
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The formula to calculate the degree of substitution
in porphyrins per repeat unit composed of 10 xylose
units and one 4-O-methyl glucuronic acid (MeGlIcA)
is expressed as follows:

IH-aromatics/ H-aromatics

DSPorphyrin = I ylan /10
1-

where I aromatics represents the integral area of
aromatic and B-protons of porphyrins at 6 7.26-
9.12 ppm, and I, xylan Tepresents the integral area of
the anomeric protons of the xylose units (substituted
and non-substituted) at § 4.1-4.7 ppm. n-aromatics
represents the total number of aromatic and g pro-
tons of porphyrins.

2.11. Determination of porphyrin-TPP concen-
tration in SINPS@Xylan/Porphyrin-TPP

The amount of porphyrin-TPP attached to the
SINPS was determined by UV-visible assay.
SiNPS@Xylan/Porphyrin-TPP were dispersed in ab-
solute ethanol at a concentration of 10 mg/mL and
diluted with water to 0.5 mg/mL. Absorbance of this
sample was measured at 420 nm, and absorbance
of SINPS was substracted. The Xylan/Porphyrin-TPP
content of nanoparticles was calculated from a cali-
bration curve constructed with different concentra-
tions of free Xylan/Porphyrin-TPP in distilled water
(Figure S9). The concentration of porphyrin-TPP in
mol per gram of silica was calculated according to
the following equation:

DSPorphyrin-TPP X C(Xylan/ Porphyrin-TPP)

C 2

= X
MWrepeat ofxylan DSPorphyrin-TPP x (MWPorphyrin-TPP —-18)

DSporphyrin-Tpp = 0.1, calculated from the "H NMR
spectrum;

CiXylan/Porphyrin-TPP) = concentration of Xylan/
Porphyrin-TPP attached to SiNPS, calculated from
the standard calibration curve = 0.09 g/L;
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MWiepeat of xylan (Xyl/MeGIcA = 10:1) = 1511 g/mol;
MWPorphyrin—TPP =1163.25 g/mol

2.12. In vitro phototoxicity of hybrid
SiNPS@Xylan/Porphyrin-TPP and self-
assembled nanoparticles

Human colorectal cancer cell lines, HCT-116 and
HT-29, were purchased from American Culture Type
Collection (LGC Standards) Middlesex, UK. HCT-
116 and HT-29 cells were respectively grown in
RPMI-1640 and DMEM, supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin and
100 ug/mL streptomycin. For all experiments, cells
were seeded at 4 x 103 cells/well and 7 x 10 cells/well
for HCT-116 and HT-29 cells, respectively, and main-
tained in a humidified atmosphere with 5% CO, at
37 °C. Photocytotoxicity was determined using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays. Cells were seeded in 96-well
culture plates and grown for 24 h in culture medium
prior to exposure to free porphyrin or nanoparti-
cles. Stock solutions of porphyrins and nanoparticles
were diluted in culture medium to obtain the ap-
propriate final concentrations. The same amount of
vehicle (percentage of ethanol did not exceed 0.6%)
was added to control cells. After 24 h incubation,
the culture medium was replaced by phenol red-free
DMEM medium, then the cells were either irradiated
or not irradiated with a 630-660 nm CURElight lamp
(PhotoCure ASA, Oslo, Norway) at 42 mW/cm? for
30 min until a fluence of 75 J/cm?. MTT assays were
performed 48 h after irradiation and cell viability was
expressed as relative absorbance (570 nm) as com-
pared with cells maintained in the dark. Results are
expressed as the mean + standard error of the mean
(SEM) of two separate experiments.

2.13. Intracellular localization

Cells were seeded in 6-well culture plates and were
grown for 24 h prior to exposure to SINPS@Xylan/
Porphyrin or SiNPS@Xylan/Porphyrin-TPP at the
same concentration (1 pM in porphyrin). After
24 h incubation, porphyrin fluorescence (excitation/
emission: 405/650 nm) was determined by AMNIS®
imaging flow cytometry analysis and studied with
IDEAS software (Merck). To determine SiINPS@Xylan/
Porphyrin and SiNPS@Xylan/Porphyrin-TPP local-

C. R. Chimie— 2021, 24, n° S3, 127-140

izations, cells were seeded and treated as described
above and co-treated at 37 °C with 150 nM Mito-
Tracker during 45 min. SiNPS@Xylan/Porphyrin
and SiNPS@Xylan/Porphyrin-TPP localizations were
determined by AMNIS® imaging flow cytometry
and studied with IDEAS software using porphyrin
fluorescence (excitation/emission: 405/650 nm)
and MitoTracker fluorescence (excitation/emission:
490/516 nm). The same protocol was used for con-
focal microscopy analysis and photos were taken
with a laser Zeiss LSM 510 Meta—x1000 confocal
microscope.

3. Results and discussion

3.1. Synthesis of the triphenylphosphonium-
monosubstituted porphyrin (6)

The different steps of triphenylphosphonium-
monosubstituted porphyrin (6) synthesis are
summarized in Scheme 1. First, 5,15-bis(4-
hydroxyphenyl)-10,20-bisphenylporphyrin (1) was
synthesized according to the Little’s method [24].
After purification, the expected compound
was obtained in 1.4% vyield [25]. Tert-butyl 4-
bromobutanoate (2) was synthesized according
to the method described by Wright et al. [26]. This
method, which involves the reaction between 4-
bromobutanoic acid, in presence of magnesium sul-
fate and a catalytic amount of sulfuric acid, with
isobutylene formed in situ by dehydration of fert-
butanol, led to ester 2 in 60% yield. The subsequent
Williamson ether reaction between porphyrin 1 and
one equivalent of ester 2 in presence of potassium
carbonate led to the formation of monosubstituted
porphyrin 3 (45% vyield). The triphenylphospho-
nium cation was then covalently bound to the sec-
ond phenolic function in a very simple way, as de-
scribed by Lei et al. [27]. Porphyrin 3 was reacted
with 1,4-dibromobutane via a second Williamson
reaction, affording 4 in 71% yield. This compound
was then reacted with excess triphenylphosphine to
generate porphyrin derivative 5 in 73% yield. The
tert-butyl ester function was hydrolyzed by action of
trifluoroacetic acid to produce porphyrin 6 with free
carboxylic acid function in 94% yield. The chemical
structures of each one of these compounds were
confirmed by mass spectrometry and 'H NMR spec-
troscopy.
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Scheme 1. Synthesis of triphenylphosphonium-monosubstituted porphyrin 6.

3.2. Synthesis of the hybrid nanoparticles
SiNPS@Xylan/Porphyrin-TPP

The hybrid nanoparticles were prepared according
to our previous work [18] (Scheme 2). Porphyrin
6 was then covalently bound to xylan by esterifi-
cation. The synthesis of porphyrin-TPP-xylan was
carried out by reaction of porphyrin 6 with CDI
for 24 h at 60 °C to give the corresponding acyl-
imidazole which was then coupled with xylan. 'H
NMR was used to calculate the degree of substitu-
tion (DS) of xylan, by measuring and comparing the
integral area of the aromatic protons of porphyrin
with those corresponding to the anomeric protons
of xylan. On the average, one of every ten xylose
residues was found to be substituted by porphyrin-
TPP (DS = 0.1). A previously described method [18]
was used to prepare core-shell hybrid nanoparticles.
An ethanolic suspension of APTES-functionalized
SiNPS (size = 80 nm) was added dropwise to a so-
lution of Xylan/Porphyrin-TPP in water. The result-
ing nanoparticles were then recovered by centrifu-
gation and washed several times with water to re-
move unbound polymers. Functionalization of SINPS
with Xylan/Porphyrin-TPP was confirmed by UV-
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visible analysis (Figure S10, SI). A standard calibra-
tion curve obtained from different concentrations of
Xylan/Porphyrin-TPP diluted in water was used to
measure the concentration of Xylan/Porphyrin-TPP
bound to SiNPS. A concentration of 1.1 x 107> mol
Porphyrin-TPP per gram silica was determined.

3.3. Preparation and characterization of Xy-
lan/Porphyrin and Xylan/Porphyrin-TPP
nanoparticles (NPS)

SiNPS are subject to controversy due to their po-
tential negative impact on human health [28]; this
is why we decided to create nanoparticles without
the silica core. It has recently been reported that
conjugates consisting of hydrophilic xylan backbone
and hydrophobic segments can form self-assembled
nanoparticles in aqueous solution [29-33]. As a first
step, we evaluated the self-assembly of different con-
jugates of xylan and 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin with DS varying from 0.3 to 1.1.
The preparation of these conjugates has been pre-
viously reported [18]. DLS and Scanning Electron
Microscopy (SEM) showed that particles in the 1-
2 um size range were obtained. These particles were
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Scheme 2. Preparation of the SINPS@Xylan/Porphyrin-TPP hybrid nanoparticles.

too large to penetrate tumor cells. The hydrophobic—
hydrophilic balance backbone governs the formation
of nanoparticles [34]. The DS in grafted porphyrin is
probably too low to induce sufficient hydrophobicity
to obtain nanoparticles; it is therefore necessary to
introduce more hydrophobic groups. Xylan acetyla-
tion, practiced for many years to modify these prop-
erties, especially hydrophobicity, seemed appropri-
ate [35]. Acetylation is most often carried out using
acetic anhydride in presence of pyridine as a cata-
lyst [36,37]. More recently, Zhang et al. published a
milder method of xylan acetylation using DMSO/N-
methylimidazole (NMI) mixture where NMI replaces
pyridine as a catalyst, but also acts as a solvent [38].
Hence, following these conditions, seven acetylated
xylans with different degrees of substitution ranging
from 0.04 to 1.10 have been obtained (Scheme 3).
The ability of these seven acetylated xylans to
form nanoparticles was then evaluated by the dialysis
method, that is replacing the organic solvent, in
which the acetylated xylans have been dissolved, by
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water, by dialysis. The DLS method was used to char-
acterize nanoparticle size; sizes were comprised be-
tween 80 to 120 nm for Ac-Xyl 5, 60 to 105 nm for
Ac-Xyl 6 and 50 to 90 nm for Ac-Xyl 7 (Figure S12).
As expected, increasing the amount of hydropho-
bic groups allowed to obtain smaller nanoparticles.
However, SEM images showed that the nanoparticles
with the highest DS (Ac-Xyl 7, DS = 1.10) no longer
possess a spherical shape (Figure S13).

