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Kurzzusammenfassung

Die vorliegende Dissertation umfasst ein Konzept fir die Darstellung von Metall- und Borkomplexen
auf Basis der Dipyrromethenstruktur. meso-Substituierte Dipyrromethane und Dipyrromethene
(Dipyrrine) dienten hierbei zur Herstellung der verschiedenen Komplexverbindungen. Die
Pentafluorphenyl- und die 4-Fluor-3-nitrophenylgruppe  ermoglichten eine  selektive
Funktionalisierung der jeweiligen para-Position mit diversen Nucleophilen (Amine, Alkohole oder
Thiozucker) mittels der nucleophilen aromatischen Substitution. Durch Oxidation wurden die
substituierten Dipyrromethane in ihre dazugehoérigen Dipyrrine Uberfihrt und ermoglichten die
zielgerichtete Synthese von entsprechenden heteroleptischen und homoleptischen Dipyrrinato-
komplexen. Gleichzeitig erlaubten die funktionalisierten Dipyrromethane auch eine Herstellung von
entsprechenden Bor-Dipyrromethenkomplexen (BODIPY). Die in den verschiedenen Kapiteln
dargestellten Dipyrrinatoverbindungen sind von Interesse fiir die Entwicklung neuer
Photosensibilisatoren fur die photodynamische Therapie (PDT). Weiterhin wurden die synthetisierten
Komplexe von Mitarbeitern der biolitec research GmbH in Jena auf ihre Dunkel- und Phototoxizitat

gegen Zellen und Bakterien hin untersucht.

1. meso-Substituierte Dipyrromethane als Bausteine fiir die Darstellung von BODIPYs und

(Dipyrrinato)ruthenium(ll)-Komplexen

Dipyrromethane sind bedeutende Ausgangsverbindungen fir die Synthese von Porphyrinen, Corrolen
und weiteren makrozyklischen Verbindungen. Gleichzeitig bilden die Dipyrromethane auch die
Ausgangsverbindungen fiir BODIPYs und Dipyrrinatokomplexe. In diesem Projekt wurde untersucht,
inwiefern meso-(4-amino-3-nitrophenyl)-substituierte Dipyrromethane sich fir die Herstellung von
BODIPYs und (Dipyrrinato)ruthenium(ll)-Komplexen eignen.

Mittels der nucleophilen aromatischen Substitution wurde das 5-(4-Fluor-3-nitrophenyl)-
dipyrromethan mit einem breiten Spektrum an verschiedensten Aminen effizient funktionalisiert.
Auch konnte das Spektrum der moglichen Nucleophile auf einen Azido-Substituenten erweitert
werden. Ausgehend von diesen funktionalisierten Dipyrromethanen wurden die entsprechenden
BODIPYs durch Oxidation der Dipyrromethane zu den Dipyrromethenen und anschlieRende
Komplexierung mit Bortrifluorid erfolgreich dargestellt. Des Weiteren konnten die Dipyrromethane
auch zur gezielten Herstellung von funktionalisierten Dipyrrinen herangezogen werden. Die
Umsetzung zu den (Dipyrrinato)(p-cymol)ruthenium(ll)-Komplexen erfolgte schlieBlich durch die
Komplexierung der Dipyrrine mit einen Chlorido(p-cymol)ruthenium(ll)-Halbsandwich-Komplex.

Ausgehend von den (p-Cymol)(dipyrrinato)ruthenium(ll)-Komplexen lieferte der Austausch der



Liganden gegen 2,2°-Bipyridin schlieBlich die entsprechenden Bis(2,2‘-bipyridyl)(dipyrrinato)-

ruthenium(ll)-Komplexe.
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2. Modifikation der BODIPY-Struktur durch die selektive Substitution mit NBS, in Kombination mit

der Einfiihrung zusdtzlicher funktioneller Gruppen iiber die aromatische nucleophile Substitution

Im Rahmen dieses Projektes wurde das Konzept der BODIPY-Kernsubstitution mit der Einfihrung
funktioneller Gruppen uber die nucleophile Substitution, an der 4-Fluor-3-nitrophenyl- und der
Pentafluorphenylgruppe, kombiniert. Durch diese Modifizierungen sollten die Eigenschaften der
BODIPYs verandert werden, um eine Anwendung als Photosensibilisatoren zu ermdglichen. Hierzu
wurden zunéachst funktionalisierte BODIPYs mit N-Bromsuccinimid (NBS) umgesetzt. Die selektive
Substitution der 2- und 6-Positionen der BODIPY gelang allerdings nur bedingt, da neben der
gewiinschten Disubstitution auch eine Polysubstitution mit Brom beobachtet wurde. Dennoch gelang
es mono-bromierte Verbindungen mit ausgewdhlten funktionalisierten BODIPYs zu erhalten. Die
Verwendung von funktionalisierten 1,3,5,7-Tetramethyl-BODIPYs ermoglichte schliellich eine
effektive Kombination der beiden Konzepte (selektive Bromierung der BODIPY-Kernstruktur und die

nucleophile Substitution).
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Weiterhin wurde das Spektrum an moglichen Nucleophilen auf Thiozucker erweitert. Eine Substitution
der BODIPYs mit Thio-Glucose und Thio-Galactose sollte zur Verbesserung der Bioverfligbarkeit
beitragen. Schlielllich gelang es, modifizierte BODIPYs zu erhalten, bei denen schon in geringer
Konzentration eine deutliche phototoxische Aktivitdt gegenliber Bakterien beobachtet wurde. Auch
unter realistischeren Bedingungen (Zugabe von Serum) zeigten ausgewahlte Verbindungen noch eine

deutliche Phototoxizitat.

3. meso-Substituierte Dipyrrine als Bausteine fiir die Darstellung von photoaktiven

(Dipyrrinato)iridium(lil)-Komplexen

In diesem Projekt wurden heteroleptische (Dipyrrinato)iridium(lll)-Komplexe synthetisiert. Die
Synthese der (Dipyrrinato)iridium(lll)-Komplexe erfolgte unter Verwendung von meso-substituierten
Dipyrrinen. Diese wiederum wurden aus den entsprechenden substituierten Dipyrromethanen durch
Oxidation erhalten. Ausgangspunkt waren erneut das Pentafluorphenyl- und das 4-Fluor-
3-nitrophenyl-substituierte Dipyrromethan, die mittels nucleophiler Substitution an der para-Position
des Phenyl-Restes modifiziert wurden. Ausgehend von diesen funktionalisierten Dipyrrinen wurden
zunachst (Dipyrrinato)iridium(lll)-Komplexe mit einem Pentamethylcyclopentadienylliganden
hergestellt. Ein Ligandenaustausch mit 2-Phenylpyridin an ausgewahlten (Dipyrrinato)(pentamethyl-
cyclopentadienyl)iridium(lll)-Komplexen gelang jedoch nicht. Die Darstellung der (Dipyrrinato)-
bis(2-phenylpyridyl)iridium(lll)-Komplexe war nur durch Umsetzung entsprechender Dipyrrine mit

einem cyclometallierten (2-Phenylpyridyl)iridium(l11)-Komplex moglich.
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Weiterhin wurden auch (Dipyrrinato)bis(2-phenylpyridyl)iridium(lll)-Komplexe mit para-Fluoratomen

mit Thiozuckern funktionalisiert. Auch hier sollte die Glykosylierung mit Thio-Glucose bzw. Thio-

Galactose, die Bioverfiligbarkeit der Komplexe verbessern.
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In den Zell- und Bakterientests konnte in vielen Fallen eine starke phototoxische Aktivitdt der
(Dipyrrinato)iridium(lll)-Komplexe festgestellt werden. In Gegenwart von Licht war bereits eine
geringe Konzentration ausreichend, um eine deutliche Reduktion der Zellviabilitdt bzw. eine deutliche
Reduktion der Anzahl der Bakterienkolonien zu erreichen. Insbesondere traf dies auf (Dipyrrinato)-
bis(2-phenylpyridyl)iridium(lll)-Komplexe mit endstdndigen Hydroxygruppen sowie auf die
glykosylierten Derivate zu. Weiterhin zeigten auch die (Dipyrrinato)(pentamethylcyclopentadienyl)-
iridium(lll)-Komplexe eine deutliche Wirkung gegen Bakterien, sowohl unter Belichtung als auch bei

Abwesenheit von Licht.

4. Darstellung homoleptischer Dipyrrinatokomplexe

In diesem Teilprojekt wurde die Darstellung von homoleptischen Bis(dipyrrinato)- und
Tris(dipyrrinato)-Komplexen mittels meso-(3-Nitrophenyl)-substituierter Dipyrrine untersucht. Im
Gegensatz zur Darstellung der heteroleptischen (Dipyrrinato)ruthenium(ll)- und -iridium(lll)-Komplexe
erforderte die Herstellung der homoleptischen Bis(dipyrrinato)- und Tris(dipyrrinato)-Komplexe nur
die direkte Umsetzung der entsprechenden Metallsalze mit dem jeweiligen Dipyrrin. Die Synthese der
Bis(dipyrrinato)- und Tris(dipyrrinato)-Komplexe war allerdings nur mit einer begrenzten Anzahl der
Dipyrrine erfolgreich. Auch war eine Dunkel- oder Phototoxizitdt der hergestellten Dipyrrinato-

komplexe gegentliber Zellen und Bakterien nicht festzustellen.
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5. Darstellung eines BODIPY-Cyclen Derivates

BODIPYs werden als Fluoreszenzfarbstoffe in bildgebenden Verfahren oder fiir die Markierung von
(Bio-)Molekillen eingesetzt. Auch sind die Metallkomplexe des 1,4,7,10-Tetraazacylcododecanes
(Cyclens) in der Lage Proteine oder DNA zu spalten, was diese Metallkomplexe fir eine potenzielle
therapeutische Anwendung Interessant macht.

In diesem Projekt wurde ein Konjugat aus einem BODIPY und einem Cyclen hergestellt. Die
Verknipfung der beiden Molekiile sollte tber die Kupfer(l)-katalysierte 1,3-dipolare Cycloaddition mit

einem Azido-BODIPY und einem Propargyl-substituierten Cyclen erfolgen.
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Abstract

In this thesis a concept for the synthesis of metal and boron complexes, based on the dipyrromethene
structure, is presented. Specifically, meso-substituted dipyrromethanes and dipyrromethenes
(dipyrrins) have been used for the synthesis of these complexes. The pentafluorophenyl and the
4-fluoro-3-nitrophenyl moiety enabled the selective functionalization of the related para-fluorine
position with various nucleophiles (amines, alcohols, or thiocarbohydrates) via nucleophilic aromatic
substitution (SnAr). Dipyrromethanes were oxidized into the dipyrrins and enabled a targeted synthesis
of the corresponding heteroleptic and homoleptic dipyrrinato complexes. Starting from the meso-
substituted dipyrromethanes, a targeted synthesis of the respective boron-dipyrromethenes
(BODIPYs) was also successful. The dipyrrinato compounds presented in these projects are relevant for
the development of photosensitizers for photodynamic therapy (PDT). To investigate the (photo)toxic
potential of the dipyrrinato complexes, the compounds were evaluated for their dark and

phototoxicity in tumor cell and bacterial assays by employees of the biolitec research GmbH.

Dipyrromethanes are important starting materials for the preparation of porphyrins, corroles, or other
macrocyclic compounds. As well, dipyrromethanes are applied in the synthesis of BODIPYs and
dipyrrinato metal complexes. In one project, meso-(4-amino-3-nitrophenyl)-substituted
dipyrromethanes were investigated as suitable building blocks for the development of BODIPYs and
dipyrrinato ruthenium(ll) complexes. An efficient substitution of the para-fluorine of the 4-fluoro-
3-nitrophenyl moiety was achieved with various amines via SxAr. The scope of suitable nucleophiles
has also been extended to an azido group.

Starting from these functionalized dipyrromethanes the corresponding BODIPYs were prepared.
Furthermore, the pre-functionalized dipyrromethanes were oxidized to their respective dipyrrins and
the subsequent synthesis of (p-cymene)(dipyrrinato)ruthenium(ll) complexes was carried out via
reaction with a chlorido(p-cymene)ruthenium(Il) half-sandwich precursor. Finally, the exchange of the

p-cymene ligand with 2,2’-bipyridine led to the bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes.

In another BODIPY-related project, the concept of the BODIPY core substitution with bromine was
combined with the introduction of functional groups via the nucleophilic substitution in the para-
position of the 4-fluoro-3-nitrophenyl and pentafluorophenyl moiety at the respective meso-position
of the BODIPYs, to adapt the properties of the BODIPY towards an application as photosensitizers. For
this, pre-functionalized BODIPYs were reacted with N-bromosuccinimide (NBS). However, on
modifying the BODIPY core structure with NBS, multiple brominations were observed and only the
corresponding mono-brominated BODIPYs could be isolated in pure form in some cases. The

application of 1,3,5,7-tetramethyl-substituted BODIPYs on the other hand enabled an effective

XV



combination of these concepts (selective bromination of the BODIPY core structure and the
nucleophilic aromatic substitution). The scope of suitable nucleophiles was also extended to
thiocarbohydrates. This functionalization with thioglucose and thiogalactose intended to contribute to
an improvement of bioavailability. A phototoxicity against bacteria was observed already at low
concentrations for certain BODIPYs. Notably, a high phototoxic activity was still found under more

realistic testing conditions, i.e., on repeating the bacterial assays with the addition of 10% of serum.

In a third project, the preparation of the dipyrrinato iridium(lll) complexes was carried out with meso-
substituted dipyrrins, again starting from dipyrromethanes carrying the pentafluorophenyl and the
4-fluoro-3-nitrophenyl moiety, respectively. A wide scope of functionalized dipyrrins was synthesized
via the nucleophilic substitution on these two dipyrromethanes followed by oxidation to the
corresponding dipyrrins. Starting from these pre-functionalized dipyrrins, heteroleptic dipyrrinato
iridium(lll) complexes with an additional pentamethylcyclopentadienyl ligand were synthesized.
However, the synthesis of (dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes could only be
achieved via the reaction of the functionalized dipyrrins with a cyclometalated chlorido-
(2-phenylpyridyl)iridium(lll) precursor. In the course of these investigations (dipyrrinato)-
bis(2-phenylpyridyl)iridium(lll) complexes with free para-fluorine position were also prepared and
reacted with thiocarbohydrates. Again, the glycosylation was performed to improve the bioavailability.
In the tumor cell and bacterial assays, the (dipyrrinato)bis(2-phenylpyridyl)iridium(Ill) complexes with
terminal hydroxy groups and the glycosylated derivatives exhibited a high phototoxicity even at low
concentrations. Also, certain (dipyrrinato)(cyclopentadienyl)iridium(lll) complexes showed a

pronounced activity against bacteria under irradiation as well as without light.

In a side project, the preparation of homoleptic bis(dipyrrinato) and tris(dipyrrinato) complexes with
meso-(3-nitrophenyl)-based dipyrrins was investigated. The syntheses of the corresponding complexes
were carried by a direct complexation of the dipyrrins with the metal salts. However, only a limited
number of the homoleptic dipyrrinato complexes could be synthesized with the tested dipyrrins. The
tumor cell and bacterial assays indicated no significant dark or phototoxicity for the bis(dipyrrinato)

and tris(dipyrrinato) complexes.

BODIPYs are used as fluorescence dyes in imaging and as markers. Metal complexes of the 1,4,7,10-
tetraazacyclododecane (cyclen) can cleave protein structures or DNA, making this type of metal
complexes interesting for therapeutic applications. In a last project, a conjugate between a cyclen and
a BODIPY was prepared. The coupling of these molecules was realized via a copper(l)-mediated 1,3-
dipolar cycloaddition with an azido-BODIPY and a propargyl-substituted cyclen. Moreover, a

subsequent complexation of the BODIPY-cyclen conjugate with copper(ll) was investigated.
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1. Introduction

1.1 Importance of metal complexes for biology, medicine, and industry

Currently, various enzymes and proteins are known where small non-protein structures (cofactors) are
required for an activity as catalyst. Within metalloenzymes different metal ions or metal ion clusters
operate as cofactors in the catalytic active centers and, as well, metal ions are important cofactors for
biologically active metalloproteins.) Beyond metal ions, organic compounds and coordination
complexes can also serve as cofactors for enzymes and proteins. In this context, metal complexes
based on the tetrapyrrole scaffold represent the most widespread complex-dependent cofactors in
cells and bacteria. Enzymes containing tetrapyrrole-based cofactors are involved in essential biological
processes, e.g., biosynthesis, transport of oxygen, and further fields of the cell metabolism.!?) Hemes
(complexes of iron with porphyrin derivatives, Fig. 1) are an integral part of the cellular respiration, the
transport of oxygen, the protein biosynthesis, and other important biological functions.?*®! Hemes are
often part of large protein structures, e.g., hemoglobin or cytochrome P450 enzymes.?23] Another
example for tetrapyrrole-based cofactors in cells are represented by the cobalamins (coordination
complexes of cobalt with corrin derivatives, Fig. 1). As biologically active cobalamins the methyl- and
5'-deoxyadenosyl-cobalamine are known. These two cobalamins (coenzymes Bi;) are important
cofactors for enzymes within the amino acid metabolism. The cyanocobalamin is produced exclusively
industrially, however, these types of cobalamins differ only in one of the axial ligands (Fig. 1; red

highlighted structures).?4
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Figure 1: Structures of protoheme IX (heme b) and cyanocobalamins (vitamin Bi, group).

Metal tetrapyrrolic complexes are also fundamental parts in metabolic processes of plants. In
photosynthesis, chlorophylls (complexes of magnesium with chlorin derivatives, Fig. 2) act as light

1



acceptors in light harvesting arrays or are involved as electron donors in the photosynthetic reaction
centers.?*?51 As well, metal tetrapyrrole complexes are involved in metabolic processes within
bacteria. Specific bacteria species are able perform photosynthesis via bacteriochlorophylls.

Bacteriochlorophylls lack a double bond compared to the chlorophylls found in plant cells (Fig. 2).2%¢!

chlorophyll a bacteriochlorophyll a 2

Figure 2: Structure of chlorophyll a and bacteriochlorophyll a.

Furthermore, a complex-based cofactor is known whose structure is not related to the tetrapyrrole
scaffold. The molybdenum cofactor (coordination complex of molybdenum and the molybdopterin,
Fig. 3) is also widespread in bacteria and cells. Similar to hemes, the molybdenum cofactor is an
essential part of certain molybdoenzymes, e.g., sulfite oxidases or xanthine oxidases. The molybdenum
cofactor is mainly involved in the nitrogen and sulfur metabolism of cells and bacteria.”’ In addition,
within bacteria the tungsten cofactor was discovered. The tungsten cofactor is as well based on the

molybdopterin scaffold, however, in this case, the molybdenum is replaced by tungsten.®

cys
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HoN N N™ O P H n
H n 0}
O
molybdenium cofactor from sulfite oxidase molybdenium cofactor from xanthine oxidase

Figure 3: Examples for the structure of the molybdenum-cofactor in sulfite and xanthine oxidases.

Metal complexes are also important as therapeutic agents in medical treatments. Especially, metal
complexes found attention for the treatment of malignant diseases. Cis-diammine-
dichloridoplatinum(ll) (cisplatin) is a well-known chemotherapeutic agent. Cisplatin is a neutral and
square planar platinum(ll)-based metal complex. The two chlorido and two ammonia ligands are
arranged in a cis-geometry (Fig. 4). Due to its specific properties, cisplatin is able to interact with the
nucleobases of the DNA, forming respective cisplatin-DNA adducts. These cisplatin-DNA adducts finally

lead to an inhibition of DNA replication and DNA transcription.””! However, cisplatin also shows serious
2



side effects, e.g., nephrotoxicity and neurotoxicity.®>? As well, a significant resistance formation of
cells against cisplatin has been observed.** To reduce the side effects and to increase the effectiveness
against cancer cells, other platinum analogues have been investigated. Based on the cisplatin
structure, additional platinum(ll) complexes have been developed for the treatment against cancer,
e.g., carboplatin and oxaliplatin (Fig. 4). These types of cisplatin analogues show lower side effects,

while preserving their anticancer activity against the tumor cells.***2

H, o Y
HaN,,  (NHj OAN\ ,OI HaN, O
Pt Pt Pt
ci” gl N 0T HsN' O

H, o

cisplatin oxaliplatin carboplatin

Figure 4: Structure of cisplatin, oxaliplatin, and carboplatin.

Beside platinum-based complexes, other metal complexes find interest as therapeutically active
compounds as well. For example, ferrocene derivatives of tamoxifen (ferrrocifen) and chloroquine
(ferroquine) show high potential as antiproliferative compounds (Fig. 5).1*3! Coordination complexes of
gold are known as therapeutic agents against rheumatoid arthritis, e.g., auranofin and aurothiomalate
(Fig. 5). For auranofin, also an anticancer activity has been reported.™*2!* Coordination complexes
containing platinum, gold, and ferrocene, represent only a small number of compounds with promising
antiproliferative properties. In the literature, numerous examples for metal complexes are also

investigated for a possible treatment of cancer.[*3%%
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Figure 5: Examples for metal complexes based on ferrocene and gold investigated for an application in
anticancer therapy.

In the recent years, iridium, ruthenium, and rhodium caught interest as well for the preparation of
therapeutically active complexes. In this context, specifically iridium and ruthenium complexes have
shown potential for an application as chemotherapeutic agents.*®! The ruthenium complexes NAMI-A
und KP1019 and the cyclometalated ruthenium complex TLD1433 are investigated in clinical trials for

their possible use as chemotherapeutic agents (Fig. 6.).[16¢:16:17]
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Figure 6: Ruthenium complexes currently investigated in clinical trials.