To obtain photosensitive nanoparticles of spher-
ical shape and of nanometric size, acetylated xy-
lans, Ac-Xyl 3, Ac-Xyl 4 and Ac-Xyl 5 with DS value
of 0.21, 0.34, and 0.68, respectively, were cho-
sen to be functionalized with porphyrins, which
will consequently increase hydrophobicity of xy-
lan. The two-step grafting procedure is illustrated
in Scheme 4. 5-(4-(3-Carboxypropoxy)phenyl)-
10,15,20-triphenylporphyrin [18] (TPPOH) was
activated by reaction with CDI to furnish the
corresponding acyl-imidazoles, which were then
coupled with Ac-Xyl-3, Ac-Xyl 4 and Ac-Xyl 5 to
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Scheme 3. Acetylation of xylan with different molar ratios of acetic anhydride in DMSO/NMI at room

temperature.

give Ac-Xyl 3-Porphyrin, Ac-Xyl 4-Porphyrin, Ac-Xyl
5-Porphyrin, respectively. DS in porphyrin, calcu-
lated from 'H NMR spectra, were 0.71, 0.52 and 0.13
for Ac-Xyl 3-Porphyrin, Ac-Xyl 4-Porphyrin, Ac-Xyl
5-Porphyrin, respectively. Logically, the higher the
acetyl DS of xylan, the harder it is to further graft
porphyrin moieties.

The formation of nanoparticles from Ac-Xyl
3-Porphyrin, Ac-Xyl 4-Porphyrin and Ac-Xyl 5-
Porphyrin was then investigated by the dialysis
method. SEM images providing information on
the morphology and size of the nanoparticles are
shown in Figures 1B, D and E Dialysis of Ac-Xyl 3-
Porphyrin led to the formation of polymer aggre-
gates instead of nanoparticles. On the other hand,
Ac-Xyl 4-Porphyrin and Ac-Xyl 5-Porphyrin actually
formed spherical nanoparticles. The mean hydro-
dynamic volumes of nanoparticles in water as mea-
sured by DLS (Figures 1A, C and E) were 128 + 48 nm
for Ac-Xyl 4-Porphyrin and 90 nm + 35 nm for Ac-
Xyl 5-Porphyrin. Ac-Xyl 4-Porphyrin and Ac-Xyl 5-
Porphyrin nanoparticles display polydispersity in-
dex (PDI) values of 0.221 and 0.235, which indi-
cated a moderately polydisperse distribution [39].
It therefore appears that an acetylation ratio above
0.21 is essential for the formation of nanoparti-
cles and that the higher the ratio, the smaller the
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nanoparticles, provided that the ratio does not
exceed 0.8.

In order to evaluate the effects of mitochon-
drial targeting, self-assembled xylan nanoparticles
bearing porphyrin-TPP were prepared. Xylan poly-
mer bearing acetyl groups was functionalized with
porphyrin (6) bearing the triphenylphosphonium
cation. Acetylated xylan Ac-Xyl 4 was chosen because
it has made it possible to reach a porphyrin DS of
0.52, compared with the corresponding 0.13 value of
Ac-Xyl 5. Triphenylphosphonium-monosubstituted
porphyrin 6 was activated by reaction with CDI to
furnish the corresponding acyl-imidazole, which was
then coupled with Ac-Xyl 4 (Scheme 4). The degree
of substitution of the product (Xyl-Ac 4-Porphyrin-
TPP) was calculated from 'H NMR data. Unexpect-
edly, a DS of 0.1 in porphyrin (6) was obtained. This
degree of substitution is five times lower than that of
xylan Ac-Xyl 4-Porphyrin (DS = 0.52), obtained in the
same experimental conditions. The presence of the
TPP positive charge on porphyrin 6 could limit its re-
activity, by allowing ionic interaction with glucuronic
acid substitutions or the hydroxyl groups of xylan.

Ac-Xyl 4-Porphyrin-TPP was then dissolved
in DMSO and dialyzed against water for 15 h.
After washing and centrifugation, nanoparticles
were characterized using SEM and DLS (Figure 2).
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Scheme 4. Grafting of TPPOH or porphyrin 6 onto acetylated xylans.

Spherical nanoparticles were observed in SEM image
and the mean hydrodynamic size of particles in water
as measured by DLS was 151 +25 nm with a PDI value
of 0.332, which indicated a moderately polydisperse
distribution type of these nanoparticles.

3.4. In vitro evaluation of nanoparticles against
human colorectal cancer cells

The effect of hybrid SiNPS@Xylan/Porphyrin-TPP
and Xylan/Porphyrin and Xylan/Porphyrin-TPP
nanoparticles on cell viability was evaluated against
HCT-116 and HT-29 colorectal cancer cells, via MTT
assays (Table 2). This evaluation was carried out
in the presence of photosensitizers free or with
nanoparticles ranging from 0.01 to 5 uM during 48 h
in the dark and under illumination. Within the con-
centration range tested, nanoparticles showed no or
low cytotoxicity in the dark. Under illumination, all
nanoparticles showed obvious cytotoxicity on HCT-
116 and HT-29 at concentrations lower than 2 pg/mL.
By comparison, organic nanoparticles showed signif-
icantly less photocytotoxicity than hybrid nanopar-
ticles. One possible explanation is that the organic
nanoparticles self-organize in such a way that the
hydrophobic porphyrins tend to gather inside the
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nanoparticle while the hydrophilic parts of xylan
lie on the solvent-exposed periphery of the shell.
Accordingly, the spatial promiscuity of porphyrins
leads to self-quenching of the stacked PSs inside
the nanoparticles. The lower fluorescence quantum
yield of Xylan/porphyrin nanoparticles (®f < 0.01 in
D,0) compared to hybrid SiNPS@Xylan/Porphyrin
nanoparticles (®r = 0.04 in EtOH) tends to confirm
m-stacking interaction. Such an arrangement would
justify the reduction in phototoxicity of the organic
nanoparticles. However, their photocytotoxicities
were still much stronger than those of free por-
phyrins. Interestingly, addition of the triphenylphos-
phonium cation resulted in reduction by factors of
2.8-3.5 the IC5( values of the hybrid nanoparticles.
Confocal microscopy was used to examine the
subcellular localization of SiNPS@Xylan/Porphyrin
and SiNPS@Xylan/Porphyrin-TPP in HT-29 cancer
cells (Figure 3). Our previous investigations revealed
that SiNPS@Xylan/Porphyrin localized predomi-
nantly in lysosomes [19]. Based on the yellowish
color arising from the overlay of red fluorescence of
SiNPS@Xylan/Porphyrin-TPP and the green fluores-
cence of the organelle marker, it can be concluded
that SINPS@Xylan/Porphyrin-TPP was localized in
mitochondria. These first in vitro results are very
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Figure 1. Particle size and morphology of nanoparticles: (A) DLS size measurement of Ac-Xyl 3-Porphyrin
particles; (B) SEM image of Ac-Xyl 3-Porphyrin particles; (C) DLS size measurement of Ac-Xyl 4-Porphyrin

particles; (D) SEM image of Ac-Xyl 4-Porphyrin particles; (E) DLS size measurement of Ac-Xyl 5-Porphyrin
particles; (F) SEM image of Ac-Xyl 5-Porphyrin particles.

Table 2. In vitro photocytotoxicity of hybrid SINPS@Xylan/Porphyrin-TPP and organic Xylan/Porphyrin
and Xylan/Porphyrin-TPP nanoparticles in human colorectal cancer cells

HCT-116 HT-29
Dark Tllumination Dark Ilumination
TPPOH [18] Not determined 2943+102 Notdetermined 5959 +430
Porphyrin-TPP (6) >5000 960 +430 >5000 1660 + 40
SiNPS@Xylan/Porphyrin [18], 2 >1000 72.6+2.8 >1000 550.2+7.5
SiNPS@Xylan/Porphyrin-TPP? >1000 25+15 > 1000 157.5+17.5
Xylan/Porphyrin NPS? > 5000 1045+ 136 >5000 2280+190
Xylan/Porphyrin-TPP NPS >5000 <2000 >5000 1240+ 180

41Csp nM concentrations are directly corresponding to the amount of porphyrins.
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Figure 2. Particle size and morphology of nanoparticles: (A) DLS size measurement of Ac-Xyl 4-
Porphyrin-TPP particles; (B) SEM image of Ac-Xyl 4-Porphyrin-TPP particles.
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Figure 3. The intracellular localization of SINPS@Xylan/Porphyrin and SiNPS@Xylan/Porphyrin-TPP in
HT-29 cells with MitoTracker Green. Images were merged to indicate the overlap in fluorescence.

encouraging and suggest that mitochondrial target-
ing of nanoparticles would increase their photocyto-
toxicity.

4. Conclusion

Hybrid nanoparticles with a silica core coated with
xylan substituted with porphyrins bearing a triph-
enylphosphonium cation have been constructed for
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the first time. Addition of the triphenylphospho-
nium cation allowed to enhance threefold the pho-
tocytotoxicity of the nanoparticles against colorec-
tal cancer cell lines HCT-116 and HT-29. The con-
troversy surrounding the use of silica nanoparti-
cles has led us to build xylan nanoparticles de-
void of the silica core. The self-organization of xylan
in water required an increase in its hydrophobicity
which has been achieved by means of acetylation.
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Post-functionalization of acetylated xylans with por-
phyrins, whether bearing the triphenylphosphonium
cation or not, followed by nanoparticle shaping, has
made it possible to obtain photosensitive organic
nanoparticles. These organic nano-objects showed
lower toxicity than hybrid nanoparticles, probably
due to the self-quenching effect of the porphyrins in-
side the nanoparticles. However, organic nanoparti-
cles retained a strong photocytotoxicity, much higher
than that of the corresponding free porphyrin. This
strategy therefore appears promising for the design
and development of photosensitizer nanocarriers for
oncological photodynamic therapy.
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The photocatalytic properties of these films have been studied for the reduction of silver and plat-
inum ions. In these hybrid materials, porphyrins can be excited by visible light and then play the role
of photosensitizers able to give electrons to the polyoxovanadates catalysts.
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1. Introduction

Polyoxometalates (POMs), a large family of tran-
sition metal oxygen anion clusters with d° elec-
tronic configurations, exhibit interesting photocat-
alytic properties. Upon light irradiation, electrons
are promoted from an oxygen-centered 2p orbital to
an empty metallic d-orbital, generating a highly re-
active charge-separated state [1]. The impregnation
of polyvinylidene fluoride-based solid polymer elec-
trolyte by POM was also shown to improve the per-
formance of dye sensitized solar cell. The fabricated
cell generated high open circuit voltage of 426 mV
and short circuit current of 3.90 mA upon illumi-
nation with visible light [2]. The above-mentioned
excellent properties and pioneering studies indicate
that POMs are promising candidates to optimize the
photocurrent generation efficiency.

Furthermore, POMs are also of interest for oxida-
tive photodegradation of organic compounds in wa-
ter purification technology [3].

Metal recovery is also a topic of great concern from
economic and environmental aspect. Since many
metals are either valuable or toxic, the development
of methods that aim to recover them could con-
tribute to save the limited resources and resolve the
environmental problems.

Metallic nanoparticles can be produced using var-
ious methods, such as thermal decomposition [4],
electrochemical techniques [5,6], sonochemical syn-
thesis [7,8] radiolysis [9], microwave irradiation [10]
and photocatalysis [11].

In particular, polyoxometalates (POMs) can be
used in photocatalytic processes for the recovery
of metals or the synthesis of nanoparticles. Indeed,
POMs are also excellent electron reservoirs as they
exhibit variable oxidation states and the possibility
of multiple reductions making the POMs an excel-
lent candidate as photocatalysts for the reduction of
metal ions. In the process, illumination at the O —
M charge-transfer band (UV region), renders POM
strong oxidants able to extract electrons from organic
electron donors. POMs display remarkable activity
and selectivity which can be adjusted by the choice
of POM with suitable redox potential, while opera-
tional parameters such as the concentration of POM,
organic substrate (sacrificial electron donor such as
propan-2-ol), and metal ions should affect the pho-
tocatalytic efficiency.
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Recovery of metallic ions from aqueous solutions
can be obtained through a homogeneous photocat-
alytic process in the presence of a sacrificial electron
donor such as propan-2-ol that undergoes photoly-
sis under UV illumination. In these conditions, POMs
are quantitatively reduced and this leads to the re-
duction of metallic ions. This procedure is an use-
ful alternative for synthesis and recovery of metallic
nanoparticles [12,13].

To expand the practical application range, their
association to a light-harvesting antenna is so far
necessary, since POMs themselves are mainly pho-
toactive only in the UV part of the solar spectrum.
Among photosensitizers, porphyrins offer the advan-
tages of strong absorption coefficients in the visi-
ble domain. Synthesis of covalently bonded POM-
porphyrin hybrid system [14,15] can be proposed in
order to obtain efficient photoinduced intramolec-
ular electron transfer from the porphyrin ring to
the POM cluster. Formation of covalently bonded
POM-porphyrin copolymers can be similarly pro-
posed. Then the reduced POMs can be used for
the reduction of metallic ions. The electrochemical
synthesis of the POM-porphyrin copolymers uses
the previously published nucleophilic substitution
on porphyrins via an E(ECNECg) ,E process [16-21].
A polarization of a working electrode at the first
ring-oxidation potential of porphyrins in the pres-
ence of pyridine induces a nucleophilic attack and
leads to the attachment of the pyridyl nitrogen to
the meso positions of the porphyrin. If the applied
potential corresponds to the second ring-oxidation
potential of porphyrins in the presence of bipyri-
dine, copolymer with viologen spacers can be ob-
tained. In the present work, the nucleophile pyri-
dine groups came from the functionalized POM
(Py-POM-Py) [22-24], resulting in the formation of
{POM-porphyrin}, copolymers.

Preliminary study concerning the use of
photosensitized systems coupled with POMs
for the elaboration of metallic silver nanosheets
and nanowires (heterogeneous photocatalysis)
has been reported. In this case, the copoly-
mers were composed of porphyrin and Anderson-
type POM subunits [22]. Precisely, the hybrid
copolymer was obtained by electropolymeriza-
tion of zinc pB-octaethylporphyrin (ZnOEP) or
zinc 5,15-dipyridinium-octaethylporphyrin (5,15-
ZnOEP(py)%*) in the presence of a function-
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representation of (A) zinc-f-octaethylporphyrin ZnOEP,
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b

poly-V40,3-H,T,P

(B) free base 5,15-

ditolylporphyrin HoT2P and (C) Lindqvist-type polyoxometalate [V5013{(OCH2)3CNHCO (4-C5H4N)} 212~
(Py-Vg 013-Py). Bottom: electropolymerization scheme of HoT2P in the presence of Py-VgO;3-Py giving

the copolymer poly-Vg0;3-HoT2P.

alized Anderson-type polyoxometalate bearing
two pyridyl groups [MnMogO;1{(OCH2)3sCNHCO
(4-C5H4N)}2]3’(Py-MnMoGOlg-Py) [1,24]. The pho-
tocatalytic reduction of AgIZSO4 using this copolymer
was conducted under visible light illumination and
aerobic conditions in the presence of propan-2-ol.
Quantitative formation of metallic Ag® nanowires as
well as triangular nanosheets was observed.

The main goal of this work is to demonstrate
that other hybrid porphyrin-POM copolymers are
still working as photocatalysts for the reduction
of metallic ions. By changing the nature of the
porphyrin and of the polyoxometalate, a change
in the photoreduction kinetics as well as in the
shape of the nanoparticles is expected. In the
present paper, we use copolymers obtained by elec-
tropolymerization of metalloporphyrin-type zinc-
p-octaethylporphyrin (ZnOEP) or free-base-type
5,15-ditolyl porphyrin (HoT2P) with the functional-
ized Lindqvist polyoxovanadate bearing two pyridyl
groups [Vs013{(0CH,)3CNHCO(4-C5H4N)},]%~ (Py-
V013-Py) (Scheme 1). The photocatalytic reduction
of AglSOy as well as the HoPt!VClg is studied under
visible irradiation in the presence of propan-2-ol,
acting as sacrificial donor, at the 2D interface be-
tween water and the copolymeric films deposited on
quartz substrate.
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2. Results and discussion
2.1. Electrochemical synthesis of the copolymers

The syntheses of the copolymers were achieved us-
ing our electropolymerization method, as reported
earlier [25,26]. It corresponds to the addition of
the dipyridyl-substituted Lindqvist-type polyoxo-
vanadate  [VgO13{(OCH2)3CNHCO (4-C5H4N)}2]%~
(Py-V0,13-Py) to an electrogenerated dicationic
5,15-ditolylporphyrin (HoT2P) or zinc- 8-
octaethylporphyrin (ZnOEP) obtained by itera-
tive scans between 0 V and +1.60 V versus SCE
(Scheme 1) [27].

Using this method, the poly-Py-VgO13-Py-HaT2P
and the poly-Py-Vg0;3-Py-ZnOEP hybrid copoly-
mers were prepared as described previously [27].

Note that the free base meso-5,15-
ditolylporphyrin (H2T2P) presents only two meso
positions occupied by one substitutable pro-
ton at positions C10 and C20 while the zinc-S-
octaethylporphyrin (ZnOEP) presents four substi-
tutable meso positions at C5, C10, C15 and C20 (top
of Scheme 1). The described electrochemical synthe-
sis of the copolymers uses the previously reported
E(ECNECg),E process of nucleophilic substitution
on porphyrins [17-19,26-29]. As soon as the iterative
scans were performed at an anodic potential suffi-
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Figure 1. (A) UV-Vis absorption spectra of poly-Vg0,3-ZnOEP and poly-Vg0;3-H2 T2 P obtained after 20
iterative scans between 0.00 and +1.60 V versus SCE on ITO. (B) Thickness of poly-Vg0;3-ZnOEP and
poly-Vg0i13-H2T2P measured by AFM versus different numbers of iterative scans. Tapping mode AFM
topography and section analysis of the aggregate marked by a blue line of (C) and (C’) poly-V013-H2 T2 P,
and of (D) and (D’) poly-VgO;3-ZnOEP (film obtained after 20 scans, between 0.00 V and +1.60 V).

ciently high to allow the formation of the porphyrin
dication, the formation of a copolymer coating the
working electrode was observed.

The mechanism of the formation of the copoly-
mer can be described such as: first, the por-
phyrin (abbreviated Porph) radical cation (Porph**,
electrochemical step E) and dication (Porph2+,
electrochemical step E) are electrogenerated.
Then, the dication porphyrin Porph?* can be at-
tacked by a two pendant isonicotinate groups of
the pyridyl-substituted Lindqvist-type polyoxo-
vanadate  [VgO13{(OCH2)3CNHCO4-CsHyN)}p]?~
(abbreviated Py-Vg0;3-Py) at meso-carbon position
to yield an isoporphyrin (chemical step Cnmeso)- This
later intermediate can be oxidized (electrochemical
step E) and the hydrogen atom originally situated on
the meso-carbon is released inducing the rearoma-
tization of the porphyrin (chemical step Cg) which
leads to the monosubstituted porphyrin Porph-
meso-Py*-VgO13-Py. At this stage, monosubstituted
porphyrin is obtained with one pyridinium cova-
lently connected to the porphyrin and one pendant
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pyridyl group which is still active for nucleophilic
attack. This pendant pyridyl group can further at-
tack oxidized porphyrin continuing the growth of
the copolymer. Thus, the polarization of a working
electrode at the porphyrin’s second ring-oxidation
potential in the presence of Py-Vg0;3-Py, leads to
the formation of the two hybrid copolymer films
with general formula [Py*-VO7; -Py*-porphyrin],
(bottom of Scheme 1), namely poly-VgO;3-HaT2P
and poly-Vg0,3-ZnOEP.

UV-visible spectra of both copolymers on ITO
electrodes presented similar characteristics [27].
They exhibit a large Soret absorption band (Fig-
ure 1A), which was red shifted by 15 and 20 nm
compared to the ZnOEP and H,T,P monomer re-
spectively [27]. It can be explained by intra- or inter-
molecular excitonic interactions between the por-
phyrin subunits [17,30]. The red shifts observed are
in agreement with the presence of the disubstituted
porphyrin ring by two pyridinium groups [31] in the
copolymer.
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The films were also examined by scanning atomic
force microscopy (AFM) showing tightly packed coils
with average diameters of 40-60 nm and a height of
5 nm in the case of poly-Vg0;3-HaT>P (Figures 1C
and C'). The rms surface roughness of the film was
3.5 nm for 1 mm? area. For poly-Vg0;3-ZnOEP the
diameter and the height of the coils were almost two
times larger (Figures 1D and D') [27].

Thickness of the deposited copolymeric film was
measured using AFM by scratching the film with a
metallic tip. The thickness increased upon the num-
ber of iterative scans as shown in Figure 1B. The
values obtained after 20 scans between 0.00 V and
+1.60 V were about 23 nm for poly-Vg0;3-ZnOEP
and 56 nm for poly-V6013-H2T2P.