Moreover, some ruthenium(ll) complexes show an increased uptake into cells, resulting in an
enhanced anticancer activity. The high antiproliferative effect of these ruthenium complexes is a result
of the interaction with the serum protein transferrrin. This protein usually has the task of transporting
iron cations into the cells via binding these iron cations and interaction with the transferrin receptor.
In this context, some ruthenium complexes exhibit as well a significant binding affinity to transferrin,
resulting into an improved cellular uptake.™™ In addition, iridium(lll) complexes show also a high
affinity to specific cellular targets, e.g., mitochondria, DNA, or protein structures.[1641

Metal complexes also show high potential for an application against bacterial infections.[*3*2% First
antimicrobial agents based on metal complexes have already been described at the beginning of the
20" century. The arsenic complexes contained in arsphenamine (Fig. 7) enabled the treatment of
syphilis, even before the discovery of penicillin.[*321 As well, for mercury in form of the Merbromin

(Fig. 7) an antiseptic activity is known.[*3*22]
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Figure 7: Arsenic and mercury complexes for antibacterial treatment.

Presently, a large number of metal complexes find attention for an application as antimicrobial agents.
Various metal complexes are investigated for their antimicrobial properties, e.g., complexes of tin,

silver, gold, iron, copper, palladium, or ruthenium. Typically, different organic ligands are reported to



form the respective antimicrobial complexes, e.g., N-heteroleptic carbenes, Schiff bases, as well as
ligands based on known antibiotics.?®! Currently, ruthenium complexes and iridium complexes with
phenanthroline and cyclopentadienyl ligands (Fig. 8) are intensively studied for their antimicrobial

activity.120:24
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Figure 8: Examples for ruthenium and iridium complexes with phenanthroline and cyclopentadienyl
ligands.

Beyond an application as chemotherapeutic agents, metal complexes are also showing increasing
promise for an alternative to the well-established tetrapyrrole-based photosensitizers in PDT. Iridium
and ruthenium complexes are of specific interest in this respect (see chapter 1.2.; Photodynamic
therapy).[2%%!

Next to an application as chemotherapeutic agents or photosensitizers, metal complexes are also well
established in medical imaging. For example, gadolinium complexes find application as contrast agents

in magnetic resonance imaging. Complexes of technetium and copper are used as contrast agents in

positron emission tomography (Fig. 9).2¢!
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Figure 9: Examples for metal complexes as contrast agents in medical diagnostics.

Furthermore, complexes with metalloids find also high interest for medical diagnostics, e.g., boron-
dipyrromethenes (BODIPYs).?”!

Beside the therapeutic and diagnostic applications, metal complexes are also widespread in chemical
reactions. For example, metal complexes catalyze many chemical reactions or facilitate the

stereoselective control of reactions.?® Palladium-based complexes are widespread catalysts (Fig. 10)
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in cross coupling reactions and frequently used in the well-known Heck-Reaction and Suzuki-

Reaction. 2802
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Figure 10: Examples for palladium-based catalysts in cross coupling reactions.

As well, metal complexes are employed in the epoxidation of olefins®® or are used to control the
stereoselectivity during reactions. Specifically, chiral complexes are often chosen for controlling the
stereoselectivity. For example, chiral metal complexes are established in cyclopropanation of
alkenes.%3 |n olefin metathesis or olefination, metal complexes are also involved. Here, ruthenium
complexes are well established in these types of reactions, alternatively, molybdenum or titanium
complexes have been described as catalysts.??! The well-known Grubbs catalysts, as well as the Tebbe’s

reagent, are prominent complexes for metathesis reactions (Fig. 11).13*
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Figure 11: Structure of Grubbs catalyst und Tebbe's reagent.

Due to their special optical properties, metal complexes are of high relevance for industrial
applications. For example, metal complexes are important parts of dye-sensitized solar cells,** of
(chemo-)sensors,>! or of OLED (organic light-emitting diode) technology.*3®! Furthermore, large
three-dimensional arrangements of metal ions and organic ligands (metal-organic frameworks, MOFs)

are important materials for the storage of hydrogen or methane.’®”



1.2 Photodynamic therapy

The use of light as therapeutic agent for different diseases had already been described in antiquity. At
the beginning of the 20™ century, the combination of light and chemicals to induce cell death was
discovered. Finally, in the following decades, the discovery of the phototoxic activity of
hematoporphyrin and the related hematoporphyrin derivatives gave the initial impulse for the
development of PDT.B® Since then, PDT has been established for an effective treatment against
malignant diseases.** Moreover, PDT is not limited to cancer, but has also shown potential for the
treatment of bacterial, viral, and parasitic infections./*® PDT can also be applied to the treatment of
non-malignant inflammatory skin diseases, like psoriasis or acne vulgaris.?°**! In addition, the
preparation of antimicrobial surfaces based on photosensitizers is currently investigated.*?

As described above, this therapy uses light (of an appropriate wavelength) to activate a light-sensitive
molecule (photosensitizer). Visible light or light in the infrared region is commonly used for PDT.1!
Especially, light near the infrared region (600 — 1200 nm) is preferred for PDT, as the highest
penetration depth into organic tissue is achieved in this range. Therefore, this region is usually named

(432434l For an application in PDT an ideal

as the optical therapeutic window of the tissue.
photosensitizer should show no toxic activity in the ground state, only by excitation with light
photochemical processes should be initiated.[*3*43d44] By [ight excitation, the photosensitizer is
transferred from the ground state into an excited singlet state. From this excited state, the
photosensitizer can pass through intersystem crossing (ISC) into an excited triplet state. Finally, the
excited photosensitizer (triplet state) can produce reactive oxygen species (ROS) via two possible

reaction pathways. On the one hand, the excited photosensitizer can interact directly with surrounding

molecules or biomolecules via the transfer of electrons to form radicals (type-lI mechanism, Fig. 12).
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Figure 12: Modified Jablonski-diagram for the mechanism of PDT.



Other ROS are produced by further interaction of these generated species with oxygen, e.g., hydroxyl
radicals, hydrogen peroxide, superoxide radical anions, or hydroperoxyl radicals. Finally, these ROS
damage target structures (tumor cells and bacteria, respectively; Fig. 12). In addition to this type-I
mechanism, the excited photosensitizer (in the exited triplet state), can as well interact directly with
dioxygen (also in a triplet state) that is present in all cells. The energy of the excited photosensitizer is
transferred to oxygen. In this process, the ground state triplet oxygen is converted into highly reactive
singlet oxygen via energy transfer from the exited photosensitizer (type-ll mechanism, Fig. 12). The
photosensitizer itself returns to its ground state (Fig. 12) and can be irradiated again to form more
singlet oxygen.*3%3<€l These ROS (including singlet oxygen) can irreparably damage, e.g., tumor cells,
resulting in destruction of the cells via apoptosis or necrosis. *3#43€l The antimicrobial effect on
bacteria, viruses, and other microorganisms is also caused via critical damage by ROS.! 4

PDT has different advantages in comparison to chemotherapeutic agents or surgery. For example, PDT
enables a selective treatment of the tissue by only local irradiation and a targeted destruction of the
tumor without damaging the entire organism. In addition, less side effects are expected, as an ideal
photosensitizer is not toxic in its ground state.[!>38043¢43¢] The targeted treatment of PDT against cancer
is also supported by the relatively short lifetime of singlet oxygen and other ROS within the tissue.
Therefore, only cells are destroyed which are directly in the surroundings of the irradiated surface
decreasing the damage to the healthy tissue.**! However, the usable wavelength for PDT has an
upper limit at 800 to 900 nm. On the one hand, the absorption capacity of water increases significantly
at higher wavelengths (> 900 nm), so that water is in direct competition to the photosensitizer. At the
same time, light with a longer wavelength (>800 nm) does not provide enough energy to generate the
required singlet oxygen. 16443

Various photosensitizers, based on the tetrapyrrole structure, are reported for an application in PDT,
e.g., porphyrins, phthalocyanines, (bacterio-)chlorins, or related metal complexes of these tetrapyrrole

structures (Fig. 13).[252:45¢46]

OH
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Figure 13: Examples for tetrapyrrole-based photosensitizers in the PDT.
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Next to porphyrins and related tetrapyrroles, aromatic hydrocarbons show pronounced potential for
an application in PDT. Phenothiazine-based (such as methylene blue) and xanthene-based (such as
rose bengal or eosin) photosensitizers show high singlet oxygen quantum yields. Also for the naturally
occurring hypericin phototoxic properties have long been known (Fig. 14).1°%! Furthermore,
anthracene or naphthalene-based compounds are investigated for potential use as photoactive

substances. 547!

Figure 14: Examples for photosensitizers based on aromatic hydrocarbons.

In the last years, the importance of metal complexes as possible photosensitizers for PDT steadily
increased. Specifically, cyclometalated ruthenium and iridium complexes show a high potential as

photoactive compounds (Fig. 15).[1641925248] Especially, for iridium(lIl) complexes after light irradiation

an increased conversion to the triplet state with high singlet oxygen quantum yields are found.!**4°!

1

10

l/ SN ) |
ZN I/N/
SN
Z

»
~
Ru
| /|\N\
N I/
| |
P P

Figure 15: Examples for cylometalated ruthenium and iridium complexes as potential photosensitizers.

In this context, dipyrrinato metal complexes are also intensively discussed as new types of photoactive
coordination complexes for PDT (see chapter 1.4, dipyrrins as ligands for dipyrrinato metal

complexes).bY



1.3 meso-Substituted dipyrromethanes

Dipyrromethanes are essential building blocks for the preparation of tetrapyrrolic compounds and
other pyrrole-based macrocyclic structures, e.g., porphyrins, corroles, hexaphyrins, and
calixpyrroles.’ In addition, an effective synthesis of boron-dipyrromethenes and related dipyrrinato
metal complexes is also possible starting from dipyrromethanes.!?’2°®521 Dipyrromethanes with
additional substituents at their meso-position are also well established for the preparation of

porphyrinoids and dipyrrinato complexes.[273°00:51¢,52]
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Figure 16: The dipyrromethane scaffold and examples for meso-substituted dipyrromethanes.

In general, dipyrromethanes are synthesized via the condensation of pyrrole with an aldehyde or a
ketone by addition of a suitable acidic catalyst (Scheme 1). First synthetic procedures were already
described in the 1970s, where pyrrole was reacted with 4-piperidine-carboxyaldehyde in methanol and

hydrochloric acid as catalyst to form the corresponding dipyrromethane.*

A: Acid-catalyzed synthesis
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Scheme 1: Synthetic procedures for meso-substituted dipyrromethanes.
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As an alternative to hydrochloric acid, para-toluene sulfonic acid or trifluoroacetic acid are used for

the preparation of dipyrromethanes.’>'#4

Significant improvements in the synthesis of
dipyrromethanes were achieved by Lindsey in 1994; aldehydes were now directly reacted with an
excess of pyrrole, instead of using an additional solvent.!>'**! Trifluoroacetic acid, indium(lll) chloride,
or metal triflates are described as suitable catalysts for this synthetic procedure (Scheme 1).¢! The
modifications of the reaction conditions by Lindsey accounted for significantly higher yields of the
corresponding dipyrromethanes. In addition to the classical acid-catalyzed condensation of pyrrole
with aldehydes, alternative synthetic methods have also been developed, e.g., the direct coupling of
a-acylpyrroles with pyrroles (Scheme 1).5:! Alkynes, nitrosoalkenes, and azoalkenes are also suitable
starting materials for a condensation with pyrroles to form the respective dipyrromethanes. [>5456b]
The use of cation exchange resins for the condensation of aldehydes and pyrroles has also been
discussed.”!

As described above, the synthesis of meso-substituted dipyrromethanes can be performed via the
condensation of pyrrole with benzaldehydes under acidic conditions, according to the descriptions by
J. Lindsey and co-workers.P*>! The mechanism for the preparation of meso-substituted
dipyrromethanes is described through an electrophilic aromatic substitution of the a-carbon position
of the pyrrole. In addition, the mechanism of the dipyrromethane synthesis is similar to the mechanism
of porphyrin formation. However, the large excess of pyrrole prevents further oligomerization of the
dipyrromethane once it has formed.**51%% |n the synthesis, a suitable acid is used as catalyst for the
condensation of the benzaldehyde with two pyrroles. The mechanism for the acid-catalyzed
condensation of pyrrole and an aldehyde is presented in Scheme 2. In the initial step, the carbonyl
group is protonated by the acid to improve the reactivity in the following step (Scheme 2, A). In the
next step, the attack of the pyrrole on the protonated carbonyl group follows. In this case, the attack
of the pyrrole occurs via the a-position of the pyrrole to form the respective adduct (Scheme 2, B). The
resulting positive charge is stabilized within the pyrrole ring by resonance. Finally, the aromatic system
on the pyrrole is restored via the abstraction of a proton. In this intermediate step, one pyrrole
molecule is linked to the benzaldehyde and a hydroxy group is formed (Scheme 2, C). In the next step,
the hydroxy group is protonated and under the removal of one water molecule an additional pyrrole
molecule is again attacking via the corresponding a-position (Scheme 2, D). A positive charge is
resulting from the attack of the pyrrole (Scheme 2, E) and is again stabilized within the pyrrole ring by
resonance. In the final step, a proton is removed to restore the aromaticity, resulting in the desired

dipyrromethane (Scheme 2, F).138l
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Scheme 2: Mechanism for the synthesis of dipyrromethanes.

As described above, the large excess of pyrrole shifts the equilibrium towards the dipyrromethane and
further oligomerization of the dipyrromethane is prevented. However, the formation of oligomers is
not excluded, i.e., corresponding oligomers between pyrrole and aldehydes can be observed, e.g., the
tripyrrane. In addition, an attack of the B-carbon position of the pyrrole is also possible (Scheme 3). In
this case, the related N-confused dipyrromethane can be observed. The mechanism for the formation
of the N-confused dipyrromethane is equivalent to the formation of dipyrromethane. However, the
attack over the a-position of the pyrrole is preferred, due to the enhanced resonance
stabilization.**%5 Under the reaction conditions according to Lindsey, the formation of the described

by-products is to be expected only to a very small extent. 5255560,

Ph Ph

S = S
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. NH HN \ NH NH
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tripyrrane

Scheme 3: Products of the dipyrromethane synthesis.

1.4 Dipyrrins as ligands for dipyrrinato metal complexes

Dipyrrins (dipyrromethenes) show high similarities to dipyrromethanes, however, within the dipyrrin

molecule the pyrrole units are linked via a methine bridge. Therefore, dipyrrins have a planar structure
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with a conjugated m-electron system.!®® Due to its bis-pyrrolic geometry and the similarity to the

porphin structure, dipyrrins are often named as semi-porphyrins (Fig. 17).160<61]

Figure 17: Porphin scaffold with highlighted dipyrrin substructure and nomenclature for the dipyrrin
scaffold.

For the preparation of dipyrrins several synthetic pathways are described. A direct synthesis can be
performed via an acid-catalyzed condensation of 2-formylpyrrole with an additional (substituted)
pyrrole. Alternatively, the synthesis of dipyrrins can be carried out by the condensation of two
2-carboxy-pyrroles (Scheme 4). However, the preparation of meso-substituted dipyrrins is not possible
via these methods.[®? For the synthesis of meso-substituted dipyrrins alternative methods have been
described. meso-Substituted dipyrrins can be synthesized using pyrrole and carboxylic acids or acyl
chlorides. As well, (meso-substituted) dipyrrins can be prepared via the oxidation of respective
dipyrromethanes with suitable oxidation agents, e.g., 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)

or p-chloranil (Scheme 4),[605622,63]

A: Condensation of a-substituted pyrroles
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Scheme 4: Synthetic pathways for (meso-substituted) dipyrrins.

The oxidation of dipyrromethanes with quinones (DDQ or p-chloranil) is a common method for the

synthesis of dipyrrins. The driving force for this oxidation is caused by the formation of two conjugated
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systems (dipyrromethenes and hydroquinone). In general, a quinone can be easily reduced by uptake
of electrons to the corresponding hydroquinone. Additional electron-withdrawing substituents, as
they are present in DDQ or in p-chloranil, enhance the absorption of the electrons and facilitate the
reduction of the quinone.®” However, the exact mechanism for the oxidation of dipyrromethanes by
DDQ is not known. Based on studies of the reaction behavior in the oxidation of different molecules
with quinones (DDQ), two mechanisms are discussed: (1) The hydride shift and (2) the single-electron

transfer (SET) in combination with the transfer of protons (Scheme 5).[64>-d 6]

A: Oxidation of a dipyrromethane with DDQ
0

mﬁCN
\ A N\

B: Proposed mechanisms for the oxidation

OH
Cl CN
hydride transfer + proton transfer
Cl CN
%
OH
Cl CN _ _ CN
+
Cl CN . CN
substrate OH

proton transfers in
combination with SET

%o

Scheme 5: Oxidation of a dipyrromethane with DDQ (A) and schematic mechanisms for the oxidation
with DDQ, (B).

Dipyrrins are of high interest for an application as ligands in coordination chemistry. First
bis(dipyrrinato) complexes had already been described at the beginning of the 20'™" century by Hans
Fischer.[®® This type of organic ligand is known to coordinate various metals. Furthermore, complexes
with boron or with elements of the alkaline metal group are also well known.!6%623.67] Dipyrrinato metal
complexes can exclusively consist of dipyrrin ligands (homoleptic complexes, Fig. 18). Depending on
the employed metal ion, complexes with two or three dipyrrin ligands are possible. Thus, zinc(ll),
nickel(ll), or copper(ll) were reported to form bis(dipyrrinato)metal complexes with dipyrrins, 2266681
While iron(Ill), indium(lll), or gallium(Ill) form respective tris(dipyrrinato)metal complexes. 675066

Interestingly, for bis(dipyrrinato)copper(Il) complexes a pseudo tetrahedral geometry was found.®%
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Figure 18: Examples for homoleptic and heteroleptic dipyrrinato metal complexes.

Furthermore, dipyrrinato complexes with a combination of dipyrrins and additional aromatic ligands
are also known (heteroleptic complexes, Fig. 18). Typically, iridium(lll), ruthenium(ll), or rhodium(lll)
are employed to form heteroleptic dipyrrinato complexes. Cyclopentadienyl, p-cymene, 2,2-bipyridyl,
and 2-phenylpyridyl moieties are reported as additional aromatic ligands.[67>-67¢70!

For the synthesis of homoleptic dipyrrinato complexes, the corresponding metal salts are simply
reacted with dipyrrins under basic conditions (Scheme 6).1500:600,622.67a,69] |5 addition, the preparation of

asymmetric bis(dipyrrinato) metal complexes with two different dipyrrin ligands is known.”!

Ar
PN
=N_ N/ MY v Mcl
N 2 °
M - R\ T/ A
jN N= NEt, \_NH  N= NEt;
P/
Y: Clor OAc M: In". Gall Fe
Ar M: Zn", Ni", cu S Ean e

Scheme 6: Synthesis of homoleptic bis- and tris(dipyrrinato) metal complexes.

In contrast, syntheses of heteroleptic dipyrrinato complexes are generally performed via the reaction
of dipyrrins with (dichlorido-bridged) metal half-sandwich complexes. Here, dipyrrins are reacted
under basic conditions with these half-sandwich precursors to form the corresponding heteroleptic
dipyrrinato complexes, e.g., chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes or chlorido-

(cylopentadienyl)(dipyrrinato)iridium(lll) complexes. Cyclometalated dipyrrinato complexes are
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synthesized by a similar protocol. In this case, (dichlorido-bridged) 2-phenylpyridyl or 2,2’-bipyridyl
metal precursors are used for the synthesis of respective heteroleptic dipyrrinato complexes, e.g.,
bis(2,2‘-bipyridyl)(dipyrrinato)ruthenium(ll) complexes or (dipyrrinato)bis(2-phenylpyridyl)iridium(lIl)
complexes (Scheme 7).167267<705-dl Alternatively, bis(2,2'-bipyridyl)(dipyrrinato)ruthenium(ll) complexes
can be also prepared from related chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes via a

ligand exchange with 2,2’-bipyridine (Scheme 7).50072]

cl., Cli /R
R” Sci” Sl
>
NEt3 OercO3
Ar
\_NH HN-Z SAFRPS
/M‘ ,M\
1Y ,LCI L Xa
1) [
>
NEtsOFKzCO3
Ar
N\ N N= \
N/ —N N
Ru\ —_—
N Cl
I T4

Scheme 7: Preparation of heteroleptic dipyrrinato complexes.

Besides homoleptic and heteroleptic dipyrrinato complexes, coordination complexes are known,
where only a single dipyrrin ligand coordinates to the metal center. For example, specific mono-
dipyrrinato complexes are described with manganese, iron, cobalt, or aluminum (Fig. 19)."%
Furthermore, dipyrrinato complexes coordinating to alkali metals[®**°! and complexes of dipyrrin
ligands with metalloids are known, e.g., complexes with sodium, lithium, silicon, germanium, or boron,
the latter representing the prominent boron-dipyrromethenes or BODIPYs, see below chapter 1.5

(Fig. 19).157474
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Figure 19: Examples for mono-dipyrrinato complexes.

Dipyrrinato complexes find application in various fields. For example, dipyrrinato complexes with
cobalt, nickel, manganese or iron are important as catalysts for chemical reactions.”3* As well,
dipyrrinato complexes are suitable starting materials for the development of MOFs, supramolecular
arrays, or nanoparticles.l®°“7>!  Bis(2,2‘-bipyridyl)(dipyrrinato)ruthenium(ll) complexes and
(dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes find application as light harvesting arrays in
photovoltaics.>7® In recent years, dipyrrinato complexes have also become a focus of inorganic
medicinal chemistry. Dipyrrinato metal complexes show promising properties for an application as
chemotherapeutics. Specifically, for some dipyrrinato complexes an interaction with DNA is found,

resulting in a reduction of cell growth (Fig. 20).[16%67277]

F
N/
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/ \ N N=
N N/
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Figure 20: Examples for dipyrrinato ruthenium(ll) complexes as potential chemotherapeutic agents.