2.2. Photocatalytic recovery of silver

The electrochemically deposited poly-Vg013-ZnOEP
or poly-Vg0;3-H,T2P copolymers were dissolved
and removed from ITO with dimethyl formamide
(DMF). Subsequently, the copolymer in DMF solu-
tion was deposited on a quartz slide, and the DMF
solvent was evaporated in air. Then, the quartz slide
was plunged in an optical cell containing a deaerated
aqueous solution with 8 x 10~ mol-L™! Ag,S04 and
0.13 mol-L~! propan-2-ol. The whole sample was
illuminated under visible light with a 385 nm cutoff
filter to prevent POM photoexcitation allowing only
the excitation of the porphyrin. Figure 2 presents the
absorption spectra recorded during the experiment
performed with the poly-Vg0;3-ZnOEP (Figure 2A)
or poly-VgO;3-HoToP (Figure 2B) films. The ab-
sorbance increases in the whole visible domain dur-
ing illumination and the solution becomes slightly
yellow which reveals the formation of silver nanopar-
ticles [22,32]. The initial rate of Ag™ reduction is
3.4x107° mol-L~!-min"! for poly-V0;3-ZnOEP and
3.1 x 107> mol-L 'min™! for poly-Vg0;3-H,T>P.
After almost 95 min (for poly-Vg0;3-ZnOEP) and
105 min (for poly-Vg0;3-H2T2P) of visible light ir-
radiation, the absorption spectrum does not evolve
anymore which indicates the end of the reaction.
After removal of the quartz slide covered with the
film, the UV-visible spectrum of the solution exhibits
a large plasmon band in the whole visible domain
with a maximum around 410 nm (Figure 3). This
can be attributed to the presence of silver nanopar-
ticles in the solution. No change in the spectrum is
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observed for one week indicating the good stabil-
ity of the silver nanoparticles. Moreover, it has been
found that the slides of quartz can be reused at least
five times with almost no change in the efficiency
of the photocatalysis. Silver ions Ag(l) are reduced
quantitatively at the interface between water and the
copolymeric films without poisoning the surface (as
checked by AFM analysis, data not shown).

The TEM micrographs confirmed the formation of
silver particles (Figures 4 and 5). The nanoparticles
obtained with poly-Vg013-ZnOEP have an average
diameter of 20 nm but are agglomerated (Figure 4).

The presence of Moiré pattern in TEM images
of silver particles is due to the presence of metal-
lic silver crystal planes with different spacing and/or
orientations. Each silver nanoparticles seems to be
crystalline as shown by electron diffraction analysis
(Figure 4E).

The 6-fold rotational symmetry displayed by the
diffraction spots implied that the faces represented
the {111} planes. The first set of spots could be in-
dexed to the formally forbidden 1/3 {422} reflec-
tions of face-centered cubic (fcc) silver with a cor-
responding lattice spacing of 2.48 A. The second
set corresponded to Bragg diffraction from the
{220} planes of fcc silver with a lattice spacing of
1.44 A (1.445 A in JCPDS file 04-0783). These obser-
vations were in agreement with the usual published
indexes for silver nanosheets [33,34]. We explain the
observation of 1/3 {422} reflections that are formally
forbidden for a perfect fcc structure by the presence
of stacking faults [35]. These stacking faults could be
caused by bending, which explains the presence of
Moiré pattern in TEM images [36]. The EDS spec-
trum in Figure 4F reveals the presence of metallic Ag
in the sample, the C and Cu detected belonging to
the TEM grid.

Conversely, the nanostructures obtained with
poly-VgO;3-HaToP exhibited larger dispersion in
size and shape, because the samples presented not
only spherical, elongated particles but also long lin-
ear silver nanowires (thickness ca. 20-40 nm and
length ca. 200-500 nm) and large silver nanosheets
(Figure 5). The EDS spectrum in Figure 5C reveals the
presence of metallic Ag in the sample.

Two possible mechanisms can be involved to de-
scribe the formation of AgNPs. As shown in Fig-
ure 6A, the first mechanism consists in the reduc-
tion of the excited porphyrins by propan-2-ol, fol-
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Figure 2. Change in the UV-Vis absorption spectra of a deaerated aqueous solution of 8.0 x 10~ mol-L ™
Ag,S04 and 0.13 mol-L™! propan-2-ol containing a slide of quartz modified with (A) poly-Vs013-ZnOEP,
(B) poly-V0,3-H>T,P film under illumination. Inset: plot of the absorbance at (A) A =421 and (B) A =

429 nm versus the time of irradiation.
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Figure 3. UV-Vis absorption spectra of the sil-
ver nanoparticles solution before and after the
photocatalysis using the poly-VgOi13-ZnOEP
(red curve) or the poly-VgOi13-HaT2P (blue
curve) films.

lowed by the cascade electron transfer via the pyri-
dinium to the POM subunit {Vg0;3}%~ giving the re-
duced {Vg0;3}3~. Then, {Vg0;3}3 can in turn reduce
silver ions. A complexation step between alcohol rad-
ical and silver ions can initiate the formation of silver
clusters (reactions (4)-(7)) before a thermodynami-
cally possible direct reduction with the reduced POM
({Ve013}37) or with the alcohol radical (CHs3),CeOH
(when the nuclearity of initial silver aggregates is suf-
ficient).
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The photoreduction processes should involve
the reduction of the excited porphyrin (Porph*) by
propan-2-ol leading to the formation of the reduced
porphyrin (Porph®™) and the alcohol radical accord-
ing to the global reaction (1):

Porph* + (CH3),CHOH — Porph*®~

+(CH3),C'OH+H" 1

This reaction is thermodynamically favorable. In-
deed, the reduction potentials of the excited por-
phyrins are evaluated according to the relation:

E(Porph* /Porph®™) = E(Porph/Porph®~) + Egg—_s,
)

where E(Porph/Porph*7) is the first reduction poten-
tial of the porphyrin and Es,_.s, corresponds to the
energy of the lowest electronic transition determined
from the absorbance spectrum.

The calculated E(Porph*/Porph®”) values are
higher than the reported values for (CHs3),CeOH/
(CH3),CHOH (E = 0.80 V versus NHE [37]).

The second mechanism (Figure 6B) corresponds
to a direct intramolecular electron transfer from the
excited porphyrins to polyoxovanadate via the reduc-
tion of the pyridinium subunit which acts as relay
of electron followed by the reduction of silver ions
by {Vg013}3~. A fast intramolecular electron transfer
agrees with fluorescence quenching of the films ob-
served and is also thermodynamically favorable.
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Figure 4. (A-D) TEM images of the silver nanoparticles obtained with the poly-Vg0;3-ZnOEP film in
deaerated solution of 8.0x 10> mol-L ™! Ag,S0y4. (E) Selected-area electron diffraction pattern of the silver
nanoparticles. The inner spots (circled) corresponded to the formally forbidden 1/3 {422} reflections. The
second spots (squared) could be indexed to the {220} reflections. (F) EDS spectrum showing the presence

of Ag in the sample.

Indeed, the reduction potentials of the excited
porphyrins are evaluated according to the relation:
E(Porph™*/Porph*) = E(Porph™*/Porph) — Eg,_s,

(3)

where E(Porph**/Porph) is the first oxidation po-

tential of the porphyrin and Es,_s, corresponds

to the energy of the lowest electronic transition
determined from the absorbance spectrum.
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It should be mentioned that in the two proposed
mechanisms, the simple consideration of the redox
potential of the radical alcohol (CH3),C*OH), the
reduced porphyrin or the reduced {Vg013}3~ does
not allow to explain the subsequent photoreduc-
tion of Ag* ions. Indeed, the redox potential of the
(Ag*/Ag;) couple is too low (E° = —1.75 V versus
NHE [38]) to allow the direct reduction of Ag® to
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Figure 5. (A) TEM images of the silver nanomaterials obtained with the poly-Vg013-H2T2P film in
deaerated solution of 8.0x 107 mol-L ™1 Ag,S0,. (B) Selected-area electron diffraction pattern of the silver
nanoparticles. The inner spots (circled) corresponded to the formally forbidden 1/3 {422} reflections. The
second spots (squared) could be indexed to the {220} reflections. (C) EDS spectrum showing the presence

of Ag in the sample.

a single Ag, atom either by the reduced porphyrin
(E(H,ToP* /HaT2P~*) = 1.60 V versus NHE) or the re-
duced {Vs013}*~ (E({V6013}*"/{V6013}*") = ~0.58 V
versus NHE).

Referring to radiolytic studies, the reduction of
the Ag™ might be enabled by a complexation step
between alcohol radical and silver ions that initiates
the formation of silver clusters (4)—(7) [13,38,39]:

(CH3)2C°OH +Ag" — Ag(CH3),C'OH"  (4)

Ag(CH3),C°OH" +Ag* — Ag; + (CH3),C=0+H"
(5)

2Agy — Agd* (6)
y+ (x+y)+
Agfn‘* +AgP —»Ag(m+p) (7
Another reasonable explanation is the forma-
tion of Ag(l’ by reaction between Ag* and the

alcohol radical (CHj3)2C°*OH even if the poten-
tial (E((CH3)2CO/(CH3)2C°OH) = —1.71 V versus
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NHE [40]) is slightly higher than the one the couple
Ag*/Ag,. This process cannot be excluded.

Finally, as the redox potential of the silver cluster,
E(Ag™* /Ag,), increases with the nuclearity n, the di-
rect reduction of large clusters by the reduced por-
phyrin or the alcohol radical becomes thermody-
namically feasible.

Note that the absence of reduced polyoxovana-
date at the end of the reaction is in favor of the mech-
anism (B). It can be explained by an intramolecular
back electron transfer between the reduced {Py*-
Ve03;-Py} and the porphyrins oxidized Porph**
which is thermodynamically favorable.

To justify this electron transfer in the case of
the mechanism B (Figure 6B), we can calculate the
A;G of this process using the Rehm-Weller equa-
tion: AG = E(Porph**/Porph) — E(POM/POMred) —
Eso_s1 where E(Porph™*/Porph) corresponds to
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Figure 6. (A) and (B) Two possible mechanisms for the photoreduction of silver ions by the use of the
poly-Vg013-H2T2P copolymer. Similar mechanism can be proposed for poly-Vg0;3-ZnOEP. Bottom:
scale of apparent standard redox potentials of couples involved in this mechanism in the case of HyT2P.
ZnOEP gives similar tendencies. Note that the reduction of the pyridinium group is achieved at a redox
potential very close to that of the reduction of {VgO13}.

the first oxidation potential of the porphyrin
(E (Porph*' /Porph) = +1.25 V versus NHE for HyT»P)
and E(POM/POM,.q) corresponds to the first reduc-
tion potential of the POM (E({V5013}>~/{V50;3}37) =
—0.58 V versus NHE) [27]. Egp-s; corresponds to
the energy of the lowest electronic transition of
the porphyrin estimated from its absorbance spec-
trum in solution. This value leads to negative AG
(=61.5 kJ-mol™), indicating that the electron trans-
fers between the excited porphyrins and the POMs
subunit {VgO13}>~ are thermodynamically possi-
ble. These electronic transfers lead to oxidized por-
phyrins (porph™) and reduced POMs (POMeq,
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namely {Vs0;3}>7) via probably a relay including
the reduction of the pyridium. Then, oxidized por-
phyrins porph*® are regenerated by reaction with
propan-2-ol which leads to the formation of alco-
hol radicals (CH3),C*OH. This reaction is also really
plausible, since the redox potential of the couple
(CH3),C°*OH/(CH3),CHOH is estimated to 0.80 V
versus NHE [37], that is lower than the oxidation
potential of the porphyrin.

However, the potential of the couple {VgO13}2~/
{Vg013}37) is too high to permit the reduction of sil-
ver ions (E(Ag*/Ag,) = —1.75 V versus NHE), cor-
responding to the redox potential of a single Ag(0)
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Figure 7. (A) Change in the UV-Vis absorption spectra of a deaerated aqueous solution of 1.6 x
10~* mol-L~! H,PtClg and 0.13 mol-L™! propan-2-ol containing a slide of quartz modified with poly-
Vs013-ZnOEP film under illumination. Inset: plot of the intensity of the absorbance at A = 201 and
262 nm versus the time of irradiation. (B) Spectrum of the platinum solution before and after photo-
catalysis. Inset: photo of the obtained solution in the cuvette after the irradiation.

atom, different from the one corresponding to metal-
lic silver which is 0.799 V versus NHE. We can also
exclude the possibility of a photoinduced electron
transfer from the excited porphyrins to the silver
ions, because the AG value of such transfer is posi-
tive and is estimated to +77.2 kJ-mol !

2.3. Photocatalytic recovery of platinum

To extend the photocatalytic application, we have
explored the photocatalysis of the reduction of
PtIVCI2~ anions using the two covalent porphyrin—
Lindqvist-type POM copolymers. The study is con-
ducted under deaerated medium in the presence
of 1.6 x 107* mol-L™! H,Pt'VClg (to keep the same
concentration of metal ions) and 0.13 mol-L!
propan-2-ol. Figure 7 illustrates the change in the
UV-Vis absorption spectrum recorded during the
visible light irradiation of a quartz slide covered
with poly-Vg0,3-ZnOEP. The initial absorbance of
PtWClé_ anions decreased during illumination and
disappeared completely after 100 min, however,
because the Pt nanoparticles do not possess plas-
mon band or other type of UV-visible absorbance,
it is impossible to monitor the creation of the Pt
nanoparticles from the UV-visible spectra.

After 24 h of illumination, a yellow sediment on
the bottom of the cuvette is obtained, and after stir-
ring, the absorbance in the whole domain increases.
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The TEM micrographs confirm the formation
of the Pt nanoparticles. The diameter of the basic
nanoparticle subunit is 1.0-1.5 nm which forms the
closed-packed nanoparticles with a diameter of 10—
20 nm (Figure 8). The EDS spectrum in Figure 8E in-
dicates the presence of merely pure Pt in the sample.

Figure 9 presents the absorption spectra of a
deaerated aqueous solution containing 1.6 x
10~* mol-L™! H,PtClg and 0.13 mol-L™! propan-2-ol
with poly-Vg0;3-H2T2P covered quartz slide dur-
ing visible light irradiation. The initial absorbance
of PtVCIZ~ anions disappeared completely after
110 min which is a little slower than for poly-VgO13-
ZnOEP. After 24 h of illumination, we obtained a
uniform and faint yellow solution which is different
than the sediment obtained when using poly-VgO13-
H,T,P. The TEM micrographs of the obtained Pt
nanostructures are presented in Figure 10. The Pt
nanoparticles showed again closed-packed spherical
structure similar to the ones obtained using poly-
Vg0,3-ZnOEP film. Nevertheless, such structures are
also mixed with large nanosheets. The obtained Pt
nanomaterial is in this case inhomogeneous in size
and shape. The EDS spectrum in Figure 10E shows
the presence of Pt nanoparticles in the sample.

After almost 3 h for poly-Vg0;3-ZnOEP and 4 h
for poly-Vg0,3-H2 T2 P of visible light irradiation, the
absorption spectrum does not evolve anymore which
indicates the end of the reaction. The duration of
the photocatalytic reduction is longer in comparison
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Figure 8. (A-D) TEM images of the platinum nanomaterial obtained with the poly-Vg0;3-ZnOEP in a
deaerated solution of 1.6 x 10™* mol-L™! H,PtClg. (E) EDS spectrum showing the presence of Pt in the

sample.

to the silver recovery which can be explained by the
number of electron implied: 4 for the Pt(IV) versus 1
in the case of the Ag(I).

We assume that the mechanism for the photo-
catalysis Pt(IV) is much more complicated than the
one proposed for the reduction of Ag(I) ions probably
due to the fact that 4 electrons must be transferred
between the catalysts and the metallic ion. We will
therefore not provide a mechanism in this present
case although there is a good chance that the first
step is similar to that of the reduction of Ag(l) ions,
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that is the electron transfer from the excited por-
phyrin via the pyridinium to the polyoxovanadates
(mechanism B).

Last but not least, the heterogeneous photocataly-
sis can also be repeated at least five times while keep-
ing the same efficiency. Platinum ions are reduced
quantitatively and no deposition at the surface of the
slide was observed (as checked by AFM analysis, data
not shown).
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Figure 9. (A) Change in the UV-Vis absorption spectra of a deaerated aqueous solution of 1.6 x
10~ mol-L™! H,PtClg and 0.13 mol-L~! propan-2-ol containing a slide of quartz modified with poly-
Vs013-H2T2P film under illumination. Inset: plot of the intensity of the absorbance at A =201 and 262 nm
versus the time of irradiation. (B) Spectrum of the platinum solution before and after photocatalysis. In-
set: photo of the obtained solution in the cuvette after the irradiation.

3. Conclusion

We demonstrated the efficiency of hybrid
polyoxovanadate-porphyrin  copolymers (poly-
Vg013-H2T2P and poly-Vg0;3-ZnOEP) in the pho-
tocatalytic reduction of Ag() and Pt(IV) using vis-
ible light. Under ambient conditions, AgIZSO4 or
H,PtVCls were reduced quantitatively at the inter-
face between water and the copolymeric films with-
out poisoning the surface. The heterogeneous catal-
ysis can be repeated at least five times while keeping
the same efficiency at room temperature and under
mild reaction conditions.

This process verifies our starting hypothesis that
the copolymerization of photosensitizers such as
porphyrin and POMs yields photoactive materi-
als that are useful for photocatalytic reduction in
general. The obtained silver nanoparticles form
aggregates while the Pt nanoparticles showed closed-
packed spherical structures and some large sheets.

4. Experimental section

Most common laboratory chemicals were reagent
grade, purchased from commercial sources and used
without further purification.

The 5,15-ditolylporphyrin (HpT2P) was pur-
chased from SAS PorphyChem® and zinc-g-
octaethylporphyrin (ZnOEP) was purchased from
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Sigma-Aldrich. Lindqvist-type polyoxovanadate
TBA,[Vs0,3{(OCH2)3CNHCO(4-C5H4N)}2] (abbrevi-
ated Py-Vg0,3-Py) was synthesized according to the
previous publications [24,41].

The corresponding copolymers poly-Py-VgOi3-
Py-H,T>P and poly-Py-V0,3-Py-ZnOEP were pre-
pared as described previously [27].

Electropolymerization have been carried out un-
der an argon atmosphere using a 0.1 mol-L~! solution
of 0.1 mol-.L~! TBAPFg in 1,2-C,H4Cl,/CH3CN (7/3)
containing 0.25 mmol-L™! of ZnOEP or HoT2P and
0.25 mmol-L™!-mmol-L! of Py-Vg0;3-Py (Scheme 1)
between 0 and 1.6 V versus SCE. ITO electrodes, with
a surface of 1 cm?, were used as working electrode.
For each copolymer, the number of iterative scans
(n) was 20. After electropolymerization, the modified
working electrodes were washed with CH3CN and
then with CH,Cl, in order to remove the monomers
and the conducting salt present on the deposited
films.

The electrochemically deposited poly-VgO;3-
ZnOEP or poly-Vg0;3-HpT2P films were dissolved
and removed from ITO electrode with DME The op-
eration is repeated six times. Subsequently, the DMF
solution containing the copolymer was deposited on
a quartz slide, and the DMF solvent was evaporated
in air.
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Figure 10. (A-D) TEM images of the platinum nanostructures obtained with the poly-Vg0;3-H2T2P film
in a deaerated solution of 1.6 x 10~ mol-L~! HoPtClg. (E) EDS spectrum showing the presence of Pt in the

sample.

Water was obtained by passing through a Milli-
RO4 unit and subsequently through a Millipore Q
water purification set.

Irradiation was performed using a 300 W Xe arc
lamp (Lot, Quantum design) with intense focused
output beams (50 mm beam diameter) equipped
with a water cell filter to absorb the IR radiation. A
spherical reflector collects the output from the rear
of the lamp and focuses it on or near the arc for
collection by the condenser. One condenser is posi-
tioned for compensating focal length change due to
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dispersion and to produce a beam converging to the
photochemical cell. According to the supplier, the ir-
radiance of the lamp from 320 to 790 nm was around
50 mW-m~2-nm~!. The samples consisted of 4 mL of
aqueous solutions with propan-2-ol, the quartz slide
covered by the copolymer Py-Vg0,3-Py-Hp TP and
poly-Py-Vg0,3-Py-ZnOEP and, Ag,SO4 or H,PtClg
contained in a spectrophotometer quartz cell of 1 cm
path length.

Deaerated solutions were obtained by bubbling
with argon (Ar-U, from Air Liquide) before illumina-
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tion. All experiments were carried out at room tem-
perature.

We checked that the temperature of the solution
did not increase by more than 1 degree during light
illumination.

UV-Vis absorption spectra were recorded with
a single beam Hewlett-Packard HP 8453 diode ar-
ray spectrophotometer operated at a resolution of
2 nm.

Atomic force micrographs (AFM) measurements
have been conducted directly on the ITO surfaces us-
ing a Veeco Dimension 3100 apparatus in the tap-
ping mode under ambient conditions. Silicon can-
tilevers (Veeco probes) with a spring constant of
300 N/m and a resonance frequency in the range of
120-139 kHz have been used. The scanning rate was
1.0 Hz.

Transmission electronic microscopy (TEM) obser-
vations were performed with a JEOL 100 CXII TEM
instrument operated at an accelerating voltage of
100 kV. Samples for TEM analysis were prepared by
dropping the solution on carbon-coated copper TEM
grids.
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1. Introduction

Finding sustainable and environmentally friendly
strategies to generate energy represents a huge chal-
lenge for modern society because of the inevitable
depletion of widely used fossil fuels and the pollu-
tion they generate. Solar energy, and more specifi-
cally photovoltaic (PV), appears like a perfect alter-
native to non-sustainable fossil fuels [1]. An orig-
inal approach, consisting in developing transpar-
ent and colorless solar panels, represents a “dis-
ruptive technology” because it opens new applica-
tions. For examples, transparent solar cells would be
suitable for integration in Building-Integrated Pho-
tovoltaics (BIPV) [2] such as in windows of build-
ings, but also for electric vehicles, and self-powered
greenhouses [3-5]. However, the integration of PV
into building windows require a visible light trans-
mittance higher than 55% for good visual percep-
tion [6] and the absence of color is necessary in or-
der to provide good aesthetics.