The application of dipyrrinato complexes is not limited to chemotherapeutic agents. Recently, some
dipyrrinato metal complexes have been described with potential for an application as photosensitizers
in PDT.[02500.781 spacifically, the glycosylated gallium complex, which was synthesized in a collaboration

of biolitec and Freie Universitit Berlin, proved to be effective in antibacterial PDT (Fig. 21).55%!
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Cl(bpy),Ru—N"

Figure 21: Examples for dipyrrinato metal complexes as potential photosensitizers.

1.5 Boron-dipyrromethenes (BODIPYs)

As discussed above, dipyrromethenes are known for the coordination of many different elements, e.g.,
sodium, lithium, calcium, ruthenium, or indium.®%! As well, coordination complexes with metalloids
are well known. The most famous dipyrrinato metalloid complex is represented by the boron-
dipyrromethenes (BODIPYs). In the case of BODIPYs, the boron is coordinated in form of a boron
difluoride to the corresponding dipyrrin ligand. The commonly used abbreviation BODIPY is derived
from the term boron-dipyrromethene. Furthermore, the BODIPY framework is also referred to as 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene, due to the high structural similarity with s-indacene. The
8-position is also termed meso-position, the 3- and 5-positions are referred to as a-positions, and the

1-, 2-, 6-, and 7-positions of the BODIPY structure is referred to as B-positions (Fig. 22).[27674.79]

(BODIPY core structure)

' meso

(]
)
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IB: E 5 \IB\’ 3 / /N
s-indacene F F ! F F F F
4,4-difluoro-4-bora-3a,4a-diaza- | 4 a

s-indacene E
)
(]
]

Figure 22: Comparison of the structures of s-indacene and BODIPY (red), and nomenclature for the
BODIPY core structure (blue).
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The BODIPY can be formally described as a complex of a negatively charged dipyrrinato ligand and an
electron-deficient boron difluoride. However, calculations show that the actual negative charge is
located on the boron difluoride part, specifically at the fluorine atoms. The respective positive charge
is delocalized via the ring structure of the dipyrrinato ligand.[®2¢ Within the BODIPY structure, only the
n-electron system of the dipyrrinato ligand is delocalized and the BODIPYs exhibit a nearly planar
structure.!%248% Typically, BODIPYs show an intensive absorption at approx. 500 nm and an additional
weaker absorption at approx. 350 nm. The intensive band results from the excitation into the S; excited
state. On the other hand, the less intense band results from the excitation to the S, excited state. In
this case, this state relaxes exclusively by internal conversion into the S; state, since no fluorescence
can be detected from this S, excited state.98

First, meso-substituted BODIPYs were described by Treibs and Kreuzer in 1968,#% and later developed
by other authors, e.g., Lindsey and Wagner.!®¥ BODIPYs can be prepared via the condensation of
pyrrole with acyl chlorides, followed by deprotonation and complexation with boron trifluoride
(Scheme 8).1272624:841 This method has already been established for BODIPYs prepared from substituted

pyrroles with sterically demanding substituents.!®®

A: Synthesis via o.-acylpyrrole

!/ ‘/“R
N) Ar 1.) Base Ar
H 2.) BF5-OEt, <N
ﬂ —>
* O XN N
Q RENH NN R™"g R

X: Cl, Broder OOCR

B: Synthesis via dipyrromethane

ﬂ 1.) Base Ar

N + Ar Ar
H +[H] Oxidati 2.) BF5OEt X

H < _ xidation @)\@ ) BF3-OEt, \\N N\\
o \_NH HN—7 \_NH  N= B,
X &
Scheme 8: Synthetic procedures for the preparation of BODIPYs.

Alternatively, BODIPYs can be prepared via an oxidation-complexation sequence (Schemes 8 and 9).
According to the synthetic procedure described by Lindsey and Wagner, the corresponding meso-
substituted dipyrromethanes are oxidized with a suitable oxidation agent, e.g., DDQ. In the synthesis,
the dipyrrin is deprotonated by a base, e.g., triethylamine or N,N-diisopropylethylamine. Finally, the
substrate is treated with the boron trifluoride-diethyl ether complex to form the corresponding
BODIPY (Scheme 9). This synthesis is often performed in a one-pot multi-step reaction.[?72:674:82831 The
BODIPYs synthesized in this thesis were also prepared according to this procedure which was originally

described by Lindsey and Wagner.®!
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Scheme 9: Preparation of BODIPYs via dipyrromethanes.

Due to their excellent fluorescence properties, BODIPYs are well established as markers in medical
imaging in diagnostics.!?”’ Furthermore, BODIPYs have found application in MOF,®® as part of chemo
sensors, in organic photovoltaics,'®” or energy-transfer cassettes.!®®!

In the past decade, interest in new potential photosensitizers based on the BODIPY structure has
constantly increased.’® BODIPYs show promising properties for an application in PDT. For example,
BODIPYs have high extinction coefficients and high resistance against photobleaching (decreasing of
the fluorescence during prolonged irradiation times with light near the absorption maximum).®
However, for the application as photosensitizers in PDT, the BODIPY structure must be modified. On
the one hand, the absorption must be shifted to higher wavelength ranges (red-infrared range) and
the BODIPY core structure must be as well modified to enhance intersystem crossing. The intersystem
crossing allows the molecule to enter into the excited triplet state and enables the generation of
ROS.[824%0 The improvement of the BODIPY core structure towards an application as a photosensitizer
can be achieved via the introduction of heavy atoms, e.g., bromine or iodine (Fig. 23). The heavy atom
effect causes a shift of the absorption maximum towards higher wavelengths, stabilizes the triplet

state, and increases the intersystem crossing rate.!8%°%

COOH
COOMe
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SR N\ Br A\ Br
\ =
! | N._N
— T T N NN NS B
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FF

Figure 23: Examples for BODIPY core substitution with halogens.
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The absorption properties, as well as the singlet oxygen generation, can be also influenced by various
phenyl, alkenyl or alkenyl substituents at the respective meso-, a-, and B-positions. The concepts of

core-substitution with halogens and aromatic hydrocarbons are often combined (Fig. 24).[8>89.905,92]

Figure 24: Examples for core-substitution of BODIPYs via halogens and aromatic hydrocarbons.

1.6 The nucleophilic aromatic substitution

For the functionalization of arenes two possible substitution reactions are described: (1) The
electrophilic and (2) the nucleophilic aromatic substitution. The electrophilic aromatic substitution
enables the direct functionalization of aromatic compounds with suitable electrophiles. After coupling
to the related arene the resulting positive charge is delocalized via resonance. Finally, the aromaticity
can be restored by abstraction of a proton. In comparison, the nucleophilic aromatic substitution
requires more specific conditions. Here, a negative charge is resulting from the attack of a nucleophile.
In this case, a formal abstraction of a hydride anion is required for the restorage of the aromatic system
(Scheme 10).°% The hydride anion represents a weak leaving group and only under certain conditions

a removal of the hydride is described.®

electrophilic aromatic H nucleophilic aromatic
substitution substitution

+
;7// R + Nu
] ) ’ \\ ) H hydride

| AN -H E S u A abstractici | X
| - @\ oN \
’\R \R \R \R

Scheme 10: Comparison of the electrophilic and the nucleophilic aromatic substitution.
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Therefore, an additional leaving group is necessary, which will remove the negative charge during the
separation. As well, an electron-withdrawing group supports the attack of the nucleophile. The
negative inductive effect of this group removes electron density from the aromatic system and at the
same time stabilizes the intermediate stage resulting from the attack of the nucleophile. These two

concepts enable the nucleophilic substitution of arenes (Scheme 11).(53%!

Y: electron-withdrawing group

X: leaving group

Nu: nucleophilie
Scheme 11: Mechanism for the SyAr with involvement of an electron-withdrawing group and a suitable
leaving group.
In this thesis, dipyrromethanes, dipyrrins, and related dipyrrinato complexes with a pentafluorophenyl
and a 4-fluoro-3-nitrophenyl group were functionalized via SxAr. In the literature, various nucleophiles,
e.g., amines, alcohols, and thiols, are reported for a substitution of the pentafluorophenyl
group.Po%52%1 Also, the nucleophilic substitution of the 4-fluoro-3-nitrophenyl group has been
reported with a limited number of amines.””? Within the pentafluorophenyl group, the fluorine atoms
generate the required electron-withdrawing effect, due to their high electronegativity. In the 4-fluoro-
3-nitrophenyl moiety the nitro group serves as the required electron-withdrawing group.
The nucleophilic substitution of the pentafluorophenyl group begins with the attack of the nucleophile
(Scheme 12, A). In general, the attack of the nucleophile can occur via the para-, meta-, or ortho-
position. In all cases, the resulting negative charge can be distributed over the aromatic ring in the

intermediate state (Scheme 12, B).

bstituti Vi iV R Nu Nu
para-substitution F F F E E F - . .
> - - @ >
F F F F F F E E
F/\ Y Y Y Y c
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\_/7
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F F F
A F F F F
F F F -
— > Nu > NU <— Nu -F F Nu
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meta-substitution F F F F F F . .
Y Y Y v
B Cc

Scheme 12: Mechanism for the SyAr at the pentafluorophenyl group.
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During the nucleophilic substitution of the para-position, the negative charge, resulting from the attack
of the nucleophile, can be partially transferred to the ipso-position and to the respective ortho-
positions via resonance. The same applies to the substitution of the ortho-position. However, a
negative charge from the meta-position cannot be transferred to the ipso-position, due to the specific
arrangement of the ipso-position (Scheme 12, B). In addition, the substitution of the ortho-position is
often sterically hindered. For these reasons, the substitution of the para-position is often preferred for
the pentafluorophenyl moiety. Finally, the aromaticity is restored by abstraction of a fluorine
(Scheme 12, C).*! The high regioselectivity towards the para-position is also influenced by the
substituent (Y) at the ipso-position. Substituents with electron-donating and electron-withdrawing
effects have a significant influence on the substitution pattern (meta- and/ or para-substitution). The
electron-donating and electron-withdrawing character of a substituent can be described by the
Hammett substituent constant (o). Substituents (Y) with a negative value for o support a substitution
of the meta-position. This is, because substituents with a negative value for o cause a destabilization
of the transition state (in case of the attack of the nucleophile at the para-position), due to the
electron-donating character of these substituents. On the other hand, substituents (Y) with a positive
value for o support an attack of the nucleophile at the para-position, due to a stabilization of the
transition state by an electron-withdrawing effect. For example, fluorine or pentafluorophenyl
substituents show a positive value for o. For methoxy or amino groups (as substituent Y) the
substitution of the corresponding meta-position is favored.!*”

For the nucleophilic substitution of 1-fluoro-2,4-dinitrobenzene and 1-bromo-2,4-dinitrobenzene a
stepwise reaction with appearance of an intermediate state was found, similar to Meisenheimer
complexes.® Due to the high similarity, the substitution of the 4-fluoro-3-nitrophenyl group should
also progress via a comparable mechanism. The nucleophilic substitution exclusively takes place at the

para-position, since only this position carries a fluorine atom as potential leaving group (Scheme 13).

R Nu O II® E NuO
e Nu f/ @ Oe @/

A

Z:O

C

Scheme 13: Proposed mechanism for the substitution of the 4-fluoro-3-nitrophenyl moiety.
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In the first step, the nucleophile attacks at the para-position of the phenyl ring. As a result of the attack
a negative charge is generated (Scheme 13, A). Again, this negative charge can be distributed in the
aromatic system via resonance. As well, the negative charge is stabilized through the nitro group

(Scheme 13, B). Finally, the aromatic system is restored by the abstraction of a fluoride (Scheme 13, C).

1.7 Aim of the work

In recent years, the attention in dipyrrinato complexes for various applications has steadily increased.
Dipyrrinato metal complexes are gaining promising potential as chemotherapeutically active
compounds.!*®®673771 Recently, some dipyrrinato complexes also attracted interest as potential
photosensitizers for PDT,%78 however, so far, only a limited number of dipyrrinato complexes have
been described and evaluated as therapeutically active compounds.

The main objective for this thesis was the development of photoactive compounds based on
dipyrrinato metal complexes and boron-dipyrromethenes (BODIPYs). The synthesized coordination
complexes presented in this thesis are relevant in the context of potential photosensitizers for an
application in PDT and for antimicrobial photodynamic inactivation.

First, synthesis focused on meso-substituted dipyrromethanes as building blocks for the related
homoleptic and heteroleptic dipyrrinato metal complexes, as well as for meso-substituted BODIPYs

(Scheme 14).
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Scheme 14: Schematic presentation for the preparation of meso-substituted dipyrrinato metal
complexes and meso-substituted BODIPYs via pre-functionalized dipyrromethanes.
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In this context, the introduction of 4-fluoro-3-nitrophenyl and pentafluorophenyl moieties to the
respective meso-position enable diverse synthetic modifications for an adjustment of the properties
of the target compounds, e.g., solubility in polar solvents, preparation of conjugates, or improvement
of the bioavailability. 5-Pentafluorophenyldipyrromethanes served as starting materials for
subsequent nucleophilic substitutions, to achieve a wide range of differently functionalized target
compounds. The pentafluorophenyl group had already been proven particularly useful for subsequent
substitution with various nucleophiles, e.g., amines, alcohols, or thiols.P%>2%! |n the context of
nucleophilic substitution, the 4-fluoro-3-nitrophenyl moiety was also to be investigated as an
alternative structure for the target compounds. In addition, the concept of the nucleophilic
substitution should be extended to carbohydrates, to increase the bioavailability and adjust the
solubility in polar solvents. Therefore, the aim was also extended to the post-functionalization of meso-
(4-fluoro-3-nitrophenyl) and meso-pentafluorophenyl-substituted dipyrrinato complexes with
thiocarbohydrates.

The alteration of the photophysical properties of corresponding BODIPYs via the modification of the
BODIPY core structure with bromine enabled the generation of ROS. Moreover, the objective was to
combine the concept of a BODIPY core modification with the nucleophilic substitution of the 4-fluoro-
3-nitrophenyl and the 5-pentafluorophenyl moiety with diverse functional groups. These two concepts
enable a possible application of the modified BODIPYs as photosensitizers in PDT and antimicrobial
photodynamic inactivation (Scheme 15). Here, the aim was also to apply the functionalization with

thiocarbohydrates to the brominated BODIPYs.
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Scheme 15: Schematic representation of the modification of the BODIPY core structure.

In a proof-of-concept investigation, BODIPYs were also tested as building blocks for the synthesis of
conjugates with a cyclen or a dipyrrinato complex (Scheme 16). The coupling of these structural

components should be realized via the copper(l)-catalyzed azide-alkyne cycloaddition.
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Scheme 16: Schematic representation of the preparation of BODIPY conjugates.

2. Summary of publications

2.1 meso-(4-Amino-3-nitrophenyl)-substituted dipyrromethanes as building blocks for BODIPYs and

dipyrrinato ruthenium(ll) complexes

In this publication 3-nitro-substituted dipyrromethanes were introduced as possible building blocks for
porphyrins, corroles, BODIPYs, and dipyrrinato ruthenium(ll) complexes. The 3,4,5-tetrafluorophenyl
moiety was also investigated as an alternative substituent for meso-substituted dipyrromethanes, to
form the related tetrapyrrole macrocycles and BODIPYs. Some of these compounds had been prepared
in the context of the previous master thesis of B. Hohlfeld.®® For the present thesis, the respective
3-nitrophenyl-based dipyrromethanes were employed as starting materials for the preparation of
dipyrrins, BODIPYs, and dipyrrinato ruthenium(ll) complexes. Specifically, the 4-fluoro-3-nitrophenyl
group was investigated as an alternative to the pentaflourophenyl group, as the pentafluorophenyl
moiety had already been established as a suitable structural element for meso-substituted
dipyrromethanes. The electron-withdrawing effect of the pentafluorophenyl substituent stabilizes the
dipyrromethane against decomposition and the para-fluorine enables efficient nucleophilic
substitutions. The para-fluorine exchange can be performed with various nucleophiles, e.g., amines,
alcohols, or thiols. meso-Substituted dipyrromethanes functionalized in this way were employed for
the synthesis of the corresponding porphyrins, corroles, BODIPYs, or other tetrapyrroles. £%52%! |n the
4-fluoro-3-nitrophenyl moiety, the nitro group also exerts an electron-withdrawing effect, so that an
application of the 4-fluoro-3-nitrophenyl moiety appeared to be applicable as a building block for
meso-substituted dipyrromethanes. So far, only a limited number of amines were reported for the

nucleophilic substitutions of the fluoro-3-nitrophenyl moiety.”
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First, it was investigated whether the 4-fluoro-3-nitrobenzaldehyde is suitable for the synthesis of
meso-substituted dipyrromethanes. For this, the corresponding 5-(4-fluoro-3-nitrophenyl)-
dipyrromethane 1 was prepared from 4-fluoro-3-nitrobenzaldehyde und pyrrole (Scheme 17). Pyrrole
was used in large excess, to suppress further polymerization of the resulting dipyrromethane and
trifluoroacetic acid was used as the acid catalyst. Finally, the corresponding dipyrromethane 1 could
be obtained as light-yellow solid with an excellent yield of 92%.

Dipyrromethane 1 served as starting material for the subsequent functionalization with nucleophiles.
Starting form 1, nucleophilic substitutions with several different amines were investigated. In addition
to simple primary amines, e.g., n-butylamine, amines with additional functional groups were also
tested, e.g., a hydroxy group or a terminal alkyne group. In many cases, an almost complete

consumption of 1 could be observed within one hour.
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Scheme 17: Synthesis of dipyrromethane 1 und nucleophilic substitution with amines.

Furthermore, the reactions could be carried out under solvent-free conditions. Dipyrromethane 1 was
simply dissolved in the amines tested and stirred without any heating. With all investigated amines
high yields - in some cases nearly quantitative yields - could be achieved (Scheme 17).

In addition, a secondary amine and aniline were also tested for the nucleophilic substitution. For
N,N-dibutylamine, a successful functionalization in high yield was achieved (Scheme 18). Also, in the
case of aniline, substitution was successful, however, the product could not be completely separated
from the unreacted aniline used in excess. Finally, also solid amines were tested with the substitution
of 1 (6-methoxy-6-oxohexane amine and serinol, Scheme 18). In these cases, the amine and
dipyrromethane 1 were dissolved in a suitable solvent. Significantly longer reaction times were
required compared to the solvent-free variants. Nevertheless, the related products 10 and 11 were

again obtained in excellent yields (Scheme 18).
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Scheme 18: Nucleophilic substitution of dipyrromethane 1 with amines. Product 9 contained aniline,
which could not be completely removed.

The scope of possible nucleophiles was also extended to an azido group. In the substitution of 1 with

sodium azide again a nearly quantitative yield was obtained (Scheme 19).
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Scheme 19: Nucleophilic substitution of dipyrromethane 1 with sodium azide.

Beyond amines and an azide, alcohols are in principle also possible nucleophiles for the substitution of
1. To test this, dipyrromethane 1 was reacted with butanol to obtain the corresponding butoxy-
substituted product 13. However, a successful substitution with butanol was not achieved. Instead,
the formation of various compounds was observed. In this case, the occurrence of multiple compounds
gave evidence for the decomposition of the dipyrromethane under the conditions for the substitution
with alcohols.

In the following reactions, these meso-substituted dipyrromethanes served as building blocks for the
subsequent preparation of BODIPYs and dipyrrins (Table 1 and Scheme 20). The BODIPYs were
synthesized according to the well-known oxidation-complexation sequence.l?’#670:82831 Almost all
syntheses were carried out in dichloromethane (DCM) and yielded in the desired BODIPYs (Table 1).
Using the pre-functionalized dipyrromethanes, different BODIPYs with a wide range of functionalized
groups could be synthesized, e.g., alkene group, alkyne group, hydroxy group, or azido group.

However, the preparation of BODIPY 18 was only successful when using THF as solvent (Table 1).
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Table 1: Preparation of BODIPYs from pre-functionalized dipyrromethanes.

R . R
1.) DDQ, 5 min NO
NO,  2.)DIPEA, 15 min 2
3.) BF3-OEty, 20 min
-
DCM (THF for 18), rt
\\ = p argon \\N \N \\
NH HN "B
FF
p—
Entry 5 artlr'lg Substituent (R) Product Yield [%]
material
1 1 Ap 21 25
2 2 ff\H/\/\ 14 38
3 3 ;*\N Q 15 20
H
4 4 f\”/\/ 16 39
5 5 H/\ 17 44
6 6 f\”/\/OH 18 25
P NT N
7 8 N 19 33
-
A oL
8 10 N 20 41
(@]
9 12 Ay 22 26

The pre-functionalized dipyrromethanes were as well applied for the synthesis of the related dipyrrins.
For this, a selection of dipyrromethanes was treated with p-chloranil, to produce the desired dipyrrins.

All oxidations led to the meso-substituted dipyrrins (Scheme 20).

N
Substltuents (R):

R1—5
NO
i p-chloranil R1_"{N/\/\ R4_"’{N/W\n’o\
THE Rz"iﬁ/\/ R®= £ f\o,H
A = rt,3h I YN R3=f’{N/\/OH ”
\_NH HN-Z N\ _NH N= \ H J

2:R" 10:R* 23: R' (74%) 26: R* (65%)
4:R?> 11:R® 24: R% (85%) 27:R5 (74%)
5:R3 25: R3 (98%)

Scheme 20: Oxidation of pre-functionalized dipyrromethanes.

In the next part, the dipyrrins were investigated for their potential in the synthesis of heteroleptic
dipyrrinato ruthenium(ll) complexes. Hence, the dipyrrins were reacted with a dichlorido-bridged

(p-cymene)ruthenium(ll) half-sandwich complex and N,N-diisopropylethylamine (DIPEA) to form the
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chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes. All tested dipyrrins were successfully

transferred into the dipyrrinato ruthenium(ll) complexes, with yields of at least 40% (Scheme 21).