Over the years, the development of Transpar-
ent PhotoVoltaics (TPV) has grown considerably [7].
However, such devices are mainly absorbing visi-
ble light and the transparency is mostly modulated
by the thickness of the active layer or by the in-
troduction of microscopic holes in the film [8]. An-
other approach consists in the transmission of light
in the visible region through selective absorption of
UV (<380 nm) and NIR (>700 nm) light. Some inor-
ganic [9] and organic [10] systems were investigated
but although very high Average Visible Transmittance
(AVT) [11] values were achieved, the technology re-
quires further improvement to increase the final
efficiency.

Mainly popularized by O’Regan and Gritzel in
1991 [12], Dye-Sensitized Solar Cells (DSSCs) rep-
resent a relevant candidate for highly transparent
and neutral-colored photovoltaic devices. First, they
are potentially cheap to produce. Second, their ef-
ficiencies are less dependent on the light incidence
angle and intensity, and particularly they outper-
form classical inorganic-based cells under diffuse
irradiance [13,14]. Third, the device is based on a
thin layer of TiO, nanoparticles sensitized by light-
harvesting dyes, meaning that DSSCs can virtu-
ally absorb within any desired spectral region, de-
pending mainly only on the selected dye [15]. His-
torically, dyes employed on DSSCs are based on
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Ru(D)-polypyridyl complexes [16], zinc por-
phyrins [17], or even metal-free organic dyes [18,19]
reaching an efficiency higher than 14% [20], but
all these dyes absorb in the visible range and
the corresponding DSSCs exhibit an intense col-
oration. On the other hand, using dyes which ab-
sorb only NIR radiations is a tantalizing option to
prepare efficient, transparent and colorless DSSCs,
given the high photon flux of the solar spectra in
the 700-1000 nm range. Finally, in DSSC, both
the photoanode and the counter electrode can
be transparent allowing illumination from both
sides and are therefore compatible with see-through
photovoltaics.

The first example of transparent DSSC for see-
through photovoltaic windows was reported by
Zhang et al. in 2014 and presents the combina-
tion of UV and NIR dyes that reach a final power
conversion efficiency (PCE) of 3.66% with an AVT
higher than 60% [21]. Very recently Sauvage and
co-workers [22], reported a transparent DSSC with
a cyanine dye (coded VG20) which exhibits a PCE of
3.1% with an impressive AVT of 76%. Among the NIR
absorbing dyes in DSSC, such as cyanines [23-25]
and squaraines [26-28], phthalocyanine derivatives
represent suitable candidates due to an intense ab-
sorption close to NIR region of the solar spectrum,
a high molar extinction coefficient and a high fluo-
rescence quantum yield, a great stability and proved
efficiency in DSSCs [29]. This is especially true since
the seminal work of Ikeuchi et al. when highly bulky
groups were tethered to the macrocycle in order to
limit deleterious aggregation, leading to a very sig-
nificant jump in the photoconversion efficiencies,
reaching 6% [30]. Phthalocyanines are highly stable
tetrapyrrolic macroheterocycles constituted by four
isoindole units. Their properties can be easily tuned
by the nature of the substituent linked to the macro-
cycle unit and by the atom or ion coordinated in the
macrocycle. However, most phthalocyanine deriva-
tives present an intense Q band centered around
650-700 nm [31]. In order to shift this transition fur-
ther into the NIR, grafting electron-rich substituents
in the x-positions of the Pc macrocycle has proven
to be a successful strategy. Indeed, the addition of S-
Aryl unit in «-positions induce a significant redshift
of the absorption band (of about 80 nm) compared to
previous Pcs substituted in (3-position with O-Aryls
substituent [32,33]. It thus appears relevant to graft



Thibaut Baron et al. 159

CN K2CO3 CN

CN DMF, rt CN

o I :

O.g-0 K,CO;4 O OtBu
Pd(PPh,), NC ‘
THF/H20, 85°C  NC
CO,tBu 86%
3 4

Scheme 1. Synthesis of phthalonitrile 2 and 4.

very bulky groups via a thioether linkage on the Pc
macrocycle in order to both redshift the absorption
and prevent dye aggregation on TiO,’s surface to
some extent [34].

In this report, we have designed and synthe-
sized a new phthalocyanine derivative KMH63 con-
taining six thiophenyl-tert-butyl units in «-positions
of the macrocyclic and one carboxylic acid as an-
choring group directly connected to the core by a
phenyl spacer (Scheme 2). Our main finding is that
KMHBG63 displays adequate optical and electrochemi-
cal properties to design colorless transparent photo-
electrodes. However, the performances of the DSSC
remain weak because of a weak electron injection
driving force that can be solved by changing the
spacer linking the anchoring group and the phthalo-
cyanine unit.

2. Synthesis

The synthesis of KMH63 requires the two key ph-
thalonitriles 2 [35] and 4 [36] as reagents (Scheme 1).
3,6-bis(thiophenyl-tert-butyl)phthalonitrile 2 was
prepared in 75% vyield by nucleophilic aromatic
substitution of phthalonitrile-3,6-ditriflate 1 by 4-
tertbutylthiophenol [37].
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Figure 1. Normalized absorption of KMH63
(black) and Zn-Pc-1 (red) recorded in
dichloromethane solution.

The second phtalonitrile 4 was synthesized ac-
cording to a Suzuki-Miyaura cross-coupling reaction
between the boronic ester 3 [38] with iodophthaloni-
trile with a good yield of 86%. Following the condi-
tions described by Giribabu et al. [39], using zinc(II)
as template and 1,8-diazabicyclo[5.4.0lundec-7-ene
(DBU) as a base, the cross-condensation of both ph-
thalonitrile derivatives 2 and 4 in pentanol afforded
the ester-protected phthalocyanine 5 in 9% yield af-
ter purification by preparative thin layer chromatog-
raphy (Scheme 2). 'H NMR spectrum and mass spec-
trometry analysis revealed that the tert-butyl ester
was transesterified by pentanol during this reaction.
However, this side reaction does not have any con-
sequence since the pentyl ester was saponified by
potassium hydroxide to lead to the desired product
KMHBG63 in 56% yield (Scheme 2).

3. Electronic absorption and emission proper-
ties

The absorption and emission spectra of KMH63 were
recorded in dichloromethane solution at room tem-
perature (Figures 1 and S5). The optical data in-
cluding wavelengths of maximal absorption (A4ps),
extinction coefficients (¢), wavelength of maximal
emission (Aem) and zero-zero energy level of the low-
est singlet excited state (Egg), are collected in Table 1.

The absorption spectrum of KMH63 displays the
usual spectral signatures of zinc phthalocyanine
derivatives [31]. It is dominated by an intense and
thin Q band, corresponding to m—7t transitions, at
768 nm and a lower intensity Soret band at 358 nm.
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Table 1. Wavelength of maximal absorption (A4,s) with extinction coefficient (¢), wavelength of maximal
emission (Aem) recorded at room temperature in dichloromethane and zero-zero energy level of the

lowest excited state (Eqg)

Dye Aabs/NM (€ x 1073/M™!

m~1) Aem/nm  Egy/eV

KMH63 358 (40800); 696 (28700); 768 (75500) 787 1.59

Weaker Q band at 696 nm is also observed and can
be attributed to vibronic overtone [40]. As expected,
the presence of six S-Aryl units in x-position of the
macrocyclic system allows a significant redshift of
the absorption band compared to classical unsubsti-
tuted or O-Aryls substituted zinc phthalocyanines.
Importantly, there is a large wavelength region where
the phthalocyanine derivative does not absorb (be-
tween 450 and 600 nm), which is favorable to provide
transparency in the visible region. Interestingly, the
spectrum of the parent octa «-substituted S-Aryles
zinc phthalocyanine is even more shifted to the red
region [33], with maximum absorption wavelength
around 800 nm, underscoring that the removal of
only two aryl thioether units on the phthalocyanine
has a significant effect on the electronic properties
(Figure 1).

KMHSG63 is a fluorescent dye with an emission max-
imum wavelength located at 787 nm enabling us to
calculate the Eyg, which was estimated to 1.59 eV
(Figure S5 and Table 1).

Then, the absorption spectrum of the phthalo-
cyanine KMH63 was recorded on thin TiO, film
with several concentrations of chenodeoxycholic
acid (CDCA) in the dyeing bath (Figures 2 and S1).
On TiO, surface, the dye clearly exhibits a signifi-
cant broadening and a hypsochromic shift of the Q
band, which is assigned to the formation of H-type
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Absorbance (a. u.)

610 660 710 760 810
Wavelength (nm)

Figure 2. Normalized absorption spectra of
KMH63 on 2 pum thick TiO, nanocrystalline
film 0 mM (black), 5 mM (red) and 20 mM
(blue) of CDCA along that in solution (black
dotted line).

aggregates. In order to support this hypothesis, con-
trolled amounts of anti-aggregate CDCA were added
during the chemisorption step. Indeed, the presence
of CDCA (20 mM) reduces the intensity of the shoul-
der at 675 nm band and of the bathochromic shift
indicating a diminution of the aggregation process.
Lower quantities of CDCA (5 mM) proved to be less
efficient to overcome this problem.
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Table 2. Redox potentials recorded by cyclic voltammetry at room temperature in dimethylformamide
solution with BuyNPFg (0.1 M) as supported electrolyte and referenced versus saturated calomel elec-

trode (SCE)

Dye E(S*19) E(S/S7) E(S*/S%) AGy, AGieg
V vs. SCE V vs. SCE V vs. SCE (eV) (eV)
KMH63 0.63 -0.77 —0.96 -0.26 —0.43

Calculated Gibbs free energies for electron injection (AG;nJ.) and dye regeneration (AG,

4. Electrochemical properties

The new phthalocyanine KMH63 was studied by
cyclic voltammetry to determine its redox potentials
and to calculate the hole injection (AGion].) and dye
regeneration (AG;eg) driving forces (Table 2). The
cyclic voltammogram of KMH63 is shown in Fig-
ure S4. KMH63 exhibits a reversible one-electron ox-
idation wave at 0.63 V vs. SCE, corresponding to the
formation of the radical cation on the phthalocya-
nine macrocycle. A reversible reduction wave is ob-
served at —0.77 V, followed by an irreversible one at
—1.17 V vs. SCE. The calculated oxidative potential
of the singlet excited state of KMH63 is not as neg-
ative (—0.96 V vs. SCE) as previously reported f3-S-
Ar or 3-O-Ar-substituted zinc phthalocyanines [41],
resulting in a moderate, though suitable AG;D.. On
the one hand, the oxidation potential of KMHG63 is
much higher than that of the redox potential of I~/ I
(0.2 V vs. SCE) thus affording a calculated AG;eg value
around —0.4 eV, suggesting a significant dye regener-
ation driving force with iodide. On the other hand,
the injection driving force is significant to expect a
good injection quantum yield, particularly if the elec-
trolyte contains lithium cation to bend downward the
conduction band.

5. Computational study

The UV-Vis absorption spectrum for KMH63 was cal-
culated in the solution phase using the optimized
molecular geometry employing the time-dependent
density functional theory (TDDFT) approach [42-
46] at the M06/6-31G(d,p) level of theory. More de-
tails about the optimization method used are in-
cluded in the supporting information. This func-
tional (MO06) [47] has been used by us in previous
works with excellent results [48-50]. The electronic
excitations were modeled as singlet-singlet vertical
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transitions of the Franck-Condon type. We com-
puted 30 excited states to cover the region of both
the Q and B bands. We choose dichloromethane
(CH2Cly) as the solvent because the UV-Vis spectrum
of KMH63 was measured in that solvent. The sol-
vent was simulated with the Conductor-like Polariz-
able Continuum Model (CPCM) [51,52] and a dielec-
tric constant of 8.93. To understand the absorption
bands, isosurfaces for the molecular orbitals (MOs)
involved in the electronic transitions were built up,
i.e. the highest occupied (HOMOs) and lowest un-
occupied (LUMOs) MOs. In cases where the excited
state is formed from several electronic transitions, we
have preferred to calculate the natural transition or-
bitals (NTO) [53]. These ones have the advantage that
all the transitions are considered and an account of
the whole excited state is given. In order to get a bet-
ter comprehension about the electronic absorption
properties of KMH63, we compared our theoretical
results with the absorption spectrum of Zn(II) ph-
thalocyanine, where we have maintained the benzoic
acid (BZA) in the [3-position as in KMH63, because it
is the moiety that interacts with the semiconductor
(TiO»). This system was coded ZnPc-BZA (Scheme 3).
All the calculations related to the molecular geom-
etry optimization, electronic absorption spectra and
molecular orbitals were performed with the package
Gaussian 09, rev.D.01 [54].

To determine the interaction between the dye and
the semiconductor (TiOy), systems were computed
after grafting the dye on a TiO, anatase cluster model.
This model was prepared from the anatase-phase
(101) crystallographic structure and corresponds to
a surface consisting of 40 titanium atoms, 82 oxy-
gen atoms and four hydrogen atoms [Tisg, Og2, Hyl
saturating the oxygen dangling bonds. The geom-
etry of the complex is partially optimized, where
TiO, is frozen to retain the anatase-phase struc-
ture, and the dye with the anchoring group (-COOH)
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ZNPc-BZA

Scheme 3. Optimized molecular structures of KMH63 and ZnPc-BZA where the plane formed by Zn(I)

and the four N atoms of the macrocycle is shown.

approaching to a titanium atom are fully optimized.
The interaction between the fragments is monoden-
tate meaning that one -O(OH) interacts with one
titanium atom. The complex was optimized at the
DFT level of theory with the D3 Grimme’s disper-
sion correction using the Quantum ATK package [55].
All of the atoms were represented by a double-
(-polarized (DZP) basis set, along with the Pseu-
doDojo norm-conserving pseudopotential, employ-
ing the Perdew-Burke-Ernzerhof (GGA-PBE) [56,57]
exchange-correlation functional. The interaction en-
ergy was calculated by using the following formula
AEint = Egye-1io, — (Etio, + Edye) and the fragments
dye and TiO, were used with the optimized geometry
obtained in the complex. The correction of the AEjn
for the basis set superposition error was not calcu-
lated because of the size of the system dye-TiO».

On the other hand, aromaticity has been as-
sessed using three different criteria: the magnetic
one [58] via the gauge independent atomic or-
bital (GIAO) method [59]. The module of magnet-
ically induced current density [60] (MICD) have
been plotted 1.0 a.u. above the molecular plane ob-
tained by means of Quantum Theory of Atoms in
Molecules (QTAIM) [61]. In addition, the popular
nucleus independent chemical shift (NICS) and its
z-component [62] (NICS,) have been measured
in strategic positions, these indexes are especially
reliable for 7t-aromaticity analysis [62-65] and al-
lows quantifying the magnetic response due to ring

C. R. Chimie— 2021, 24, n° S3, 157-170

currents. These calculations were performed using
Gaussian 09 in conjunction with AIMAII software [66]
and MICD module planes were plotted using Vislt
software [67].

Additionally, the delocalization criteria [68] have
been applied using the recently proposed AV1245 in-
dex [69], specially designed for macrocycles such as
porphyrinoids, whereas the multi-center index [70]
(MCI) and para-delocalization index [71] (PDI) have
been used to analyze the six-membered rings (6MR).
Finally, the geometric criteria has been evaluated
using the Harmonic Oscillator Model of Aromatic-
ity [72] (HOMA), these indexes were calculated using
the Multiwfn program [73].

The optimization of the ground-state geometries
of KMH63 and ZnPc-BZA, in general, successfully
reproduced the geometrical parameters of these
compounds. In both dyes, the average bond lengths
between Zn (II) ions and the four isoindole nitrogen
atoms are 1.991 A. A good correlation was obtained
for the Zn-N calculated bond lengths with other
phthalocyanines reported, such as Zn(II) phthalo-
cyanine and Zn(I)octa-3-methoxyphthalocyanine,
whose average Zn-N bond lengths are 2.010 A and
2.011 A, respectively, computed at the BP86/def2-
SVP+D3B]J level of theory [74]. Others studies also
include reported theoretical values of the mean bond
distances Zn-N of 2.012 A for a family of dimers di-
Zn(II)-pyrazinoporphyrazine-phthalocyanine com-
plexes with different peripheral substituents (R), cal-
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Table 3. Singlet—Singlet absorption vertical transitions computed at the M06/6-31G(d,p) theoretical

level considering the solvent effect via conductor polarizable continuum model
(CPCM)/dichloromethane
System Eny, E A f Band Assignment Main MOs
KMHG63 211 164 756 0.80 Q 7t(pht) — 7t* (pht) H—-L
166 748 0.88 Q  m(pht) —7* (pht) H—L+1
3.30 375 0.17 B mt(pht) — 7t* (pht) NTO 14 occ — virt
ZnPc-BZA 235 1.89 655 0.77 Q 7t(pht)—7t* (pht) H—-L
1.93 641 0.62 Q 7t(pht) — 7t* (pht) H—L+1
3.80 327 0.58 B mt(pht) — t*(pht) NTO 19 occ — virt

Excitation wavelength (1/nm), energy (E/eV), oscillator strength (f) and the correspond-
ing molecular orbitals (MOs) involved in the electronic transitions, as also the band as-
signment. The HOMO-LUMO energy difference (Ey/€V) is also included.

culated at the BP86/Slater-type orbital (STO) basis
sets with triple-{ accuracy plus polarization function
(TZP) theoretical level [75].

The presence of tert-Butylbenzenethiol groups in
KMHSG63 clearly produces an out-of-the-plane devia-
tion of the isoindole moieties by 2°-3°, compared to
ZnPc-BZA where the macrocycle structure is com-
pletely planar. In compound KMH63, the optimized
conformation displays the phenyl ring of the tert-
Butylbenzenethiol substituents perpendicularly to
the macrocycle, with average dihedral angles <C; —
S1 — C2 — C3 between the phenyl rings of substituent
in the «-position from 88.7° to 91.5°. In KMH63 and
ZnPc-BZA, the average bond angle formed between
isoindole N atoms and Zn (II) ion (<tNiso—Zn—Niso)
is 90°. The dihedral angle <C4 — C5 — Cg — C; formed
by isoindole units and benzyl ring of the benzoic acid
(anchor group) in the (3-position does not show sig-
nificant differences, which is 143.89° and 143.27° for
KMH63 and ZnPc-BZA, respectively. The optimized
structures for these compounds do not indicate a dis-
placement of Zn(II) ion from the molecular plane de-
fined by the four isoindole N atoms (Scheme 3).

The electronic absorption spectrum of KMH63
has been simulated using the time-dependent DFT
(TDDFT) approach in the solution phase and the
analysis of the resulting parameters; excitation wave-
length (energy), the oscillator strength and the elec-
tronic transitions between MOs, were performed
(Table 3). To investigate the effect of the tert-
Butylbenzenethiol substituents in the «-positions
in the phthalocyanine, we have compared the spec-
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troscopic results of KMH63 with the substituent-free
macrocycle (ZnPc-BZA) (Scheme 3).

Table 3 shows that both compounds (KMH63,
ZnPc-BZA) present two strong Q bands and one B
band of lower intensity, as expected for phthalocya-
nines, but the presence of the substituents in KMH63
increases much more the difference in the intensity
of the Q and B bands, 0.80(0.88) against 0.17, re-
spectively. Another notorious effect is the redshift-
ing of the two Q bands from ZnPc-BZA to KMH63
by 101 and 107 nm, respectively, and for the B bands
in 48 nm. It means that one form to achieve an im-
portant absorption near to infrared is to use these
kinds of substituents, where the tert-butyl and the
benzenethiol are electron donor moieties that inject
electron density to the macrocycle. This behavior of
the substituents can be seen in the electrostatic po-
tential calculated for the ground state, as shown in
Figure 3. The system ZnPc-BZA presents four blue re-
gions localized on the aza nitrogen atoms that rep-
resent negative regions and charge concentration, as
the color scale indicates. The blue region is widely in-
creased along the macrocycle core in KMH63 indi-
cating a larger charge concentration available to be
excited to higher energy levels (LUMOs).

The theoretical value for the Q band of longest
wavelength in KMH63 is well compared with the
experimental value measured in this work of 768 nm
(1.61 eV), with a very small deviation of 0.03 eV.
This confirms that the theoretical method used
(M06/6-31G(d,p)) for the simulation of the spectrum
has been adequate.



164

Thibaut Baron et al.
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Figure 3. Molecular electrostatic potential calculated at the MO06/6-31G(d,p) level of theory in
dichloromethane. The color scale is added at the bottom.
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Figure 4. Electronic absorption spectra calculated at the MO06/6-31G(d,p) level of theory in

dichloromethane; KMH63 blue and ZnPc-BZA red.