15 RS
HN’R HN’
N02 NOZ
[RuCly(p-cymene)], M
(0.5 equiv.) =N ?\l / _ -+
DIPEA (14 equiv.) YN (2 equiv.)
—» —_—
THF \ N /N\ EtOH
rt, 24 h RU reflux, 24 h -
QT T N cl
28:R'" 31:R*
29: R? 32:R®
30: R® 28: R' (43%) 31: R* (48%) - f
- 29: RZ (440/0) 32: R5 (42%) 33:R (74%) 36: R (81%)
Substituents (R): 30: R® (43%) 34: R2(77%) 37: R5(90%)
R'= X pae L 35: R® (85%)

R2 Y\/ OH °
R

Scheme 21: Preparation of heteroleptic chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes and
subsequent ligand exchange with 2,2‘-bipyridine.

Finally, the ligand exchange with the chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes and
2,2’-bipyridine was investigated. For this, the dipyrrinato ruthenium(ll) complexes were dissolved
together with 2,2’-bipyridine in ethanol and reacted under reflux. In this final step, the desired bis(2,2'-
bipyridyl)(dipyrrinato)ruthenium(ll) complexes were obtained with high yields (Scheme 21).

The BODIPY core structure enables a variety of further modifications with different substituents.[X%!
Among other nucleophiles, derivatives of malonic acid are suitable for the functionalization of the
BODIPY core structure via oxidative nucleophilic substitution of a hydrogen atom at one of the pyrrole
rings.'° Here, selected 8-(4-amino-3-nitrophenyl)-substituted BODIPYs were evaluated for the

modification of the 3-position of the BODIPY with dimethyl malonate (Scheme 22).

~
77 (Substituents (R):
15
R \QJJ\/U\O/ R' = ff ,O RY = ,-"'{ A~_OH
NO2 [ N N
(1.1 eqiuv.) N N
2 ;,{ _~ RS= NSNS
Na,CO3 (2 equiv.) R2 = ANTNF
H wonbn
e, ha F=ArS
N rt, 3d )
\ N%,NQ
FF 35 - 58%
15: R' 18: R*
16: R? 20: R® 38: R' (35%) 41:R*(52%)
17: R® 39: R? (43%) 42: R® (53%)

40: R3 (58%)

Scheme 22: Modification of the BODIPY core structure with dimethyl malonate.
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For the substitution of the related 3-position, the BODIPYs were reacted with the dimethyl malonate
under an oxygen-rich atmosphere. Finally, all core modified BODIPYs were formed with yields up to
58% (Scheme 22).

In addition, for BODIPY 14 and the dipyrrinato ruthenium(ll) complex 28, X-ray structure analyses could
be performed confirming the structure in the solid state (Fig. 25). These molecular structures were
measured, dissolved, and refined by Dr. Keith Flanagan from the group of Prof. Mathias O. Senge at
Trinity College Dublin.

Remarkably, an intermolecular hydrogen bond between the hydrogen of the amine and the related
nitro group was found for both compounds. This hydrogen bonds ensured, that the corresponding

nitro group is arranged planar to the corresponding phenyl ring.

Figure 25: Molecular structures for BODIPY 14 (A) and (dipyrrinato)ruthenium(ll) complex 28 (B) with
indicated hydrogen bond.

In summary, a very efficient substitution of the 5-(4-fluoro-3-nitrophenyl)dipyrromethane with a wide
range of amines under solvent-free conditions could be achieved. Furthermore, the scope of possible
nucleophiles was not limited to simple amines, but also amines with additional functional groups and
an azido group allowed an efficient substitution of the 4-fluoro-3-nitrophenyl substituent. These
functionalized dipyrromethanes proved to be suitable building blocks for the further preparation of
BODIPYs and dipyrrins. Moreover, the functionalized dipyrrins afforded the preparation of
corresponding chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes. Finally, a ligand exchange in
these chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes enabled the synthesis of the respective

bis(2,2'-bipyridyl)(dipyrrinato)ruthenium(ll) complexes.
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Starting from the 5-(4-fluoro-3-nitrophenyl)dipyrromethane, more than 30 new related
dipyrromethanes, dipyrrins, BODIPYs, and heteroleptic dipyrrinato ruthenium(ll) complexes, were
synthesized. Thus, the 4-fluoro-3-nitrophenyl moiety turned out as a prominent substituent for the

synthesis of meso-substituted dipyrromethanes, dipyrrins, and related dipyrrinato complexes.

2.2 Modification of the BODIPY structure via the targeted functionalization with bromine and the

introduction with additional functional groups

In this project, the BODIPY structure was subject of modifications to adjust the properties towards
improved photosensitizing abilities. As a result of the introduction of halogen atoms, the generation
of singlet oxygen should be significantly improved enabling an application as photosensitizers in PDT.
Moreover, BODIPYs carrying a pentafluorophenyl or a 4-fluoro-3-nitrophenyl moiety in the meso-
position were subjected to the combination of targeted BODIPY core substitution with bromine and
nucleophilic substitution. The nucleophilic substitution allowed the introduction of different functional
groups, e.g., a terminal alkyne group, free hydroxy groups, or thiocarbohydrates.

In preparation for the following steps, the 5-pentafluorophenyldipyrromethane 43 was functionalized
with n-butylamine and 1-butanol (Scheme 23). Having these two functionalized dipyrromethanes (44
and 45) at hand, the corresponding functionalized BODIPYs (46 and 47) were prepared (Scheme 23).
The synthesis of the unsubstituted dipyrromethane 43 and the butoxy-substituted dipyrromethane 45

were carried out according to the literature.’>>

A NSNH 1.) DDQ, 5 min
2.) DIPEA, 15 min
HNTTN 3.) BFyOE,
e DMSO
80 °C, 24 h rt, DCM
"o 1.) DDQ, 5 min
2.) DIPEA, 15 min
N HONAN 3.) BFyOE,
THF, KOH
t, 24 h X = rt, DCM
\_NH HN—Z

45

Scheme 23: Functionalization of BODIPY 43 with n-butylamine and 1-butanol, followed by subsequent
transformation into BODIPYs 46 and 47.

First, the targeted halogenation of the 2- and 6-positions at the BODIPY was investigated with selected
BODIPYs. Starting from the 3-nitrophenyl-substituted BODIPYs 14 and 21, the substitutions were

performed with NBS in hexafluoroisopropanol (HFIP). Under these conditions (HFIP and NBS) an almost
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instantaneous conversion was observed. However, halogenation of multiple positions of the BODIPY
core structure occurred, resulting in a mixture of different (brominated) BODIPYs (Scheme 24, variant
A). A complete separation of the different reaction products was not possible, after purifications still a
mixture of BODIPYs was obtained. The same results were observed for the substitutions of the
pentafluorophenyl BODIPY 48 and the 4-propargyloxy-tetrafluorophenyl BODIPY 49 (Scheme 24,
variant A). The pentafluorophenyl-BODIPY 48 and the 4-propargyloxy-2,3,5,6-tetrafluorophenyl-
BODIPY 49 had been prepared from their related dipyrromethanes according to the literature.’®?

To obtain the desired 2,6-dibrominated BODIPYs, the experiments were repeated with BODIPYs 21 and
48, however, in this case, HFIP was replaced by DCM to achieve a slower and targeted halogenation of
the BODIPY. In fact, a significantly longer reaction time was observed for the halogenation of the
BODIPYs in DCM. Interestingly, the desired di-brominated BODIPYs 50 and 52 were only obtained in
minor amounts. The major compounds were identified as the corresponding mono-brominated
BODIPYs 54 and 55 (Scheme 24, variant B). Also, other brominated BODIPYs could be found, however,

these BODIPYs were only detected in very low quantities.

Variant A:

~ X A (2.5 equiv.) X A other
\ N N ———> Br \ N N Br + brominated
~B” HFIP B~ BODIPYs
\ i \
FI E rt, 5 min F' =
14:R' 21:R? 50: R' 51:R?
48: R® 49:R* 52: R® 53:R*
Variant B:

R1or3 Ovo R1or3 R1or3

S A (2.5 equiv.) SN A S A other
\_R N —> Br \_R N Br + \_N N Br + brominated
DCM ~p” BODIPYs (traces)

\B/ B \B/
FF ", 4d FF FF
21: R’ 50: R (20%) 54: R (41%)
48: R® 52: R3 (8%) 55: R® (47%)

Substituents for variant A and B

ANASNH F F = "0
NO, NO, F F {\ .
R1= R2 = R3= R4 =
F F F F

Scheme 24: Modification of the BODIPY core structure with NBS in HFIP and DCM (BODIPYs 48 and
49 had been prepared according to the literature).?

Finally, a selective bromination of the 2-position was possible by an adjusted reaction time with DCM
as solvent. For the tested tetrafluorophenyl-substituted BODIPYs a reaction time between one and 2.5
hours was optimal to provide a targeted mono-bromination of the BODIPY core structure. The highest

yield was achieved with the unsubstituted BODIPY 48. The halogenation with the additional pre-
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functionalized BODIPYs provided the respective mono-brominated products as well, in moderate to

high yields (Scheme 25).

Substituents (R)

R'= ,{F R4 = ;’{H”\\\

(2.5 equiv.) R2 = ;‘I{N/\/\ RS = 1{0/\\
H A
DCM R® = },{N,\%
rt H
B (47: 2,5 h, 48, 55, B
E 56:1h,57:1,5h) F e
48:R' 57:R* 53: R' (84%) 60: R* (34%)
46: R2 49: R® 58: R? (53%) 61: R% (63%)
56: R® 59: R3 (31%)

Scheme 25: Targeted halogenation of tetrafluorophenyl-substituted BODIPYs (BODIPYs 56 and 57 had
been prepared according to the literaturel?).

With the 3-nitrophenyl-substituted BODIPYs 14, 17, and 21 similar results were obtained for the
halogenation in DCM. Here, a reaction time of three hours was required for a targeted mono-
bromination of the 2-position. Again, the highest yield was achieved with the unsubstituted BODIPY
21. Using the pre-functionalized BODIPYs, the respective products were also formed in moderate yields

(Scheme 26). In comparison, there is a tendency that the tetrafluorophenyl-based BODIPYs provide

higher yields.
R R™® Substituents (R):
NO NO _
2 Br 2 R"= f’{F R®= "‘{”/\\\
O*(ifo R2= /{H’\/\
2.5 equiv.
N N DCM N._ N
B B
\
. r, 3 h e
21:R! 17:R3 61: R (64%) 64: R® (30%)
14: R? 63: R? (48%)

Scheme 26: Targeted halogenation of 3-nitrophenyl-substituted BODIPYs.

To achieve a selective halogenation of the 2- and 6-position, the investigations were continued with
BODIPYs where specific positions of the core structure were blocked by methyl groups. For this,
1,3,5,7-tetramethyl-substituted BODIPYs were chosen for further halogenations. Again, these BODIPYs
(65 and 66) were equipped with the pentafluorophenyl and the 4-fluoro-3-nitrophenyl moiety at the
meso-position. The synthesis for BODIPY 65 had been performed according to the literature!*®? and
was expanded to the 4-fluoro-3-nitrophenyl benzaldehyde. In detail, the corresponding benzaldehydes
were reacted with 2,4-dimethylpyrrole under trifluoroacetic acid-catalysis, followed by oxidation,

deprotonation with DIPEA, and BF; complexation to form the desired BODIPYs 65 and 66 (Scheme 27).
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1.)TFA, 2.5 h
y 2.) p-chloranil or DDQ, 1 h RTor2
R1or2 3.) DIPEA, BF5OEt,, 1.5 h

N S
H™ =0 DCM, rt ~B”

7\
F F

Susbtituents (R): 65: R (49%)
. (]

F F
Rz F e NO, 66: R? (47%)
F F

Scheme 27: Preparation of the 1,3,5,7-tetramethyl-substituted BODIPYs 65 und 66.

In the next step, nucleophilic substitutions with different amines were performed using the BODIPYs
65 and 66. A substitution of 65 had already been described, however, only n-butylamine was presented
as an example for the functionalization.!*%? Now, systematic nucleophilic substitutions of BODIPY 65
with different amines were carried out. Amines with additional functional groups were chosen, e.g., a
terminal alkynyl group or free hydroxy groups. The reactions with the tested amines provided the
respective functionalized BODIPYs, except for the case of serinol (R*), where the related product could

not be obtained (Scheme 28).

Substituents (R):

R! =“"{\/\ R3=i"i<\/OH
N

OH
RZ =

R*= \é,OH

H,N—R -
_—
DMF
rt, 4 h

for 70:
DMSO, rt, 24 h

67: R' (52%) 69: R® (41%)
68: R% (23%) 70: R* (no product)

Scheme 28: Nucleophilic substitutions of BODIPY 65 with amines.

BODIPY 66 was also reacted with the same set of amines. In these cases, all substitutions led into the
formation of the corresponding substituted BODIPYs. Serinol could be as well employed for the
substitution of BODIPY 66 (Scheme 29). In comparison, the nucleophilic substitutions with BODIPY 66,

carrying the 4-fluoro-3-nitrophenyl moiety were more effective.

Substituents (R):

R1 =\\/\/\ R3 = \(\/OH
OH
OH

H,N—R '
DCM XY R
(DMSO for 74)
rt, 24 h

71: R' (88%) 73: R®(84%)
72: R? (44%) 74: R* (23%)

Scheme 29: Nucleophilic substitutions of BODIPY 66 with amines.
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Finally, the modification of the BODIPY core structure was performed with these 1,3,5,7-tetramethyl
BODIPYs. For this, the BODIPYs were dissolved in HFIP and treated with NBS. Again, a complete
consumption of the starting materials could be detected after a very short reaction time. The selective
halogenation finally succeeded with NBS, and a bromination of other positions than the desired 2- and
6- positions could not be found. All 2,6-dibromated tetrafluorophenyl-based BODIPYs were obtained

in good yields (Scheme 30).

Substituents (R): ;{
12 =
R'= ,-{F R = H’\\\
(2.5 equiv.) R?= f{H’\/\ R4 = J{H’\/OH
—_—

HFIP
rt, 1 min

65:R' 68: R® 75: R (57%) 77:R3 (44%)
67: R?> 59: R* 76: R? (54%) 78: R* (44%)

Scheme 30: Halogenation of the tetrafluorophenyl-substituted BODIPYs with NBS.

Similar results were found for the 3-nitrophenyl-based BODIPYs. Here, also, only a short reaction time
was required for the targeted halogenation of the 2- and 6-position in HFIP. The corresponding
products were obtained in good yields, without any evidence for a substitution of other positions of

the core structure than the desired 2- and 6-position (Scheme 31).

OvO
(2.5 equiv.)
HFIP
rt, 1 min
66: R' 73:R* 79: R (57%) 82: R* (54%)
71: R?2 74:R® 80: R? (63%) 83: R® (48%)
72: R3 81: R3 (44%)

Scheme 31: Halogenation of the 3-nitrophenyl-substituted BODIPYs with NBS.

Carbohydrates were also tested in the substitution of the 1,3,5,7-tetramethyl-BODIPYs 65 and 66.
Here, thio-B-D-carbohydrates had been used for direct substitution of the para-phenyl positions. The
sodium salts of thioglucose and thiogalactose were reacted with the BODIPYs (65 and 66) to form the
glycosylated derivatives (84, 85, 88, and 89). The glycosylated BODIPYs could be obtained in high yields
within 15 minutes (Scheme 32). Subsequently, the glycosylated BODIPYs were reacted with NBS to
functionalize the 2- and 6-position of the BODIPY core structure with bromine. This halogenation of

the glycosylated BODIPYs afforded the desired products in good yields (Scheme 32).
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Na+ §—R1or2
(1.2 equiv.)

DMF
rt, 15 min

Na' S=R'°r2
(1.2 equiv.)

DMF
rt, 15 min

el

(2.5 equiv.)
—_—

HFIP
rt, 1 min Br
84: R' (69%) 86: R" (62%)
85: R? (46%) 87: R? (58%)
R1 or2 R1 or2
s’ Br -

HFIP

88: R (46%)
89: R2 (80%)

(2.5 equiv.)
—_—

rt, 1 min Br

90: R" (35%)
91: R? (45%)

Scheme 32: Glycosylation and subsequent halogenation with NBS of BODIPYs 65 und 66.

In addition, the glycosylation was also extended to the core-unsubstituted BODIPYs 21 and 48. Using

the synthetic procedure described above, the BODIPYs 21 and 48 were also successfully substituted

with thioglucose and thiogalactose in high yields. (Scheme 33).

(" Substituents (R): )

OH

R'= Ho S
HO

OH

R1 or2
Na+ s__R1 or2
(1.2 equiv.)
DMF
rt, 30 min
92: R (88%)
93: R? (61%)
R1 or2
F s~
NO
2 Na+ s__R1 or2 N02
(1.2 equiv.)
~N DMF \
& N t, 15 min =N
N\B,N\ \_N. _Nx
P B
F F £ E
21 94: R (91%)

95: R? (82%)

Scheme 33: Glycosylation of the core-unsubstituted BODIPYs 21 und 48.

The dark and phototoxicity of the core-modified BODIPYs was evaluated in bacterial assays against

S. aureus and P. aeruginosa. The antimicrobial activity was not only investigated in phosphate-buffered
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saline (PBS), but additional experiments in the presence of blood serum were performed. The proteins
present in serum or wounds can have significant effects on the effectiveness of therapeutic agents.
These antimicrobial assays were carried out by the biolitec research GmbH.

In the bacterial assays, all tested 2,6-dibromo-1,3,5,7-tetramethyl-substituted BODIPYs proved to be
highly effective compounds against S. aureus. The modified BODIPYs showed a significant dark toxicity
at the highest concentration. Under light irradiation an inactivation of bacteria beyond the detection
limit was achieved even at low concentrations. In the presence of serum, the dark and phototoxicity
decreased. However, a significant phototoxic activity against S. aureus was still found for the 2,6-
dibromo-1,3,5,7-tetramethyl-substituted BODIPYs, functionalized with thiocarbohydrates or free
hydroxy groups. In addition, some mono-brominated BODIPYs also showed a phototoxic activity
against S. aureus even in the presence of serum. Remarkably, some glycosylated BODIPYs even
exhibited a notable phototoxic activity against the Gram-negative germ P. aeruginosa under
irradiation.

In summary, the combination of the targeted bromination of the BODIPY core structure with the
nucleophilic substitution of the 4-fluoro-3-nitrophenyl and the pentafluorophenyl moiety was
successfully applied for the preparation of the desired modified BODIPYs. In the case of the targeted
bromination of the 2- and 6-positions, the 1,3,5,7-tetramethyl-substitutued BODIPYs were more
suitable since the halogenation of the core-unsubstituted BODIPYs yielded multiple substitutions with
bromine. However, with the core-unsubstituted BODIPYs a selective halogenation of the 2-position
proved to be possible. Using the synthetic procedures described above, brominated BODIPYs with a
set of different functional groups were presented. Moreover, this protocol was also suitable for
combining the substitution with bromine and the introduction of thiocarbohydrates. Especially, the
combination of the 2,6-dibromo-1,3,5,7-tetramethyl-BODIPYs structure with thiocarbohydrates
resulted in effective photosensitizers for a possible application against S. aureus and P. aeruginosa.

Also, the mono-brominated derivatives showed promising potential as photoactive compounds.

2.3 meso-Substituted dipyrrins as building blocks for photoactive dipyrrinato iridium(lll) complexes

In this project meso-substituted dipyrrins were used for the preparation of heteroleptic dipyrrinato
iridium(lll) complexes. In general, iridium complexes are of high interest as possible therapeutically
active compounds against cancer. As well, for some cyclometalated iridium(lll) complexes a generation
of ROS has been reported, which highlights these types of complexes for an application in PDT. Here,
dipyrrins based on the pentafluorophenyl and the 4-fluoro-3-nitrophenyl moiety were investigated as
suitable ligands for the synthesis of dipyrrinato iridium(lll) complexes. In addition, dipyrrins with
additional functional groups, e.g., terminal alkene or alkyne groups, free hydroxy groups, and

thiocarbohydrates, were applied for the synthesis of functionalized dipyrrinato iridium(lll) complexes.
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In analogy to the oxidation of meso-(4-amino-3-nitrophenyl)dipyrromethanes, the tetrafluorophenyl-
substituted dipyrromethanes were oxidized in the same way. In preparation for this, the pre-
functionalized dipyrromethanes 96 — 101 were synthesized according to the literature.%52
p-Chloranil could be applied to transform all tetrafluorophenyl-based dipyrromethanes into the
respective dipyrrins in good to excellent yields (Scheme 34). As an alternative to p-chloranil, DDQ was
tested for the oxidation of the dipyrromethanes. In general, higher yields were found with p-chloranil

for the oxidation of the dipyrromethanes, compared to DDQ as oxidation agent.

_ R'= A¢ Rt = A\~OH
p-chloranil H
RZ= /AN RS= t"{o’\/\
THF
rt, 24 h R3‘f"(N’\\ RG:f{O/\\\

102: R' (48%) 105: R* (48%)
103: R? (73%) 106: R5 (74%)
104: R® (91%) 107: R® (52%)

Scheme 34: Preparation of tetrafluorophenyl-substituted dipyrrins via oxidation with p-chloranil.

The 3-nitrophenyl-based dipyrromethanes were oxidized to the corresponding dipyrrins. In addition to
the already described 3-nitrophenyl-based dipyrrins (see chapter 2.1), the oxidation of the
dipyrromethanes 1, 4, and 8 was carried out analogously with p-chloranil. Except for the unsubstituted
dipyrromethane 1, all tested dipyrromethanes were successfully transformed into the related
dipyrrins. In the case of the unsubstituted dipyrromethane 1, no reaction could be observed using

p-chloranil (Scheme 35).

1-3 1-3
R R Substituents (R):
NO NO
2 . 2 R1 - f{F R3 = /\/\N/\/\
p-chloranil ,,"{
> R?2= /"N
THF H/\\
> ~ rt, 3h > AN \
\_NH HN—Z \_NH  N=
1:R'" 8:R3 108: R' (no product) 110: R3 (71%)
4: R? 109: R? (57%)

Scheme 35: Preparation of 3-nitrophenyl-subtitutued dipyrrins via oxidation with p-chloranil.

To obtain the unsubstituted dipyrrin 108, the reaction was repeated with DDQ as the oxidation agent.
With DDQ, the respective product 108 could be obtained in high yields (Scheme 36). In the oxidation

of the 3-nitrophenyl-based dipyrromethanes, DDQ provided again lower yields.
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N02 NOZ
DDQ
-
THF
S = rt, 1h TN
\ NH HN Y NH N=
81%
1 108

Scheme 36: Oxidation of dipyrromethane 1 with DDQ.

In the next step, the preparation of chlorido(dipyrrinato)(pentamethylcyclopentadienyl)iridium(lll)
complexes was performed. Tetrafluorophenyl-based dipyrrins were reacted with DIPEA and the
dichlorido-bridged (pentamethylcyclopentadienyl)iridium(lll) half-sandwich complex. Related
dipyrrinato iridium(Ill) complexes were exclusively formed with dipyrrins carrying no terminal alkene

or alkyne groups (Table 2).

Table 2: Preparation of chlorido(pentamethylcyclopentadienyl)(dipyrrinato)iridium(lll) complexes
from tetrafluorophenyl-based dipyrrins.

[IrCl,Cp*l,
(0.5 equiv.)
DIPEA (14 equiv.)
? et
THF
rt, 24 h
102 -107, 111
112 -118
Entry Startlrilg Substituent (R) Product Yield [%]
material
1 102 Ap 112 91
2 103 s’iu/\/\ 113 36
a,b ‘e‘f\
3 104 H/\ 114
4 105 Ap~-OH 115 36
H
5 106 FSENAN 116 86
6° 107 Aog~F 117

72b 111 ;\O/\\\ 118

2 no product was isolated, ® evidence for dealkylation was found.

Dipyrrins 102, 103, 105, and 106 afforded the dipyrrinato complexes in 36% to 91% yields (Table 2).
The allyloxy-substituted dipyrrin 111 had been prepared according to the literature.!>%
The 3-nitrophenyl-substituted dipyrrins (23 — 27, 108 — 110) were also employed for the preparation

of chlorido-(dipyrrinato)(pentamethylcyclopentadienyl)iridium(lll) complexes. Similar results were
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observed for these complexations, again, a synthesis of dipyrrinato iridium(lll) complexes was not
possible with alkenyl- and alkynyl-substituted dipyrrins (24 and 109). The other 3-nitrophenyl-

substituted dipyrrins afforded the desired complexes in moderate to good yields (Table 3).

Table 3: Preparation of chlorido(pentamethylcyclopentadienyl)(dipyrrinato)iridium(lll) complexes
from 3-nitrophenyl-based dipyrrins.

R
NO,
R [IrC1,Cp*];
NO, (0.5 equiv.)
DIPEA (14 iv.
(14 equiv. )> ~X A
THF NN, N
X\ rt, 24 h r\CI
NH N
23 - 27,
108 - 110
119 - 126
Entry Startlr.lg Substituent (R) Product Yield [%]
material
1 108 Ap 119 43
2 23 ff\H/\/\ 120 46
32 24 f\”/\/ 121
4 109 NN 122
5 25 ffiu/\/OH 123 46
OH
6 27 L 124 29
f\N OH
H
/ o.

7 26 N/\/\/\n/ 125 52

H o
8 110 N MT:\/\ 126 29

2 no product was isolated.

In summary, preparations of dipyrrinato complexes were unsuccessful with dipyrrins functionalized
with alkene or alkyne groups. In these cases, the desired complexes were not observed and the
dipyrrins often seemed to decompose. In some reactions, evidence for a dealkylation of the allyl and
propargyl groups was found in the NMR spectra. These observations suggest that the undesired side
reactions were caused by the multiple bond in the substituent. The cleavage of propargyl and allyl
moieties via palladium and ruthenium catalysts is known in the literature.®! Similarly, an interaction
of these multiple bonds with the iridium might have led to the dealkylation and other side reactions.

To obtain dipyrrinato iridium(lll) complexes with additional allyl and propargyl groups, the

unsubstituted complexes 112 and 119 were tested in the substitution with nucleophiles. For the post-
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functionalization of complex 112 alcohols and amines were tested, e.g., allyl alcohol, allylamine,
propargylamine, and propargyl alcohol, while complex 119 was subjected to the substitution with
n-butylamine, allyl- and propargyl amine. However, only the substitution of 119 with n-butylamine was
successful. In the other cases, a formation of the respective complexes was not observed. Again, the
dipyrrins appeared to decompose and in the NMR spectra evidence for a dealkylation was found.

Dipyrrins with methyl groups in the 1-,3-,7-, and 9-position were also investigated for the preparation
of heteroleptic dipyrrinato iridium(lll) complexes. The synthesis of the 1,3,7,9-tetramethyl dipyrrin 129
had already been described in the literature, however, in a one-pot-multi-step sequence.!*® Here
instead, the stepwise synthesis of the related dipyrrins was carried out (Scheme 37). The
dipyrromethanes 127 and 128 were prepared via the acid-catalyzed condensation of
2,4-dimethylpyrrole with the corresponding benzaldehyde. In the next steps, the dipyrromethanes
were oxidized with DDQ, followed by the complexation with the iridium half-sandwich complex. This

procedure successfully yielded the respective complexes (Scheme 37).

H
N
2
\ / TFA Rtor2 DDQ R'or2 [IrCI,Cp™]; (0.5 equiv.)
15 mol%) (1 equiv.) DIPEA (14 equiv.)
=

+
o “oem 1 NH HN 9 T 1 NH N\ DCM or THF
,& rt, 2 h n,2h it 24 h

H 127: R' (98%) 129: R' (63%)

128: R? (98%) 130: R2 (90%)

131: R (32%)
Substituents (R): 132: R2 (27%)

F F
F. F NO,
- RZ =
F F

Scheme 37: Preparation of (1,3,7,9-tetramethyldipyrrinato)(cyclopentadienyl)iridium(lll) complexes.

The (cyclopentadienyl)(dipyrrinato)iridium(lll) complexes were now tested as building blocks for
(dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes. For this, complex 126 was reacted with
2-phenylpyridine under reflux in ethanol. In another experiment, complex 112 was treated with the
2-phenylpyridine in a water/2-methoxyethanol mixture at 120 °C. In both cases, no exchange could be
observed, instead, the starting materials were recovered.

Alternatively, the dipyrrins were reacted with DIPEA and a cyclometalated precursor (the dichlorido-
bridged (2-phenylpyridyl)iridium(Ill) complex) to form the desired (dipyrrinato)bis(2-phenylpyridyl)-
iridium(lll) complexes. With the tested tetrafluorophenyl-substituted dipyrrins, all complexes were
obtained in good to high vyields, except for the propargyloxy- and propargylamino-substituted
compounds (135 and 139). In the case of the allylamino-substituted dipyrrin, the respective complex
138 was only obtained in low yields (Table 4). Again, the allyl- and propargyl-substituted dipyrrins

appeared to decompose and in the NMR spectra evidence for a dealkylation was found.
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Table 4: Preparation of (dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes via tetrafluorophenyl-
substituted dipyrrins.

[IrCl(ppy)l2
(0.5 equiv.)
DIPEA (14 equiv.)

THF
rt, 24 h
102 - 107, 111
133 -139
Entry Startlr)g Substituent (R) Product Yield [%]
material
1 102 Ap 133 65
2 103 f\”/\/\ 134 3
,b
3a 104 ;’;\” x 135
4 105 A OH 136 35
H
5 106 Ao 137 48
6 107 Ag~F 138 8
7 111 0 139

2 no product was isolated, ® evidence for dealkylation was found.

To finally synthesize the complexes with an allyl or a propargyl moiety, a post-functionalization with
corresponding amines and alcohols was performed. Using the pentafluorophenyl-substituted complex
133, a substitution of the related para-fluorine position was successfully performed with the tested
nucleophiles. High yields were obtained with allylamine, allyl alcohol, and propargyl amine. The

substitution with propargylamine still gave the product 135 in good yields (Scheme 38).

HO- R1 or2 H N— R1 or2
THF / \_ 7\ 80°024h N\
ft, 24 h < SN :Ir\‘ ;D / N_'r—N
140: R (899
138: R' (84%) Substituents (R) (89%)

2
139: R? (87%) 135: R* (64%)

R=X R=XTY

Scheme 38: Nucleophilic substitutions of complex 133 with amines und alcohols.
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3-Nitrophenyl-based dipyrrins have as well been studied in the synthesis of (dipyrrinato)-
bis(2-phenylpyridyl)iridium(lll) complexes. Using the same protocol as already applied for
complexation of tetrafluorophenyl-based dipyrrins, almost every reaction led to the (dipyrrinato)bis-
(2-phenylpyridyl)iridium(lll) complexes. Again, a successful formation of the corresponding complex
143 was not possible with the propargylamino-substituted dipyrrin and the allylamino-substituted
complex 137 was achieved only in low yields (Table 5). Also, here, the allyl- and propargyl-substituted

dipyrrins appeared to decompose.

Table 5: Preparation of (dipyrrinato)bis(2-phenylpyridyl)iridium(IIl) complexes via 3-nitrophenyl-
substituted dipyrrins.

R
NO,
R [IrCl(ppy)2l2
NO, (0.5 equiv.)
DIPEA (14 equiv.) YR\
>
N N=
THF \/
SR ", 24 h 7 \N——n"
NH N< — —
23 - 27,
108 - 110
141 - 148
Entry Startlr.lg Substituent (R) Product Yield [%]
material
1 108 Ap 141 29
2 23 e";\u/\/\ 142 36
3 24 f\u/\/ 143 12
4 109 NN 144
5 25 f\m/\/OH 145 44
OH
6 27 L 146 26
g”\N OH
H
£ o.
7 26 N 147 43
O
8 110 /\/\MT:\/\ 148 49

2 no product was isolated.

The post-functionalization was carried out for the 4-fluoro-3-nitrophenyl-substituted complex 141 to
obtain complexes with an allylamino or a propargyl moiety. In this case, the nucleophilic substitutions
with the allyl and propargyl amine afforded the functionalized complexes as well. The respective

complexes 143 and 144 were obtained in 70% and 90%, respectively (Scheme 39).

44



R1 or2
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143: R' (70%)
Substituents (R): 144: R? (90%)

R1=\N R2=\"(\\\

Scheme 39: Nucleophilic substitutions of complex 141 with amines und alcohols.

Furthermore, the glycosylation of the unsubstituted complexes 133 and 141 with thiocarbohydrates
was also tested. In analogy to the glycosylation of the BODIPYs, these two complexes could be simply
treated with thioglucose and thiogalactose to obtain the glycosylated derivatives in excellent yields

within a short reaction time (Scheme 40).

Na S R1 or2

DMF

</ \N—Ir—N > rt, 20 min </ \N—Ir—N >

149: R" (98%)
150: R? (92%) OH

o]
R1 or2 1= HO
R HO

OH
ho OH
we oKy
HO
I tor2 I OH
Q AN Na S—-R Q A\ L )
N N‘ N N‘

DMF

</ \EN_Ir_Né > rt, 20 min </ \EN_“,_NE >

151: R! (92%)
152: R? (90%)

(" Substituents (R): )

Scheme 40: Glycosylation the (dipyrrinato)bis(2-phenylpyridyl)iridium(Ill) complexes 133 and 141.

Finally, a conjugate was prepared from the propargyl-functionalized complex 139 and the azido-

substituted BODIPY 153. The combination of these two molecules was realized via the copper(l)-
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catalyzed 1,3-dipolar cycloaddition. For this, the complex 139 and BODIPY 153 were dissolved in DMF,
then copper sulfate and sodium ascorbate were added. Finally, the desired BODIPY-

ipyrrinato)iridium conjugate could be obtained in a yield o 6 (Scheme 41).
(dipyrri )iridi jug Id be obtained in a yield of 21% (Sch 41)

CUSO4'5H20
(0.5 equiv.)
NaAsc
(6 equiv.)
—_—
DMSO
rt, 45 min

21%

Scheme 41: Preparation of a BODIPY-(dipyrrinato)iridium(lll) complex conjugate 154.

The dark- and phototoxicity of the heteroleptic dipyrrinato iridium(lll) complexes was evaluated in
assays against bacteria and tumor cells. In addition, the antimicrobial activity was performed with the
addition of blood serum, to generate a more realistic testing environment. These tumor cell and
bacterial assays were carried out by the biolitec research GmbH.

In general, the heteroleptic dipyrrinato iridium(lll) complexes showed only a low dark toxicity against
the tested cell lines. In the presence of light certain dipyrrinato iridium(lIl) complexes were identified
with a significant phototoxic activity against the cells. In the case of dipyrrinato complexes with an
additional pentamethylcyclopentadienyl ligand, specifically, complexes functionalized with alkyl
substituents, e.g., butyl group or the dibutylamino group, exhibited the highest phototoxicity. For the
cyclometalated dipyrrinato complexes (equipped with 2-phenylpyridyl ligands), the complexes
functionalized with thiocarbohydrates or polar substituents, showed a significant phototoxic effect on
the cells. In addition, there was a tendency that the tetrafluorophenyl-substituted dipyrrinato
complexes exhibited a more effective phototoxic activity then the nitrophenyl-substituted complexes.
In the bacterial assays, a clear dark toxic effect against S. aureus was found for the dipyrrinato
complexes encompassing a pentamethylcyclopentadienyl ligand. In the presence of light, several
complexes were identified, that exhibited a significant phototoxicity even at a low concentration.
Interestingly, the respective tetramethyldipyrrinato complexes exclusively showed a significant
phototoxic activity. Against P. aeruginosa, only a limited number of the chlorido(dipyrrinato)-
(pentamethylcyclopentadienyl)iridium(lll) complexes exhibited dark and phototoxic activity,
specifically, the non-functionalized complexes, compounds functionalized with butyl groups, and some

complexes with polar groups.
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The phototoxic activity decreased significantly on the addition of blood serum, i.a., due to the effects
of proteins present in the serum. However, some chlorido(dipyrrinato)(pentamethylcyclopentadienyl)
complexes still exhibited a significant phototoxic effect against S. aureus in the presence of serum.
Remarkably, for the butylamino- and the butyloxy-tetrafluorophenyl-substituted complexes no
significant decrease in their phototoxicity was found. As well, a limited phototoxic effect was still found
for some of these complexes against P. aeruginosa in the presence of serum.

For the (dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes, a dark and phototoxic activity was
exclusively found against S. aureus. Here, only the tetrafluorophenyl-based complexes, functionalized
with carbohydrate moieties or polar groups, exhibited a phototoxic effect. In the presence of serum,
only the glycosylated derivatives kept their high phototoxic activity.

In addition, for the chlorido(dipyrrinato)(pentamethylcyclopentadienyl)iridium(lll) complexes 31 and
51 (Fig. 26; a and b) and, as well, for the (dipyrrinato)bis(2-phenylpyridyl)iridium(lll) complexes 54, 60,
and 66 (Fig. 26; c — e) X-ray structure analyses were performed to confirm their structures in the solid
state. The molecular structures were measured, solved, and refined by Dr. Keith Flanagan and Dr.
Christopher Kingsbury from Prof. Mathias O. Senge’s group at Trinity College Dublin. Again, an
intermolecular hydrogen bond between the hydrogen of the amine and the related nitro group was

found within in the complex 66 (equipped with a 4-amino-3-nitrophenyl moiety).

Figure 26: Molecular structures for heteroleptic dipyrrinato iridium complexes: complex 31 (a),
complex 51 (b), complex 54 (c), complex 60 (d), and complex 66 (e).
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In summary, dipyrrins based on the tetrafluorophenyl and 3-nitrophenyl moiety were successfully
applied in the preparation of the respective heteroleptic dipyrrinato iridium(lll) complexes. Using these
pre-functionalized dipyrrins, dipyrrinato iridium(lll) complexes with a wide scope of functional groups
were synthesized. However, the post-functionalization of the dipyrrinato complexes proved to be more
suitable for the introduction of a terminal allyl and terminal propargyl moieties. The concept of post-
functionalization also enabled an effective functionalization with thiocarbohydrates. Furthermore,
tetramethyl core-substituted dipyrrins were also found suitable for the preparation of (1,3,7,9-
tetramethyl-dipyrrinato) iridium complexes carrying additional cyclopentadienyl ligands.

In assays against bacteria and tumor cells, several dipyrrinato iridium(lll) complexes were identified
with a high potential for an application as photosensitizers against tumor cells and bacteria. Especially,

the glycosylated derivatives showed a promising efficacy.

3. Unpublished results

3.1 Heteroleptic dipyrrinato ruthenium(ll) and iridium(lll) complexes

4-Amino-3-nitrophenyl-substituted dipyrrins had already been applied for the synthesis of related
chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes (see chapter 2.1). Here, additional dipyrrins
(108 — 110) were also employed in the syntheses of such types of dipyrrinato ruthenium(ll) complexes.
Except for dipyrrin 109, all dipyrrins enabled the synthesis of the corresponding dipyrrinato complexes.

The dipyrrins 108 and 110 afforded the complexes 156 and 157 with 58% and 29% vyield, respectively

1-2
1> R

. \@:J:DI'RU\CI NO,
155
NO, (0.5 equiv.) M _ -+
DIPEA (14 equiv) \ N (2 equiv.) \\ A
THF N= EtOH N N=
NN/ 7

(Scheme 42).

\
rt, 24 h reflux, 24 h r
TN\ \ Ci
NH N ] P
108: R' 109: R3 =
110: R?
1 — -
Substituents (R): 156: R (58%) 1
157: R? (29%) 159: R" (88%)
R’ =/{F R3 = /{N’\\\ 158: R3 (no product) 160: R? (70%)
H
R2 = NN
sk

Scheme 42: Preparation of chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes and ligand
exchange with 2,2-bipyridine.
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While the reaction of the propargylamino-substituted dipyrrin 109 and the (p-cymene)ruthenium(ll)
half-sandwich precursor 155 did not result in the complex 158. Probably, the ruthenium(ll) precursor
facilitated the decomposition of the propargyl moiety, leading to undesired side products. Similar
results had also been observed with the (cyclopentadienyl)iridium(lll) precursor (see chapter 2.3).
Finally, the ligand exchange was performed with the two dipyrrinato ruthenium complexes 156 and
157. The reaction with 2,2’-bipyridine could as well be successfully implemented and the respective
bis(2,2‘-bipyridyl)(dipyrrinato)ruthenium(ll) complexes 159 and 160 were obtained in high yields
(Scheme 42).

To achieve the chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complex 158, equipped with a propargyl
moiety, the post-functionalization of dipyrrinato complex 156 with propargylamine was performed
(Scheme 43). In this case, again no evidence for the successful formation of the desired complex were
found. Instead, interactions of the propargyl moiety with the ruthenium center may have led to the
decomposition of the complex, as it was found in the substitutions for the dipyrrinato iridium

complexes with propargyl amine and propargyl alcohol (see chapter 2.3).

& NN DCM RN
N N= rt, 90 min N N=
\

Ru/\ argon R
N

| 7~ Cl /‘\ \CI

= —
156 158

Scheme 43: Attempted post-functionalization of complex 156 with propargylamine.

The bis(2,2'-bipyridyl)(dipyrrinato)ruthenium(ll) complex 159 was also subjected to post-
functionalization with propargylamine and ethanolamine (Scheme 44). In contrast to the
functionalization of complex 156, reactions with the tested amines proceeded significantly more
effective. Here, no indication for side reactions was found. Both reactions gave the complexes 36 and
161 in high yields (98% and 78%, respectively). The 2-hydroxyethylamino complex 36 was already
previously synthesized via the complexation of the pre-functionalized dipyrrin. However, the
successful post-functionalization indicated that this is probably the preferable route of synthesis for

functionalized complexes with more labile nucleophiles.
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rt, 2-3 h
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Substituents (R):
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Scheme 44: post-Functionalization of complex 159 with amines.

Furthermore, the concept of glycosylation with a thiocarbohydrate was also tested on the dipyrrinato
iridium complexes 112 and 119 and to the dipyrrinato ruthenium complex 156. In analogy to the
already applied protocol for the glycosylation of BODIPYs (see chapter 2.2), the complexes were
treated with the sodium salt of thioglucose and thiogalactose. In all cases, an introduction of the
thiocarbohydrate moieties was not successful, and no evidence of the desired glycosylated derivatives
was found (Scheme 45). Perhaps, interactions of the ruthenium center with the thiocarbohydrates

induced a decomposition of the corresponding metal complexes.

_R
NO, NO, NO, NO;
+ + -
> N A Na S—R x S A =~ \ Na S-R SN \
N = DMF NN Ns NN, NS DMF NN, NS
RA_ rt, 30 min R rt, 30 min Nl
N
// Cl argon /X \CI argon 3§
= —
162
156

Substituent (R):
+
OH ~ A Na S8—R
HO rt, 30 min

OH
argon

Scheme 45: Attempted substitution of dipyrrinato complexes 112, 119, and 156 with thioglucose.
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The bis(2,2'-bipyridyl)(dipyrrinato)ruthenium(ll) complex 159 had also been evaluated to
glycosylation. For this, complex 159 was treated with the respective thiocarbohydrates. Finally, the
glucosyl-substituted derivative 165 and the galactosyl-substituted derivative 166 were obtained in high
yields (Scheme 46). No indications for a decomposition of the dipyrrinato ruthenium(ll) complex 159

were found, perhaps due to the more shielded metal core within the complex.