Figure 4 shows a comparison of the spectra of
KMH63 and ZnPc-BZA, and clearly Q higher and
pronounced bands can be seen as also an important
bathochromic shifting for the former. For KMH63 a
wider absorption is observed in the B region in about
350-550 nm, but in contrast to the case of ZnPc-BZA
the absorption is concentrated in a shorter region
(300-400 nm), but the bands with a higher intensity
near to 300 nm.
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Table 4 shows the frontier MOs from HOMO-1 to
LUMO+2 to understand the absorption bands calcu-
lated as mentioned above. In both systems, the ex-
cited states belonging to the two Q bands correspond
to the electronic transitions H — L and H — L+1.
In both cases, the orbitals are centered mainly on
the phthalocyanine macrocycle and there is neither
the participation of the substituents nor of the an-
chor group. These results suggest that the electron
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Table 4. Surfaces of the frontier MOs with their energies (eV), and the natural transition orbitals (NTO)
calculated at the M06/6-31G(d,p) level of theory in dichloromethane

System HOMO-1 HOMO LUMO LUMO+1 LUMO+2
Fru 80O, 3 *
KMH63
—5.886 —4.992 -2.882 —2.859 -1.589
NTO14 occ NTO 14 virt
e
24 29 <3
( i a%0. . a¥q S
A A J,g" v (1ela ‘rq, S
L1 ‘ &. “?Q',D::‘: i‘}’" \9?',?»
A 32 v B4 P,
ZnPc-BZA 8 4 1
—6.794 —5.228 -2.880 —2.843
NTO19 occ NTO 19 virt
26 /4
= ‘»v AP,
40‘,{ ‘@ 6""
? 3

injection process from the virtual orbitals (L, L+1) of
KMHG63 or ZnPc-BZA to the conduction band of the
semiconductor (TiO2) would not be favorable. Zhang
and co-workers [76,77] reported that heteroatom-
metal interaction in metal phthalocyanines, such as
S-Zn, is possible. For this reason, the optimization
of ] and H dimers (Figure S6) was performed at the
B3LYP/6-31G(d,p) level of theory. However, distances
of 4.98 A and 6.67 A, respectively were found. These
distances are much larger than those reported for
the Zn-S interaction (2.3 A-2.6 A), which evidences
the absence of metal-sulfur interactions. This inter-
action is avoided due to the presence of bulky sub-
stituents, which prevents the formation of such ag-
gregates.

However, the theoretical results indicate that the
electron injection could occur from L+2 to the semi-
conductor because it is completely centered on the
benzoic acid, but it would require an energy of
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3.4 eV (365 nm), very high (UV region) to be an
attractive compound to be used in DSSCs. On the
other hand, the B bands of KMH63 and ZnPc-BZA
that correspond to the excited state 14 and 19, re-
spectively, were analyzed with the natural transition
orbitals (NTO). These correspond to transitions be-
tween NTOs centered on the macrocycle, as expected
for these kinds of bands. All the bands correspond to
7t— 7" electronic transitions.

In summary, the compound KMH63 has the ad-
vantage over ZnPc-BZA in that it presents redshifted
absorption and more intense Q bands, although this
characteristic is not enough to be a good photosensi-
tizer for DSSCs. The electron injection would not be
favorable in the visible light region, as shown by the
molecular orbitals.

Finally, the interaction of KMH63 and ZnPc-
BZA with a TiO, anatase model was simulated. The
optimized molecular structures shown in Figure 5
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Figure 5. Frontier molecular orbitals for the complexes KMH63-TiO, and ZnPc-BZA-TiO,. Color coding:
silver = titanium, red = oxygen, blue = nitrogen, light blue = zinc, gray = carbon, white = hydrogen.

indicate an approaching of the oxygen atom of the
carbonyl group (-O(C=0)) toward one titanium
atom with a distance of 2.10 A in both KMH63 and
ZnPc-BZA. The finding is in agreement (2.26 A) with
the adsorption of acetic acid on a surface model of
TiO, anatase (101) calculated by Manzhos et al. [78]
using the self-consistent charge density functional
tight binding scheme (SCC-DFTB) for a monoden-
tate interaction mode. Furthermore, the hydrogen
atom of the hydroxyl group (-O(OH)) shows the for-
mation of a hydrogen bonding with an oxygen atom
of TiO, cluster with a distance of 1.30 A for both
KMH63 and ZnPc-BZA, which is comparable to the
distance calculated by Manzhos er al. [78] of 1.62 A.
Our results indicate that the interaction distance
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would not be affected by the substituent groups but
also confirm that a favorable interaction is given be-
tween the -COOH moiety and both the titanium and
oxygen atoms of TiO5.

We also calculated the interaction energy (Ein)
and found that both phthalocyanines present a neg-
ative value that indicates a favorable interaction be-
tween the fragments (KMH63/ZnPc-BZA and TiO,).
The complex KMH63-TiO» (—2.6 eV) shows a larger
interaction of 0.2 eV (4.6 kcal/mol) than the complex
ZnPc-BZA-TiO, (—2.4 eV), although the difference of
Eint could be considered small. Moreover, the calcu-
lations indicate that the three tert-Butylbenzenethiol
substituents do not hinder the binding of the ph-
thalocyanine on TiO» surface.
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Table 5. Photovoltaic parameters for DSSCs sensitized with KMH63 dye measured under simulated AM

1.5G, 1 Sun illumination

Cell Additives TBP  Jsc (mA/cm?) Voe (mV) FF (%)  PCE (%)

1 no CDCA oM 0.84 £ 0.14 442+2 68+1 0.26+0.04
2 20mMCDCA O0M 1.23 £ 0.32 461+7 72+2 0.41+£0.12
3 20mMCDCA 02M  0.47+0.01 559+1 71+2 0.19+£0.01

Additionally, we calculated the frontier molecular
orbitals of both complexes to confirm their donor-
acceptor nature. Figure 5 shows that in both, the
donor species is the phthalocyanine because the
HOMO is located there, and the acceptor species is
the TiO, because the LUMO is located on this frag-
ment. However, the HOMO surface of KMH63 dis-
plays that the higher energy electrons are centered in
the benzene rings and on the sulfur atoms. In con-
trast, HOMO surface of ZnPc-BZA is concentrated
on the pyrrole and the benzene rings. Furthermore,
the gap HOMO-LUMO of KMH63-TiO, (0.39 eV) is
lower than that of ZnPc-BZA-TiO, (0.69 eV), which
suggests a more reactive complex in the former and
could be of benefit for the charge transfer to the semi-
conductor TiO,.

The analysis of the aromaticity reveals a strong di-
atropic ring current in the main rings of KMH63 and
ZnPc-BZA. In addition, the benzenoid rings (6MR) of
KMHG63 present a significant reduction in aromatic-
ity due to the substituent effect when compared to
ZnPc-BZA. Computed indexes show that there is a
notable difference in the magnetic response, degree
of delocalization, bonding distance and conjugation
of the macrocycle. The internal cross of the macro-
cycle in KMHG63 is less aromatic than ZnPc-BZA, as
well as the 6MRs, except for those attached to the
carboxyl group (See Figure S7 in the SI), which is
the most aromatic because it is not affected by the
thiophenyl-tert-butyl units and shows similar values
for both compounds. Further details can be found in
the supporting information.

6. Photovoltaic characterizations

Dye-sensitized solar cells were assembled using
KMH63 as sensitizer on mesoporous TiOy as work-
ing electrode, platinized conducting glass as the
counter electrode and iodide/triiodide in acetonitrile
as electrolyte (see experimental part for details). The

C. R. Chimie— 2021, 24, n° S3, 157-170

photovoltaic performances of solar cells recorded
under AM 1.5 are summarized in Table 5 and the
current-voltage characteristics are given in support-
ing information material (Figure S3). The first mea-
surements were performed with two different ratios
of CDCA (0 mM and 20 mM) and using an elec-
trolyte without tert-butyl-pyridine (TBP) (composi-
tion: 50 mM I, 0.1 M Lil, 0.6 M LI in acetonitrile).
In the absence of CDCA, the overall performances
are lower than those with 20 mM of CDCA, passing
from 0.26% to 0.41% power conversion efficiencies
(PCEs) owing to weaker Js, Vo and even FE This
result can be reasonably explained by a diminution
of the H-aggregates in the presence of CDCA that
certainly quenches the excited state and diminishes
electron injection efficiency. Overall, the PCE of this
new dye KMHG63 is quite low compared to previous
phthalocyanines reported in the literature, which
presents very good efficiency around 6% and even
higher [16]. In a second step, the addition of TBP
in the electrolyte was investigated. TBP is known to
adsorb on TiO, surface to prevent interfacial charge
recombination with the electrolyte and to induce an
upward conduction band bending, which enables
enhancing of the V,. [79,80]. With TBP, the DSSC
exhibits a significant drop of the photocurrent den-
sity (from 1.23 to 0.47 mA/cm?), reflecting a lower
electron injection quantum yield that might be due
to a sluggish injection reaction owing to a decrease
of the driving force resulting in a more negative TiO;
conduction band. This result confirms that the elec-
tron injection from the dye to TiO; is one the main
limiting factors of KMH63. Even if the low AGionj is
thermodynamically favorable and theoretically per-
mits an efficient electron injection, the driving force
and the electronic coupling are certainly too low
to guarantee efficient injection. This is consistent
with computational studies that show that the spin
density of the LUMO orbital in KMH63, is poorly
distributed on the anchoring group, thus limiting the
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electronic communication with the TiO, conduction
band. In a recent publication, Torres and co-workers
reported a very bulky zinc phthalocyanine sensitizer
exhibiting similar low PCE as KMH63 [81]. It was
proposed that the low dye loading of this bulky ph-
thalocyanine was at the origin of weak light capture,
restricting its light-harvesting efficiency. Although
this possibility cannot be fully excluded here, this
study shows that upon addition of CDCA in the dye
bath, the photoconversion of the solar cell is raised
(Table 2), while the dye loading is necessarily de-
creased as confirmed by the lower coloration of the
TiO, film (Figure S1). Accordingly, we can conclude
that the dye loading of KMHG63 is certainly not the
main reason for the low efficiency of this dye.

7. Conclusion

In this study, a new zinc phthalocyanine sensitizer
was prepared to explore the possibility of making
transparent and colorless DSSCs. The absorption and
photoelectrochemical properties indicate that this
compound fulfills the criteria for such application.
Detailed computational calculations enable a deeper
understanding of the electronic properties of this
sensitizer and particularly that the presence of bulky
thio-aryl substituents does not hinder the approach
of the dye on the surface and do not perturb its
chemisorption on TiO, surface. On the other hand,
it was shown that the electronic communication of
KMH63 with TiO, conduction is weak owing to the
absence of overlapping of LUMO and LUMO+1 with
the semiconductor wavefunction, precluding a slug-
gish electron injection. The modest photovoltaic per-
formances measured in TiO,-based DSSC are cer-
tainly due to inefficient electron injection and could
be certainly enhanced with a different spacer con-
necting the phthalocyanine to the anchoring group.
For example, the utilization of a more 7t-conjugated
system such as acrylic acid or cyano-acrylic acid
would be more favorable to assist electron injection.
We are working towards this goal and the results will
be communicated in due course.
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