R1or2
F y s
0z NO,
B I+ — -
+
_  NaS—R'or2
—_— -
rt, 20 min Cl
DMF

159 — -
165: R (77%)
166: R2 (73%)

Substituents (R):

OH HO OH
R1 =HO (0] R2 = (0]
HO HO
OH OH

Scheme 46: Glycosylation of complex 159.

Chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes and  bis(2,2’-bipyridyl)(dipyrrinato)-
ruthenium(ll) complexes were also evaluated in tumor cell and bacterial assays to explore their
potential suitability as photosensitizers for PDT and antimicrobial photodynamic inactivation. Selected
complexes were studied against several tumor cell lines and against the Gram-positive germ S. aureus.
In the tumor cell assays the following cell lines were used: human colorectal adenocarcinoma (HT29),
human epidermoid carcinoma (A431), submaxillary salivary gland epidermoid carcinoma (A253),
and human epithelial tongue squamous cell carcinoma (CAL27). The antibacterial tests were
performed in PBS and additionally in the presence of serum to evaluate the antibacterial activity under
more realistic conditions. The tumor cell and bacterial assays were carried out by the biolitec research
GmbH.

Results for dark and phototoxic activity of the chlorido(p-cymene)(dipyrrinato)ruthenium(ll)
complexes (28, 32, and 156) against the cell lines and S. aureus are shown in Figures 27 and 28. The
biological activity of the bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes (33, 37, 159, and 165)

against the tumor cells and S. aureus are presented in the Figures 29 and 30.

The chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes 28, 32, and 156 exhibited no dark
toxicity against all cells. A phototoxic effect was observed exclusively for complexes 28 and 32 against

the cell lines A431 and CAL27 (Fig. 27). Compound 28 showed a high phototoxicity on one cell line
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(A431) already at a 2 uM. As well, a significant decrease of the viability on the cell line CAL27 was found
for 28 at the highest concentration. While for complex 32 a low phototoxic activity at 100 uM against
two cell lines (A431 and CAL27) was identified (Fig 27).
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Figure 27: Dark and phototoxicity of chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes in tumor
cell assays with the HT29 cell line (a) the cell line A431 (b), the cell line CAL27 (c), and the cell line A253
(d).* indicates significant values with p < 0.005.
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As can be seen from Figure 28, the chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes 28 and 32
showed a significant activity against S. aureus in PBS. Both complexes exhibited dark toxicity with a
suppression of bacterial growth below the detection limit at a concentration of 100 uM. For complex
28 a strong phototoxic activity was observed, where a complete inactivation of S. aureus already at
10 uM was achieved. Compound 32 showed a complete inactivation of bacteria at the highest
concentration (100 uM) under light. For the unsubstituted complex 156 no dark and phototoxicity was
found in PBS. However, in the presence of serum, dark and phototoxicity of the complexes vanished

completely (Fig. 28).
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Figure 28: Photoinactivation of S. aureus by chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes
in PBS (a) and in PBS+10% serum (b). The antibacterial toxicity is expressed as logarithm of the number
of colony-forming units, Ig (CFU mL™). Arrows indicate a suppression of bacterial growth below the
detection limit.

In the case of the bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes, the unsubstituted complex
159 exhibited a strong phototoxic activity on three cell lines (HT29, A431, and CAL27) at 100 uM, but
also high dark toxicity at the same concentration (Fig. 29). Under irradiation with light, complex 33
showed a decrease of the cell viability at the highest concentration on the cell lines A431, CAL27, and
A253, while compound 37 showed a phototoxic effect at least at 100 uM against the cell lines A431
and CAL27. In contrast, no significant dark and phototoxicity was observed for the glycosylated
complex 165 (Fig. 29).

The bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes 33, 37, and 159 also showed a high
biological activity against S. aureus in PBS (Fig. 30). Dark toxic effects were observed for complexes 33
and 159 with a complete inactivation of bacteria at a concentration of 100 uM. The non-functionalized
compound 159 exhibited a phototoxic activity already at 10 UM with a suppression of bacterial growth
beyond the detection limit. A medium phototoxicity with a three log-stage reduction was also found
for 159 at 1 uM. A complete inactivation of S. aureus was achieved with complexes 33 and 37 at the
highest concentration under light. Notably, both complexes also showed a medium phototoxic activity
at a concentration of 10 uM (Fig. 30).

Again, biological activity of the tested BODIPYs decreased in the presence of serum (Fig. 30). The dark
toxic activity of complexes 33 and 159 vanished completely. Nevertheless, in the presence of serum,
compounds 33, 37, and 159 still exhibited a phototoxic activity with a complete inactivation of bacteria
at 100 pM. In addition, an inactivation of bacteria of at least two log-stages was observed for
complexes 33 and 159 at 10 uM. Again, no dark and phototoxicity was found for the glycosylated
complex 169 in PBS and PBS + serum (Fig. 30).
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Figure 29: Dark and phototoxicity of bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes in tumor
cell assays with the HT29 cell line (a), the cell line A431 (b), the cell line CAL27 (c), and the cell line A253
(d).* indicates significant values with p < 0.005.
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Figure 30: Photoinactivation of S. aureus by (2,2’-bipyriyl)(dipyrrinato)ruthenium(ll) complexes in PBS
(a) and in PBS + 10% serum (b). The antibacterial toxicity is expressed as logarithm of the number of
colony-forming units, Ig (CFU mL?). Arrows indicate a suppression of bacterial growth below the

detection limit.

In conclusion, both types of dipyrrinato ruthenium(ll) complexes showed a limited activity against
tumor cells. In contrast to the related dipyrrinato iridium(lll) complexes, the tested dipyrrinato
ruthenium(ll) complexes only exhibited an activity against two cell lines. For complexes with a polar
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substituent or a thioglycosyl moiety no biological activity was found. The chlorido(p-cymene)-
(dipyrrinato)ruthenium(Il) complexes also proved inefficient for inactivation of S. aureus, as significant
dark and phototoxic activity was observed exclusively in the absence of serum. Nevertheless,
bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes exhibited pronounced potential for an
application in antimicrobial photodynamic inactivation. For many complexes, a high phototoxic effect
was detected on S. agureus even in the presence of serum. Interestingly, for the glycosylated complex
no significant activity against S. aureus was identified. However, the high antimicrobial activity
exhibited by some bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes even in the presence of
serum strongly underlines a possible use as photosensitizer for an inactivation of bacteria. In the case
of the (dipyrrinato)bis(2-phenylpyridyl)iridium(IIl) complexes, such efficient antibacterial activity in the

presence of serum was observed exclusively for the glycosylated derivatives.

The 1,3,7,9-tetramethyl-substituted dipyrrins 127 and 128 were also applied to the preparation of
heteroloeptic (1,3,7,9-tetramethyldipyrrinato)ruthenium(ll) complexes. The syntheses were carried
out analogously to the already described method for dipyrrinato complexes (treatment with DIPEA and
(p-cymene)ruthenium(ll) precursor, Scheme 47). Finally, both dipyrrins afforded the respective
dipyrrinato ruthenium(ll) complexes 167 and 168. The formation of 167 could be performed in DCM,
however, the preparation of complex 168 required THF as solvent, due to the low solubility of the
starting material 128 in DCM. Compared to the related dipyrrinato ruthenium(ll) complexes, the
dipyrrins 127 and 128 provided significantly lower yields, here, the ruthenium complexes 167 and 168
were obtained in 4% and 18%, respectively (Scheme 47). Compared to the general yields obtained for
the complexation of dipyrrins, here, relative low yields were obtained. The low yields might be the
result of a decomposition of the employed tetramethyl-substituted dipyrrins. Similar observations
were made during the reaction of corresponding dipyrrins with the iridium(lll) precursor (see

chapter 2.3).

R1 or2
Rtor2 [RuCly(p-cymene)] SN A
(0.5 equiv.) \ N N=
DIPEA (14 equiv. \
Y (14 equiv.) R(
NHON DCM or THF IR
127: R t, 24 h =
128: R?

167: R (4%)
Substituents R: 168: R? (18%)

F F
F F

Scheme 47: Preparation of (p-cymene)(1,3,7,9-tetramethyldipyrrinato)ruthenium(ll) complexes.
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Furthermore, the 1,3,7,9-tetramethyl-substituted dipyrromethane 128 was applied in the synthesis of
a functionalized chlorido(pentamethylcyclopentadienyl)(1,3,7,9-tetramethyldipyrrinato)iridium(lll)

complex (Scheme 48).

/\/\NH
p-chloranil NO
or DDQ 2
(1 equiv.)
THF
i, 1-3 h NN
NH N
170
/\/\NH

1.

) DDQ (1 equiv.), rt, 1 h
2)

IPEA (14 equiv.),
71 (0.5 equiv.), rt, 16 h
>

=00

THF

31%

172

Scheme 48: Synthetic procedure for the (1,3,7,9-tetramethyldipyrrinato)iridium(lll) complex 172.

For the synthesis of this complex, the dipyrromethane 128 was dissolved in DCM and simply treated
with n-butylamine. This reaction afforded the n-butylamino-functionalized dipyrromethane 169 with
a yield of 54% (Scheme 48). The final complexation requires the respective dipyrrin, therefore,
dipyrromethane 169 was subjected to oxidation with p-chloranil and DDQ. However, both reactions
did not provide the desired dipyrrin 170. Although the thin-layer chromatographic control indicated
the formation of a single orange fraction with a significantly different Rf compared to the starting
material, the purification by column chromatography did not yield the product. Instead, a black-
colored fraction appeared during the column chromatography. Perhaps, the dipyrrin decomposed on
the adsorbent used (silica gel). To obtain the desired dipyrrinato complex, the pre-functionalized
dipyrromethane 128 was therefore again oxidized with DDQ and then, without intermediate isolation
of the dipyrrin, treated with DIPEA and the iridium-cyclopentadienyl precursor 171 to directly form the
coordination complex 172. This sequence had already been described in the literature as an alternative
procedure for dipyrrinato complexes.[®’*®’?l And indeed, via this route, the desired functionalized

complex 172 was successfully obtained with a yield of 31%.
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3.2 Homoleptic dipyrrinato complexes

Beyond an application for the synthesis of heteroleptic dipyrrinato complexes, dipyrrins were also
investigated for the preparation of bis(dipyrrinato) and tris(dipyrrinato) complexes. The number of
dipyrrins coordinated to the metal center strongly depends on the metal used, resulting in the
formation of either bis(dipyrrinato) or tris(dipyrrinato) complexes. Thus, bis(dipyrrinato) complexes
are observed with zinc(ll), copper(ll), or nickel(ll), while indium(lll), gallium(lll), and iron(lll) form
tris(dipyrrinato) complexes with dipyrrins.l®?267269 The 5-pentafluorophenyldipyrrin and related
tetrafluorophenyl-substituted dipyrrins have already applied for the synthesis of the bis(dipyrrinato)
and tris(dipyrrinato) complexes. 2010

First, 3-nitrophenyl-substituted dipyrrins 23, 26, 108, and 109 were studied for the preparation of

bis(dipyrrinato) complexes (Table 6).

Table 6: Preparation of bis(dipyrrinato) complexes.

R
NO. NO, \\ B
M(OAc); (5 eq.) NG N {
» R M R
I YN rt, 24 h \ -
NH N= N\ X 2
23, 26, 108, 109 173 - 181
Starti _ .
Entry arting Substituent (R) Product Yield [%]
material
Bis(dipyrrinato)zinc(ll): M = Zn(ll)
o 108 e 173
2 a,b 23 ’f‘;\N/\/\ 174

H

32 109 ;\”/\ 175 49
4 26 *‘{m/\/\/\[ro\ 176 37
O

Bis(dipyrrinato)nickel(ll): M = Ni(ll)

52 108 Ap 177
6> 23 ff\H/\/\ 178

72b 109 ;\”/\ 179

Bis(dipyrrinato)copper(ll): M = Cu(ll)

gab 108 Ap 180
gab 23 e";\H/\/\ 181

2 evidence for decomposition was found, ° inseparable mixture of dipyrrin and dipyrrinato complex.
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The dipyrrins were reacted with DIPEA and the respective metal(ll) acetate. Specifically, zinc(ll),
nickel(ll), and copper(ll) acetate were used for the reactions, and DIPEA was used as a base for the
deprotonation of the dipyrrin (Table 6). Compared to the synthesis of heteroleptic dipyrrinato
complexes, the formation of the bis(dipyrrinato) complexes turned out to be difficult. Only in the case
of the dipyrrins 26 and 109 a successful formation of the desired zinc complexes was achieved. Here,
the complexes 175 and 176 precipitated as an orange solid during the reaction. Moreover, it was
possible to obtain the desired complexes in sufficient purity via filtering and subsequent washing with
methanol. Thus, the complexes 175 and 176 were obtained with 49% and 37% vyield, respectively
(Table 6). In the other cases, significantly low amounts of an orange-colored solid were obtained. These
isolated solids were identified as a mixture of the desired product and the respective starting material
(Table 6). Moreover, the dipyrrins appeared to decompose during the reaction, as large amounts of a
black precipitate were observed.

To shift the equilibrium towards the desired complexes the reaction conditions were modified. For
this, the reaction temperature was increased for the reaction of 26 with zinc acetate. In an additional
experiment, the addition of a further base was tested to improve the reaction of dipyrrin 109 towards
the desired bis(dipyrrinato) complex. However, in both cases, an improvement of the complexations
was not achieved. Still, mixtures of the complex and the dipyrrin, as well as decomposition of dipyrrins
were observed.

The dipyrrins 23, 26, 108, and 109 were also investigated for the synthesis of tris(dipyrrinato)
complexes. Metal chlorides were used for the complexations with the dipyrrins. The reactions were
carried out analogously to the preparation of the bis(dipyrrinato) complexes, except for higher reaction
temperatures, which were required for the formation of the desired complexes (Table 7). Here, more
reactions yielded the respective tris(dipyrrinato) complexes. However, in some cases, a successful
formation of the complexes could still not be observed. The best results were observed with the
dipyrrins 23 and 26. The tris(dipyrrinato)indium(lll) complexes (183 and 187) and the
tris(dipyrrinato)gallium(Ill) complexes (188 and 192) were synthesized in moderate to good yields. In
the case of the dipyrrins 24, 25, and 109, the syntheses were less effective. The
tris(dipyrrinato)indium(lll) complexes (184 — 186) were only isolated in low yields. While the
complexation of the allylamino-, propargylamino-, and 2-hydroxyethylamino-substituted dipyrrins (23,
24, and 109) with gallium(lll) chloride did not gave the desired complexes. In the case of the reaction
of the unsubstituted dipyrrin 108 and indium(lll) chloride, a successful formation of the homoleptic
dipyrrinato complex was also not observed. During the performed reactions, decomposition of the
dipyrrin was again detected. Side reactions caused by the nitro group may have led to decomposition

of the starting material.
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Table 7: Preparation of tris(dipyrrinato) complexes.

R
NO,
R | A\
\
NO,  MCl; (1 eq.) a T )
DIPEA (4.5 eq.) N Ny
THF N l ~
S e 70°C, 24 h NO, // !
\_NH  N=
(3eq.)
23 -26, 108, 110
182-192 NO, R
Entry Startlr.lg Substituent (R) Product Yield [%]
material
Tris(dipyrrinato)indium(lll): M = In(lll)
120 108 Ap 182
2° 23 f\ﬁ/\/\ 183 55
32 24 ff\”/\/ 184 5
4 109 ﬁ/\ 185 3
5 25 A OH 186 2

H
A N
6° 26 N> 187 29
(@)

Tris(dipyrrinato)gallium(ill): M = Ga(lll)

72b 23 f\H/\/\ 188 35
gab 24 f\”/\/ 189
gab 109 -f\”/\ 190
gab 25 ;fiN/\/OH 191

H
b A o<
10* 26 N> 192 27
(6]

2 evidence for decomposition was found; ® no product was isolated.

In an additional set of experiments, selected dipyrrins (23, 26, and 102) were tested for the preparation
of the tris(dipyrrinato)iridium(Ill) complexes 193 - 195. The reactions were carried out with the same
protocol as used for the other tris(dipyrrinato) complexes (Scheme 49). Again, no indications of the

formation of the complexes 193 - 195 were found with iridium(lll) chloride and the dipyrrins.
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A: Attempted synthesis for tris(dipyrrinato)iridium(lll) complexes
’I -3
\
IrClyxH,0 (1 eq.)

\ Q DIPEA (45eq) o \,/ N
N /'“\
NH N= THF N X

(3 eq.) 70°C, 24 h /

23:R'" 102:R3
26: R2

193: R' 195:R3
194: R?

B: Observed reduction into dipyrromethanes with dipyrrins 23 and 26

IrCl3'xH,0 (1 eq.) e
Substituents (R) for A and B:

DIPEA (45 6q) :
XN N ANSNH /o\n/\/\/\NH
NO
\NH N THF " NH HN 9 R= @/ o ?(NOZ

(3 eq) 70°C, 24 h
03 R'1 2: R' (22%)

2 o F
o 10: R2 (23%) o ]
R”° =
F F
\ J

Scheme 49: meso-Substituted dipyrrins for the preparation of tris(dipyrrinato)iridium(lll) complexes.

In the case of dipyrrin 23 and 26, however, orange-colored solids could be isolated. Interestingly, NMR
and mass spectra proved the formation of the corresponding dipyrromethanes. The appearance of
dipyrromethanes indicates a reduction of the starting material. In addition, a reduction of dipyrrins to
dipyrromethanes is already known in the literature.’® This observation can also provide an
explanation for the difficulty in syntheses of homoleptic dipyrrinato complexes. In general, a reduction
of the dipyrrin is also conceivable in other reactions, which can lead to the formation of the
dipyrromethanes or other side products.

In conclusion, the 3-nitrophenyl-based dipyrrins are less suitable for the synthesis of the respective
homoleptic dipyrrinato complexes, due to the relatively low yields and increased side product
formation. The tumor cell and bacterial assays did not provide any evidence of dark and phototoxic

activity for the homoleptic dipyrrinato complexes.

3.3 Additional modifications of the BODIPY core structure

In addition to the already described protocol for the combination of the functionalization and targeted
halogenation of the 1,3,7,9-tetramethyl BODIPYs (see chapter 2.2), further amines were tested for the
nucleophilic substitution of the para-phenyl position. Here, BODIPY 65 was functionalized with
allylamine and N,N-dibutylamine (Scheme 50). In the case of the substitution with allylamine, the
corresponding product could be obtained in 32% yield. With N,N-dibutylamine however, no product
was observed, instead a dark brown oil was isolated. No spectral evidence for the formation of the

product was found.
60



Finally, the allylamino-functionalized BODIPY 196 was subjected to the halogenation with NBS. Thin-
layer chromatographic control showed the formation of the expected product 198. However, the NMR
spectra indicated the formation of additional compounds. Unfortunately, this mixture of BODIPYs
could not be separated via column chromatography. Probably, halogenation with NBS led to an

inseparable mixture of mono- and dibrominated BODIPYs.

amine
(H-R1 or 2)
DMF
rt, 24 h
196: R (32%) 198: R! (mixture of BODIPYs)
Substituents (R): 197: R? (no product)
R!= ,-"{N/\?
H
R2 = NSNS
el

Scheme 50: Nucleophilic substitution of BODIPY 65 with amines and subsequent halogenation of
BODIPY 196.

In the same way, BODIPY 66 was substituted with additional amines. Allylamine, N,N-dibutylamine,
and 6-methyl-6-oxohexylamine were used for this nucleophilic substitution. In all cases, the desired
BODIPYs were successfully obtained. The best results were achieved for the functionalization with
allylamine (BODIPY 199; 86% yield). The other two amino-substituted BODIPYs 200 and 201 were
obtained in 30% and 35% vyield, respectively (Scheme 51).

amine
(H-R'?) (2.5 equiv.)
DMF HFIP
rt, 24 h rt, 1 min
Suben -~ 199: R" (86%) 202: R (32%)
ubstituents (R): 200: R2 (30%) 203: R2 (28%)
R'= ,f{u’\? 201: R3 (35%) 204: R3 (57%)
22 N
R2 = f(u/\/\/\gf
R3 = NN
ke

Scheme 51: Nucleophilic substitution of BODIPY 66 with amines and subsequent halogenation.

Subsequently, the halogenation was also performed with the substituted BODIPYs 199 - 201. Here, all

reactions with NBS led to the desired 2,6-dibrominated derivatives (202 - 204). Other brominated
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BODIPYs were only found in traces. All desired products could be successfully separated from the side
products. The halogenated BODIPYs (202 - 204) were obtained in moderate to good yields
(Scheme 51).

Some BODIPYs were already applied for the targeted halogenation of the related 2-position (see
chapter 2.2). Now, 1,3,5,7-tetramethyl-BODIPYs were subjected to the selective substitution of the
2-position with bromine. In analogy to the targeted halogenation of the core-unsubstituted BODIPYs,
the tetrafluorophenyl-based BODIPYs 65, 67, and 69 were dissolved in DCM and treated with NBS
(Scheme 52). Within two hours, full consumption of the starting material was observed via thin-layer
chromatography. At the same time, the formation of the corresponding 2-bromo-substituted BODIPYs
was detected. The halogenation of BODIPY 65 with NBS led to the product 205 in good yield, while
significantly higher yields were achieved with the substituted BODIPYs 206 and 207 (78% and 83%,

respectively, Scheme 52).

Substitutents (R):
1= 3= OH
R .’l{F R° = ”/\/

R2 = /{H/\/\

65:R' 69:R3 205: R' (54%) 207: R3 (83%)
67: R? 206: R? (76%)

Scheme 52: Targeted bromination of selected 1,3,5,7-tetramethyl-substituted BODIPYs.

Furthermore, the 3-nitrophenyl-substituted BODIPYs (66, 71 und 73) were also tested in the selective
monohalogenation. Again, with the functionalized BODIPYs (71 und 73) a targeted substitution of the
2-position proved to be possible. However, lower yields were observed in comparison to the

tetrafluorophenyl-based BODIPYs (Scheme 53).

Substitutents (R):
1= 3= OH
R /iF R3= J(H’\/

R2 = /{H/\/\

66: R; 73: R3 208: R’ g‘g’gfpri;’)f 210: R® (49%)
71: R
209: R? (29%)

Scheme 53: Targeted bromination of selected 1,3,5,7-tetramethyl-substituted BODIPYs.

In the case of the unsubstituted BODIPY 66, only a mixture of different BODIPYs with different

substitution patterns was obtained (mono- and dihalogenated BODIPYs). A separation of this mixture
62



was not possible. In general, BODIPYs with two bromine atoms at the core structure could be detected
via thin-layer chromatography. However, dihalogenated derivatives were only isolated in traces.

The 2-bromo-1,3,5,7-tetrametyl-substituted BODIPYs (205 — 210) were also evaluated for their
potential suitability in the antimicrobial photodynamic inactivation (Fig. 31). The antibacterial activity
was again performed in PBS and PBS supplemented with serum to investigate the activity in a more
realistic model. The antimicrobial assays against the Gram-positive germ S. aureus were carried out by
the biolitec research GmbH.

The BODIPYs (205 — 210) exhibited the same high antimicrobial activity as observed for the
dibrominated BODIPYs. Except for compounds 205 and 210, all BODIPYs showed dark toxic effects at
a concentration of 100 uM, resulting in a suppression of bacterial growth below the detection limit.
For all BODIPYs, a highly effective phototoxicity against S. aureus in PBS with a complete inactivation
already at 1 uM was also identified (Fig. 31). The antibacterial activity of the tested BODIPYs greatly
decreased in the presence of serum. No significant dark toxicity could be found for almost all BODIPYs

(205 and 207 — 210) anymore.

. . . no light, no BODIPY W 1 uM + light
a) Photoinactivation of S. aureus 100 ;M (dark toxicity) B 10 uM + light

in PBS 100 pM + light
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R R 2y M

" NH HO -~ SN HO
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Figure 31: Photoinactivation of S. aureus by 2-bromo-1,3,5,7-tetrametyl-BODIPYs in PBS (a) and in
PBS+10% serum (b). The antibacterial toxicity is expressed as logarithm of the number of colony-
forming units, Ig (CFU mL?). Arrows indicate a suppression of bacterial growth below the detection
limit.

lg (CFU/mL)
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In the case of BODIPY 206, only a low dark toxicity was observed at 100 uM. Nevertheless, in the
presence of serum, BODIPYs 207 and 210 carrying a free hydroxy group, showed a complete
inactivation of S. aureus already at concentration of 10 uM under light. A medium phototoxicity with
a decrease of bacterial viability of approx. two log stages was also found for both complexes at 1 uM.
For BODIPY 206 a complete reduction of bacterial growth was detected at the highest concentration
under light. While BODIPY 205 only exhibited a reduction of bacterial growth of two log stages. The
phototoxic activity of BODIPY 209 decreased significantly in the presence of serum (Fig. 31).

In conclusion, the concept of a mono-bromination of 1,3,5,7-tetrametyl-BODIPYs also resulted in

compounds with high potential for an application in antimicrobial photodynamic inactivation.

The absorption and emission spectra indicated a significant difference between the 3-nitrophenyl-
based and 2,3,5,6-tetrafluorophenyl-based BODIPYs. These two groups of BODIPYs showed a
difference in their absorption and emission maxima of approx. 20 nm. However, the different
substituents at the related para-phenyl positions exerted no significant influence. Also, no significant
influence was exhibited by the methyl substituents on the BODIPY core structure (Fig. 32). The
introduction of bromine to the BODIPY on the other hand had a significant impact on the optical
properties. Compared to the BODIPYs with an unsubstituted core structure a significant bathochromic
shift of the respective absorption maxima (15 — 20 nm) was achieved by the substitution of the
2-position with a bromine atom (Fig. 32). In the case of the dibrominated BODIPYs, an even stronger
effect on the optical properties was found. The corresponding absorption and emission maxima of the

respective 2,6-dibrominated BODIPYs showed a redshift of about 30 nm (Fig 32).

absorption ~500 nm Y: fluorine or amines

R: H or Me

emission ~520 nm

absorption ~520 nm

~550 nm

Z: fluorine, alcohols,
or amines
~560 nm  R. Y or Me

emission ~530 nm

Figure 32: Absorption and emission maxima of different types of BODIPYs.
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To investigate the cellular uptake of BODIPYs into cells, confocal laser scanning microscopy (cLSM) was
performed. Glycosylated BODIPYs are of particular interest, as the carbohydrate moiety is expected to
increase bioavailability and supports the uptake. For this, BODIPYs 92 and 94 carrying a thioglucosyl
moiety were evaluated in cellular uptake experiments. The 2-hydroxyethylamino-substituted BODIPY
211, provided by Claudia Gutsche,*%! was used for comparison with the glycosylated BODIPYs. As well,
the respective dibromo-1,3,5,7-tetrametyl-substituted BODIPYs, equipped with a thioglucosyl moiety
(86 and 90) or a 2-hydroxyethylamino moiety (78), were evaluated in cellular uptake experiments. For
cLSM, cells (A431 cell line) were seeded in 8-well ibidi u-slides (13.500 cells/well) in cell culture
medium. After one day, the BODIPYs were added at a final test concentration of 10 uM and the cells
were grown for another four and 24 hours. After the indicated time, cell nuclei were stained with
Hoechst 33342 (1 pg/mL). Cells were washed and confocal images were taken. The cellular uptake
experiments were performed in collaboration with the group of Prof. Dr. Rainer Haag, FU Berlin, by Dr.
Katharina Achazi and Elisa Quaas. In Figures 33 and 34 the cellular uptake of BODIPYs is shown after
four and 24 hours. BODIPY fluorescence is shown in red and the fluorescence of Hoechst 33342 in blue.
Transmitted light images were also taken and are shown in gray scale.

As can be seen in Figure 33, the highest uptake was observed with the glucosyl-tetrafluorophenyl
BODIPY 92, as the whole cellular interior exhibits an intense fluorescence even after four hours.
Simultaneously, an accumulation of the fluorophore in a specific area located next to the cell nuclei
was detected after 24 hours. A slight accumulation of BODIPY 92 was already observed after four
hours. BODIPY 210 showed a slower uptake since a clear fluorescence is only visible after 24 hours. A
slight accumulation to a specific area near the nucleus was also found for BODIPY 211 after 24 hours.
In contrast, for the glucosyl-nitrophenyl-based BODIPY 94 no visible uptake was detected. However,
this should be interpreted with caution, this seemingly ,non-uptake’ could be an effect of the lower
fluorescence intensity of the nitro-substituted compound. BODIPYs 92, 94, and 211 exhibited no
influence on the cell viability.

With all halogenated BODIPYs (78, 86, and 90) a high cellular uptake was achieved, as an intense
fluorescence in the cellular interior was found after four hours. After four hours, for the halogenated
derivatives no impact on cell viability was found. However, a very high reduction of cell viability was
observed by all BODIPYs after 24 hours (Fig. 34).

Experiments confirmed the cellular uptake of the studied BODIPYs. In the case of core-unsubstituted
BODIPYs, the glycosylated tetrafluorophenyl-BODIPY 92 proved to be particularly suitable for
fluorescence detection of the uptake into cells, at the same time exerting no negative effect on cell
viability. The drastically decreased number of cells, as well as the reduced size of the remaining cells,
gave evidence for a strong toxic effect of the dibromo-substituted BODIPYs (78, 86, and 90) on the

tumor cells (Fig. 34).
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Figure 33: cLSM overlay images of BODIPY 92, 94, and 210 for comparison after four and 24 h.
BODIPY fluorescence is shown in red and nuclei fluorescence is shown in blue (Hoechst 33342). The
transmitted light images are shown in gray scale.
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Figure 34: cLSM overlay images of BODIPY 78, 86, and 90 after four and 24 h. BODIPY fluorescence is
shown in red and nuclei fluorescence is shown in blue (Hoechst 33342). The transmitted light images
are shown in gray scale.
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3.4 BODIPY-cyclen derivatives

Due to the excellent fluorescence properties, BODIPYs are widely used as fluorescence markers or as
theragnostic agents.”’%1%! |n addition, derivatives of BODIPYs with macrocyclic molecules are
described in the literature, e.g., cyclen or 1,4,7,10-tetraazacyclododecan-1,4,7,10-tetraacetic acid.
These types of BODIPY conjugates are specifically interesting for medical imaging.°’*1073108] |n addition,
certain metal-cyclen complexes show promising potential for medical applications, due to their ability
to cleave RNA, DNA, peptide-structures, or other biomolecules.'%!

In this project, a direct linking between a BODIPY and a cyclen was performed. This coupling was
realized via the copper(l)-mediated 1,3-dipolar cycloaddition (click reaction). The coupling of cyclen
structures with other molecules or biomolecules through the copper(l)-catalyzed cycloaddition had
also been described in the literature.™% In preparation of the following synthesis of the BODIPY-cyclen

derivative, the propargyl-substituted cyclen 212 was prepared (Scheme 54).

NN K,CO
2 3
[N HNj ' Br/\\\ MeCN (N N]
e
7(0~‘( \/ 100 °C, 16 h 7<O\\(() —/
0 82% Vi
212 213
Scheme 54: Preparation of the propargyl-substituted cyclen 213 (compound 212 was provided by the
group of Prof. Nora Kulak).
Specifically, to ensure that only one of the amino groups was functionalized with a propargyl moiety,
a cyclen was chosen where three amino groups are protected by tert-butyloxycarbonyl groups. This
functionalization of a tert-butyloxycarbonyl protected cyclen with propargyl bromide is known in the
literature.!*100110cI Cyclen 212 was reacted with propargyl bromide and K,COs (Scheme 54). 1% Finally,
the propargyl-substituted cyclen 213 was successfully obtained in high yields (Scheme 54).
Having the starting materials 153 and 213 at hand, the copper-catalyzed cycloaddition was performed
to form the BODIPY-cyclen derivative 214. Azido-BODIPY 153, cyclen 213, CuSO4, and sodium ascorbate
were dissolved in DMF (Scheme 55). The cycloaddition progresses through a cyclic reaction
mechanism, wherein copper(l) ions catalyze a coupling between the azido group and the alkyne.

Finally, the two structural elements (BODIPY and cyclen) are linked via a 1,2,3-triazole group.!**!
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Scheme 55: Copper(l)-catalyzed cycloaddition of BODIPY 153 and cyclen 214.

For the copper-mediated cycloaddition, typically, catalytic amounts of copper(l) ions are required.
Within the reaction mechanism these copper(l) ions are continuously formed, thus, sodium ascorbate
is only employed to generate the required copper(l) ions from CuSOs in the initial step.*'!
Interestingly, catalytic amounts of the CuSO4 (10 mol%) only gave small amounts of the desired
compound 214. Instead, evidence for the formation of the 4-amino-2,3,5,6-tetrafluorophenyl
substituted BODIPY was identified. Increasing the amount of CuSOs led into significantly higher yields
of the respective product 214. In the case of 50 mol% of CuSO4, the product was obtained in 55% yield,
while increasing the amount of CuSO, to one equivalent even a yield of 65% was achieved.
Simultaneously, quantities of the amino-substituted BODIPY were significantly decreased at higher
concentrations of the copper catalyst. In the case of a low CuSO,4 concentration, an almost complete
coordination of copper(l) ions could be occurred by the cyclen moiety, resulting into an insufficient
concentration of the copper catalyst for a successful implementation. In contrast, increased
concentrations ensured sufficient quantities of the free copper(l) ions to form of the desired BODIPY-
cyclen derivative. No evidence for the occurrence of a copper-cyclen complex was found, instead, the
spectroscopic analyses proved the formation of the desired copper-free derivative 214. Probably, only
a temporary complexation of copper ions occurred, giving a possible explanation why larger quantities
of copper(ll) ions were required and no evidence of a copper complex of 214 was found.

In the next step, the removal of the tert-butyloxycarbonyl groups was performed. For this, compound
214 was treated with an excess of trifluoroacetic acid (Scheme 56). Within the first hours, other
fluorescent fractions were identified via thin-layer chromatography, indicating partial cleavage of the
tert-butyloxycarbonyl groups. Finally, after 16 hours the starting material was totally consumed and

no evidence for products with an incomplete removal of the protecting groups was found.
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Scheme 56: Acid induced cleavage of the tert-butyloxycarbonyl groups.

Instead of a purification by chromatography, a recrystallization was sufficient to achieve the product
215 in pure form. Although a good solubility was obtained in large amounts of methanol, the
compound could not be dissolved in typical concentration needed for NMR spectroscopy. The same
results were obtained for other solvents tested, e.g., chloroform, DCM, acetone, THF, and DMSO.
However, the product could be completely dissolved in water/acetic acid mixture (4/1, v/v), thus, a
characterization by NMR spectroscopy was possible. Finally, the NMR and mass spectra confirmed the
successful synthesis of the desired product 215 (in 91% vyield, see Scheme 56).

Beside the desired product peak, the mass spectrum also showed additional signals. These signals
could be assigned to specific BODIPY-cyclen structures, where one fluorine atom, or even both fluorine
atoms (of the boron difluoride) were replaced by methoxy groups. As well, evidence for an exchange

of a fluorine atom by a hydroxy group was found (Fig. 35).

B
\
F /04'._' m/z: —0 /O_'I_-I m/z:
cald.: 592.2538 cald.: 590.2571 cald.: 604.2738 cald.: 616.2937
found: 592.2543 found: 590.2581 found: 604.2729 found: 616.2909

Figure 35: Overview of possible BODIPY structures, corresponding to the respective signals found in
the ESI mass spectra.
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An exchange of fluorine atoms by methoxy groups was described in the literature only under certain
reaction conditions (Methanol/MeONa mixture, increased reaction temperature).[**? The contact of
compound 215 with methanol in the synthesis and purification can be excluded, since no methanol
was used there. However, methanol was applied to dissolve the substance for mass spectrometric
analysis. A replacement of the fluorine atoms is conceivable under the conditions of the measurement.
Water (probably present in the methanol) could also cause an exchange of the fluorine atom.

Having the unprotected cyclen-BODIPY derivative 215 at hand, in an additional experiment the
complexation with copper(ll) ions was investigated. For this, the derivative 215 and Cu(NOs), were
dissolved in methanol (Scheme 57). AlImost immediately after the addition of the copper nitrate, small
amounts of a dark precipitate were observed in the reaction flask. The reaction mixture was heated to
reflux for six hours to improve the complexation. After filtration of the suspension and washing with

methanol, a dark-blueish solid was obtained.

N Cu(NO3), N
N\N | (1.2 equiv.) N” )

MeOH
reflux, 6 h

Y

2NO;

(54%)

215 216

Scheme 57: Complexation of the BODIPY-cyclen derivative 215 with Cu(ll) ions.

This compound again showed a poor solubility in all tested solvents, e.g., chloroform, acetone, THF,
and DMSO. Moreover, the product was also not soluble in a mixture of water and acetic acid, thus, a
characterization of the isolated compound by NMR spectroscopy was not possible. The compound
could also not be identified by ESI mass spectrometry, due to the poor solubility/low ionization under
these conditions. However, only the El mass spectrometry gave evidence for the formation of the
desired product. Within the (El-)mass spectrum, two peaks could be assigned, which refers to possible
fragments of the derivative 216. The proposed fragmentation pathway of compound 216 and the
associated fragments are shown in Scheme 58. In addition, such a fragmentation mechanism has

already been described for cyclens in El mass spectrometry.*3!
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Scheme 58: Proposed mechanism for the fragmentation of compound 216.

4. Outlook

The work presented in this thesis is focused on the synthesis of functionalized dipyrrinato metal
complexes and BODIPYs, as well as on their dipyrrin and dipyrromethane precursors. The target
compounds were evaluated for their suitability as potential photosensitizers for an application in PDT

and antimicrobial photodynamic inactivation.

The first part discussed the introduction of the 4-fluoro-3-nitrophenyl moiety as a component in
dipyrromethanes, dipyrrins, BODIPYs, and dipyrrinato ruthenium(ll) complexes. The 4-fluoro-
3-nitrophenyl group exhibits high modification potential, as many different amines were utilized for
the fluorine exchange reaction to obtain functionalized dipyrromethanes in excellent yields. The scope
was not limited to amines, also an azido group enabled an effective substitution. However, alcohols
turned out as unsuitable nucleophiles for SyAr in this case. The pre-functionalized dipyrrins were
applied in the synthesis of BODIPYs and dipyrrins. Subsequent reactions with the dipyrrins gave the
respective heteroleptic dipyrrinato ruthenium(ll) complexes in good to high yields.

In the second part, the combination of the nucleophilic substitution with the modification of the
BODIPY core structures with bromine was studied. The combination of these two concepts enabled
the synthesis of BODIPY derivatives with a strong phototoxic activity against the Gram-positive germ
S. aureus and the Gram-negative germ P. aeruginosa. Halogenated BODIPYs with additional

thiocarbohydrates moieties showed the most effective biological activity under irradiation.
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Photoactive heteroleptic dipyrrinato Iridium(lll) complexes, based on the 3-nitrophenyl and the
2,3,5,6-tetrafluorophenyl moieties, were synthesized in the third project. Functionalized dipyrrins
afforded dipyrrinato(lll) complexes in moderate to good yields. The concept of post-functionalization
was suitable for the introduction of alkenyl, alkynyl, and thiocarbohydrates. In tumor cell and bacterial
assays, dipyrrinato iridium(lll) complexes with a pronounced potential as possible photosensitizers
were identified. Again, compounds with additional thiocarbohydrates exhibited an effective
phototoxicity against tumor cells and bacteria.

In a side project homoleptic dipyrrinato complexes were prepared from 3-nitrophenyl-based dipyrrins.
The dipyrrins showed a limited efficiency in the syntheses of bis(dipyrrinato) and tris(dipyrrinato)
complexes. In many cases, the desired complexes were not obtained, or only in low yields.

In a last project, the synthesis of a BODIPY-cyclen derivative was performed. The copper(l)-mediated
cycloaddition allowed the linkage of an azido-BODIPY and a cyclen in high yields. Subsequent
transformation (cleavage of the tert-butyloxycarbonyl group and complexation of copper(ll) ions)
yielded in the desired BODIPY-cyclen derivative. However, for this final copper(ll) derivative an

insufficient solubility in solvents was found which did hindered a suitable characterization.

In future works, the range of possible nucleophiles could be extended to molecules that enable
targeted binding to tumor cells. In this context, the introduction of cleavable linkers is also conceivable,
since in this way a selective accumulation of the molecule in the tumor tissue is possible. For a potential
medical use, the combination of BODIPYs and dipyrrinato complexes with biocompatible carrier
systems, e.g., polyglycolides, would also be interesting.

The 1,3,7,9-tetramethyl-substituted dipyrrinato ruthenium(ll) and iridium(lll) complexes offer the
possibility of further functionalization with bromine or iodine. In this way, similar to the modification
of the BODIPY core structure with halogens, the phototoxic properties could possibly be significantly
enhanced. In addition, the combination of the nucleophilic substitution of the para-position with the
targeted halogenation of the 1,3,7,9-tetramethyl-substituted dipyrrinato ligand should be also studied
in future works.

Finally, other cyclen analogues could also be investigated for the formation of related BODIPY-cyclen

derivatives via copper(l)-mediated cycloaddition, e.g., oxa- or dioxacyclens.
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5. Publications

5.1 meso-(4-Amino-3-nitrophenyl)-substituted dipyrromethanes as building blocks for BODIPYs and

dipyrrinato ruthenium(Il) complexes

“Synthesis of Porphyrinoids, BODIPYs, and (Dipyrrinato)ruthenium(ll) Complexes from

Prefunctionalized Dipyrromethanes”

Benjamin F. Hohlfeld, Keith J. Flanagan, Nora Kulak, Mathias O. Senge, Mathias Christmann, and Arno

Wiehe, Eur. J. Org. Chem. 2019, 4020-4033. DOI: 10.1002/ejoc.201900530

https://doi.org/10.1002/ejoc.201900530

Author’s contribution:

Synthesis and characterization of dipyrromethanes, dipyrrins, BODIPYs and (dipyrrinato)-
ruthenium(ll) complexes

Additional characterization analysis: infrared (IR) spectroscopy and melting point
Ultraviolet-visible (UV/vis) spectroscopic studies of BODIPYs and (dipyrrinato)ruthenium(ll)
complexes

Fluorescence spectroscopic studies of BODIPYs

Discussion and evaluating of the results

Preparation and revision of the manuscript and the supporting information
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5.2 Modification of the BODIPY structure via the targeted functionalization with bromine and the

introduction with additional functional groups

“Exploring the relationship between structure and activity in BODIPYs designed for antimicrobial
phototherapy”

Benjamin F. Hohlfeld, Burkhard Gitter, Keith J. Flanagan, Christopher J. Kingsbury, Nora Kulak,
Mathias O. Senge and Arno Wiehe, Org. Biomol. Chem. 2020, 18, 2416-2431. DOI:
10.1039/d00b00188k

https://doi.org/10.1039/D00B00188K

Author’s contribution:
- Synthesis of pre-functionalized dipyrromethanes
- Synthesis and characterization of BODIPYs and halogenated BODIPYs
- Additional characterization analysis: IR spectroscopy and melting point
- UV/vis and fluorescence spectroscopic studies of BODIPYs
- Discussion and evaluating of the results, including data from bacterial tests

- Preparation and revision of the manuscript and the supporting information
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5.3 meso-Substituted dipyrrins as building blocks for photoactive dipyrrinato iridium(lll) complexes

“Dipyrrinato-Iridium(lll) Complexes for an Application in Photodynamic Therapy and Antimicrobial
Photodynamic Inactivation”

Benjamin F. Hohlfeld, Burkhard Gitter, Christopher J. Kingsbury, Keith J. Flanagan, Dorika Steen,
Gerhard D. Wieland, Nora Kulak, Mathias O. Senge and Arno Wiehe, Chem. J. Eur. 2021, in press. DOI:
10.1002/ chem.202004776

https://doi.org/10.1002/chem.202004776

Author’s contribution:
- Synthesis of pre-functionalized dipyrromethanes
- Synthesis and characterization of dipyrrins and (dipyrrinato)iridium(l1l) complexes
- Additional characterization analyses: IR spectroscopy and melting point
- UV/vis spectroscopic studies of (dipyrrinato)iridium(lll) complexes
- Discussion and evaluating of the results, including data from tumor cell and bacterial tests

- Preparation and revision of the manuscript and the supporting information
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6. Synthesis and characterization data for unpublished compounds

General remarks

DCM, n-pentane, and methanol were purchased and used as received. Other solvents were purchased
and distilled at reduced pressure. Purchased chemicals were used as received without further
purification. Reactions were monitored by thin-layer chromatography (Merck, TLC Silica gel 60 F3sa).
Flash column chromatography was performed on silica gel (Fluka silica gel 60M, 40-63um).

NMR spectra were recorded with JEOL ECX400, JEOL ECP500, Bruker Avance500, and JEOL ECZ600
Instruments. Multiplicity of the signals was assigned as follows: s = singlet, br s = broad singlet, d =
doublet, t = triplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, ddd =
doublet of doublets of doublets, ddt = doublet of doublets of triplets, m = multiplet, m. = centered
multiplet. Chemical shifts are reported relative to CDCls (*H: 6 = 7.26 ppm, 3C: 6§ = 77.2 ppm), CD,Cl,
(*H: 6 = 5.32 ppm, 3C: 6 = 53.8 ppm), THF-ds (*H: 6 = 3.58 ppm, 3C: 6 = 67.6 ppm), D0 (*H: 6§ = 4.79
ppm). All 3C NMR spectra are proton-decoupled and coupling constants are given in hertz (Hz). For a
detailed peak assignment 2D spectra were measured (COSY, HMBC, and HMQC). Mass spectrometric
analyses were carried out on an Agilent Technologies 6210 ESI-TOF (electrospray ionization, time of
flight) instrument and on a Waters AutosecPremier, Agilent 7890B GC instrument (electron impact
ionization). IR spectra were measured with a JASCO FT/IR 4100 spectrometer equipped with a PIKE
MIRacle™ ATR instrument. UV/vis spectra were recorded on a SPECORD S300 UV/vis spectrometer
(Analytic Jena) in quartz cuvettes (1 cm length). Specified melting points were recorded on a Reichert
Thermovar Apparatus and are not corrected. The ruthenium(ll) half-sandwich complex 155*** and the

iridium(I11) half-sandwich complex 1711**> were prepared according to the literature.

6.1 Heteroleptic dipyrrinato ruthenium(ll) and iridium(lll) complexes

Di(u-chlorido)bis[chlorido(n®-p-cymene)ruthenium(ll)] (155):

Rutheniumtrichloride hydrate (2.00 g, 7.62 mmol, 1 equiv.) was dissolved in 75 mL of EtOH, (R)-a-
phellandrene (9.92 mL, 61.20 mmol, 8 equiv.) was added, and stirred for 4 h at 100°C. The suspension
was filtered over a glass frit and washed several times with EtOH. The filtrate was concentrated
(approximately to half of the volume) and stored overnight in the freezer. The suspension was again
filtered over a glass frit and washed with EtOH. This procedure was repeated twice to increase the
yield of the product. The combined solids were dried, and the corresponding ruthenium complex was

obtained as a red-brown solid (2.08 g, 89%).

'H-NMR (400 MHz, CDCl3): 6 (ppm) = 1.26 (d, J = 6.9 Hz, 6H, Me), 2.14 (s, 3H, Me), 2.91 (sept, J= 7.0 Hz,
1H, CH), 5.33 (d,./ = 5.9 HZ, ZH, CHaromat_), 5.46 (d, J = 6.0 HZ, 1H, CHaromat‘).
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6.1.1 Preparation of chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complexes

General synthetic procedure: The dipyrrin (1 equiv.) and 155 (0.5 equiv.) were dissolved in THF. The
flask was shielded from ambient light with aluminum foil. DIPEA (14 equiv.) was added, and the mixture
was stirred for 24 h at rt. After the indicated time, the mixture was diluted with DCM and saturated
NaCl-solution was added. Afterwards, the mixture was extracted with DCM several times. The
combined organic layers were dried with Na,SO,, filtered, and evaporated to dryness. The crude
product was purified by column chromatography; the main fraction was collected and evaporated to

dryness. Finally, the obtained solid was recrystallized.

Chlorido(n®-p-cymene)[5-(4-fluoro-3-nitrophenyl)dipyrrinato]ruthenium(ll) (156):

Complex 156 was prepared according to the general synthetic procedure. Dipyrrin 108 (540 mg,
1.92 mmol), 155 (584 mg, 0.95 mmol), and DIPEA (4.54 mL, 4.94 mmol) were dissolved in 40 mL of THF.
After purification (column chromatography, silica gel, DCM/EtOAc = 2/1, v/v) and recrystallization
(DCM/n-hexane); complex 156 was obtained as a red solid (615 mg, 1.11 mmol, 58%).

'H NMR (500 MHz, CDCls): § (ppm) = 1.10 (d, J = 6.8 Hz, 6H, Mecymene), 2.23 (s, 3H, Mecymene), 2.42-2.50
(m, 1H, CHcymene), 5.31 (d, J = 6.1 Hz, 2H, Ar-Heymene), 5.34 (d, J = 6.1 Hz, 2H, Ar-Heymene), 6.46 (s, 2H,
Heyrrole), 6.51 (dd, J = 4.4, 1.4 Hz, 2H, Heyrole), 7.34 (dd, J = 10.5, 8.5 Hz, 1H, Ar-Hmeta), 7.65 (br s, 1H,
Ar-Hortno), 8.06—8.09 (m, 3H, Hpyrrole + Ar-Hortho).

13C NMR (126 MHz, CDCls): 6 (ppm) = 18.8 (Mecymene), 22.2 (Mecymene), 30.8 (CHeymene), 84.7 (Ar-Ceymene),
85.1 (Ar-Ceymene), 117.9 (Ar-Cmeta), 119.5 (Cpyrrole), 127.3 (Ar-Cortho), 130.5 (Cpyrrote), 134.6 (Coyrrote), 137.7
(Ar-Cortho), 141.5 (Cmeso), 156.0 (Cryrrote).

19 NMR (376 MHz, CDCls): § (ppm) = -117.22 (s, 1F, CF).

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for CasH23FN3O.Ru* [M-Cl]*: 518.0812, found: 518.0851.

IR (ATR): ¥ (cm™) = 3055 [v(Ar-H)], 2967, [v(Me)], 2861 [v(CH)], 1617 [v(C=N), v(C=C)], 1553 [vas(NO>)],
1344 [vsym(NO2)], 726 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] = 448 [4.29], 497 [4.42].

M.P. (°C): 197-200.

Chlorido(n®-p-cymene){5-[4-(N, N-dibutylamino)-3-nitrophenyl]dipyrrinato}ruthenium(Il) (157):

Complex 157 was prepared according to the general synthetic procedure. Dipyrrin 109 (200 mg,
0.51 mmol), 155 (156 mg, 0.26 mmol), and DIPEA (1.21 mL, 7.13 mmol) were dissolved in 20 mL of THF.
After purification (column chromatography, silica gel, DCM/EtOAc = 9/1, v/v) and recrystallization

(DCM/n-pentane); complex 157 was obtained as a dark red solid (98 mg, 0.15 mmol, 29%).
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'H NMR (500 MHz, CDCls): & (ppm) = 0.91 (t, J = 7.4 Hz, 6H, Me), 1.07 (d, J = 6.9 Hz, 6H, Mecymene), 1.28—
1.35 (m, 4 H, CH,), 1.53-1.59 (m, 4 H, CH>), 2.20 (s, 3H, Mecymene), 2.43 (hept, J = 6.8 Hz, 1H, CHcymene),
3.16-3.19 (m, 4 H, CHy), 5.27 (d, J = 6.1 Hz, 2H, Ar-Hcymene), 5.30 (d, J = 6.3 Hz, 2H, Ar-Heymene), 6.50 (dd,
J=4.4,1.4 Hz, 2H, Hpyrrole), 6.65 (dd, J = 4.4, 1.3 Hz, 2H, Hpyrrote), 7.09 (d, J = 8.6 Hz, 1H, Ar-Hpmeta), 7.42
(dd, J = 8.6, 2.2 Hz, 1H, Ar-Hortho), 7.75 (d, J = 2.2 Hz, 1H, Ar-Horno), 8.02 (t, J = 1.4 Hz, 2H, Hpyrrole)-

3C NMR (126 MHz, CDCl5): 6 (ppm) = 13.96 (Me), 18.7 (Mecymene), 20.3 (CH2), 22.2 (Mecymene), 29.6
(CH2), 30.7 (CHcymene), 52.0 (CHy), 84.7 (Ar-CHcymene), 85.0 (Ar-CHeymene), 100.4 (Ar-Ceymene), 118.8 (Cpyrrole),
120.1 (Ar-Creta), 128.1%*, 128.5 (Ar-Cortho), 130.8 (Ceyrrole), 135.1 (Cpyrrole + Ar-Cortho), 140.6*, 144.0 (Creso),
145.3 (Ar-Cpara), 155.2 (Cryrole). *These signals could not be assigned exactly to corresponding carbon
atoms. They belong to the Ar-Cjyso and the Ar-Cyitro of the aryl residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for Cs3HaiN4sO2Ru* [M-CI]*: 627.2268, found: 627.2309.

IR (ATR): ¥ (cm™) = 2956, 2926, and 2870 [v(CH2), v(Me)], 1610 [v(C=N), v(C=C)], 1547 [vas(NO.)], 1339
[Veym(NO,)], 729 [S(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L molt cm™)] = 430 [4.39], 494 [4.42].

M.P. (°C): 125-130.

Attempted synthesis of chlorido(n®-p-cymene){5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]-
dipyrrinato}ruthenium(ll) (158):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 110 (100 mg,
0.31 mmol), 155 (96 mg, 0.16 mmol), and DIPEA (0.75 mL, 4.40 mmol) were dissolved in 15 mL of THF.
After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v) an orange solid (19 mg)
was obtained. However, this fraction could not be assigned to the desired product. The spectra did not

allow a meaningful interpretation.

Chlorido(n®-p-cymene)(5-pentafluorophenyl-1,3,7,9-tetramethyldipyrrinato)ruthenium(ll) (167):

Complex 167 was prepared according to the general synthetic procedure. Dipyrrin 127 (200 mg,
0.55 mmol), 155 (167 mg, 0.27 mmol), and DIPEA (1.30 mL, 7.64 mmol) were dissolved in 10 mL of THF.
After purification (column chromatography, silica gel, EtOAc/n-hexane = 1/1, v/v) and recrystallization
(DCM/n-hexane); complex 167 was obtained as an orange solid (16 mg, 20 umol, 4%). Evidence for a

decomposition of the dipyrrin was found, due to the observation of large quantities of a black residue.
'H NMR (500 MHz, CDCls): § (ppm) = 1.11 (d, J = 6.9 Hz, 6H, Mecymene), 1.54 (s, 6H, Me), 2.03 (s, 1H,

CHeymene), 2.11 (s, 3H, Mecymene), 2.75 (s, 6H, Me), 5.15 (d, J = 6.1 Hz, 2H, Ar-Heymene), 5.24 (d, J = 6.0 Hz,
2H, Ar-Heymene), 6.11 (d, J = 1.0 Hz, 2H, CHpyrrote).
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F NMR (376 MHz, CDCls): & (ppm) = -137.68 (dd, J = 24.0, 8.4 Hz, 1F, CForno), -141.12 (dd, J = 24.1,
8.3 Hz, 1F, Fortho), -153.44 (t, J = 20.7 Hz, 1F, CFpara), -161.28 - -161.59 (M, 2F, CFmeta) ppm.

The HRMS and the *C NMR spectra did not allowed a meaningful interpretation.

M.P. (°C): >250.

Chlorido(n®-p-cymene)[5-(4-fluoro-3-nitrophenyl)-1,3,7,9-tetramethyldipyrrinato]-ruthenium(ll)
(168):

Complex 168 was prepared according to the general synthetic procedure. Dipyrrin 127 (250 mg,
0.74 mmol), 155 (226 mg, 0.37 mmol), and DIPEA (1.80 mL, 10.31 mmol) were dissolved in 20 mL of
THF. After purification (column chromatography, silica gel, DCM/EtOAc = 9/1, v/v) and recrystallization
(DCM/n-hexane); complex 168 was obtained as an orange-reddish solid (79 mg, 0.13 mmol, 13%).
Evidence for a decomposition of the dipyrrin was found, due to the observation of large quantities of

a black residue.

'H NMR (500 MHz, CD,Cly): & (ppm) = 1.12-1.17 (d, J = 6.9 Hz, 6H, Mecymene), 1.35 (s, 6H, Me), 2.24 (s,
3H, Mécymene), 2.40-2.48 (s, 1H, CHcymene), 2.71 (s, 6H, Me), 5.20 (br s, 4H, Ar-Heymene), 6.14 (s, 2H,
Ar-CHpyrrole), 7.41 (ddd, J = 30.8, 10.6, 8.4 Hz, 1H, Ar-Hpeta), 7.51 = 7.58 (m, 1H, Ar-Horno), 7.96 (ddd, J =
27.4,7.3, 2.3 Hz, 1H, Ar-Hortho)-

13C NMR (126 MHz, CD,Cly): § (ppm) = 17.1 (Me), 18.7 (Mecymene), 19.8 (Me), 22.7 (Mecymene), 30.8
(CHeymene), 84.2 (Ar-Ceymene), 85.1 (Ar-Ceymene), 119.3 (d, J = 7.2 Hz, Ar-Creta), 123.7 (CHpyrrole), 126.6 (Ar-
Cortho), 129.2%, 132.64 (d, J = 7.8 Hz, Cpyrrole), 136.07 (d, J = 8.4 Hz), 136.5*, 138.5 (Cpmeso), 139.05 (d, J =
8.4 Hz, Ar-Cortho), 142.9 (Cpyrrole), 155.88 (d, J = 265.3 Hz, Ar-Cpara), 163.6 (Ceyrrole). *These signals could
not be assigned exactly to corresponding carbon atoms. They belong to the Ar-Cjpso and the Ar-Cyjero of
the aryl residue.

19F NMR (376 MHz, CD,Cl,): 6 (ppm) = -118.60 —-119.31 (m, 1F, CF).

HRMS (ESI-TOF, MeOH): m/z calcd. for CaoH3:FN3O.Ru* [M-Cl]*: 574.1438, found: 574.1429.

IR (ATR): 7 (cm™) = 3046 [v(Ar-H)], 2960 and 2924 [v(Me)], 2868 [v(CH)], 1615 [v(C=N), v(C=C)], 1535
[Vas(NO3)], 1345 [vsym(NO2)], 734 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol* cm™)] = 509 [4.64].

M.P. (°C): >250.

6.1.2 Preparation of bis(2,2’-bipyridyl)(dipyrrinato)ruthenium(ll) complexes

General synthetic procedure: The chlorido(p-cymene)(dipyrrinato)ruthenium(ll) complex (1 equiv.)
was dissolved in EtOH. 2,2 -bipyridine (2 equiv.) was added and the mixture was heated to reflux for
24 h. The flask was shielded from ambient light with aluminum foil. After the indicated time, the

mixture could cool down and was evaporated to dryness. The crude product was purified by column
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chromatography; the main fraction was collected and evaporated to dryness. Finally, the obtained

solid was recrystallized.

{Bis(2,2"-bipyridyl)[5-(4-fluoro-3-nitrophenyl)dipyrrinato]ruthenium(ll)}chloride (159):

Complex 159 was prepared according to the general synthetic procedure. Complex 156 (200 mg,
0.36 mmol) and 2,2"-bipyridine (113 mg, 0.72 mmol) were dissolved in 25 mL of EtOH. After purification
(column chromatography, silica gel, DCM/MeOH = 9/1, v/v) and recrystallization (DCM/n-hexane);
complex 159 was obtained as a black solid (233 mg, 0.32 mmol, 88%).

H NMR (500 MHz, CDCls): 6 (ppm) = 6.28 (dd, J = 4.4, 1.5 Hz, 2H, Hpyrrole), 6.37—6.38 (M, 2H, Hpyrrole),
6.44—6.47 (M, 2H, Heyrrole), 7.29—7.40 (m, 5H, Heipy, Ar-Hmeta), 7.64—7.66 (m, 2H, Haipy), 7.68 (ddd, J = 8.5,
4.2, 2.3 Hz, 1H, Ar-Hortno), 7.85 (dd, J = 5.7, 1.4 Hz, 1H, Heipy), 7.88 (dd, J = 5.7, 1.4 Hz, 1H, Heip), 7.95—
8.02 (m, 4H, Hgipy), 8.08 (dd, J = 7.0, 2.3 Hz, 1H, Ar-Hortho), 8.74 (t, J = 7.3 Hz, 2H, Hagiyy), 8.80 (dd, J = 8.2,
4.4 Hz, 1H, Hgipy).

13C NMR (126 MHz, CDCl3): 6 (ppm) = 117.78 (d, J = 20.9 Hz, Ar-Cmeta), 119.3 (Cpyrrote), 124.35 (d, J =
8.5 Hz, Cgipy), 124.55 (d, J = 10.0 Hz, Caipy), 126.50 (d, J = 3.2 Hz, Cgipy), 126.85 (d, J = 6.9 Hz, Cgipy), 127.61
(d, Jor=1.9 Hz, Ar-Cortho), 131.1 (Cpyrrote), 135.0 (Cpyrrote), 135.82 (d, Jor = 3.8 Hz)*, 136.21 (d, Jor = 19.0 Hz,
Caipy), 136.52 (d, Jcr = 7.8 Hz)*, 136.80 (d, J = 10.0 Hz, Cgipy), 137.37 (d, Jor = 8.6 Hz, Ar-Corho), 142.2
(Crmeso), 150.3 (Cpyrrote), 150.57 (d, J = 16.4 Hz, Cgipy), 151.60 (d, J = 14.9 Hz, Cgipy), 155.40 (d, Jcr=267.1 Hz,
Ar-Cpara), 157.5 (Caipy), 158.21 (d, J = 7.5 Hz, Csipy). *These signals could not be assigned exactly to
corresponding carbon atoms. They belong to the Ar-Ciss, and the Ar-Cpiero of the aryl residue.

19 NMR (376 MHz, CDCls): § (ppm) = -117.37 (s, 1F, CF).

HRMS (ESI-TOF, MeOH): m/z calcd. for CssH2sFN7O.Ru* [M-CI]*: 696.1092, found: 696.1124.

IR (ATR): ¥ (cm™?) = 3066 [v(Ar-H)], 1615 [v(C=N) v(C=C),], 1537 [Vas(NO2)], 1346 [vsym(NO,)], 726
[6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 464 [4.76], 520 [4.25].

M.P. (°C): >250.

{Bis(2,2"-bipyridyl){5-[4-(N,N-dibutylamino)-3-nitrophenyl]dipyrrinato}ruthenium(ll)}-chloride (160):
Complex 160 was prepared according to the general synthetic procedure. Complex 157 (130 mg,
0.20 mmol) and 2,2 -bipyridine (62 mg, 0.39 mmol) were dissolved in 15 mL of EtOH. After purification
(column chromatography, silica gel, DCM/MeOH = 9/1, v/v) and recrystallization (DCM/n-pentane);
complex 160 was obtained as a black solid (116 mg, 0.14 mmol, 70%).
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'H NMR (500 MHz, CDCls): 6 (ppm) = 0.88 (t, J = 7.3 Hz, 3H, Me), 1.26-1.33 (m,, 2H, CH,), 1.52-1.58
(m¢, 2H, CHy), 3.16-3.18 (m¢, 2H, CH>), 6.28 (d, J = 4.5, 2H, Hpyrole), 6.35 (s, 2H, Hpyrrole), 6.66—6.67 (m,
2H, Hpyrrote), 7.11 (d, J = 8.6 Hz, 1H, Ar-Hpmet), 7.29 (t, J = 6.4 Hz, 4H, Haipy), 7.44 (dd, J = 8.6, 2.2 Hz, 1H,
Ar-Hortho), 7.63—7.66 (M, 2H, Haipy), 7.76 (d, J = 2.2 Hz, 1H, Ar-Horno), 7.83 (s, 2H, Haipy), 7.90-8.00 (M, 4H,
Hgipy), 8.66 (t, J = 9.5 Hz, 2H, Hagipy), 8.78 (d, J = 7.9 Hz, 2H, Hagigy).

13C NMR (126 MHz, CDCls): & (ppm) = 14.2 (Me), 20.5 (CH3), 29.9 (CH,), 52.2 (CH2), 118.9 (Cpyrrole), 120.3
(Ar-Cmeta), 124.4 (Cipy), 124.7 (Caipy), 126.1%, 126.7 (Caipy), 127.1 (Csipy), 128.6 (Ar-Cortho), 131.7 (Cpyrrole),
135.3 (Ar-Cortho), 135.8 (Cpyrrole), 136.8 (Caipy), 136.3*, 136.9 (Caipy), 144.9 (Creso), 145.5 (Ar-Cpara), 149.6
(Cpyrrote), 150.9 (Caipy), 152.1 (Caipy), 157.8 (Caipy), 158.5 (Cgipy). *These signals could not be assigned
exactly to corresponding carbon atoms. They belong to the Ar-Cips, and the Ar-Cpitro of the aryl residue.
HRMS (ESI-TOF, MeOH): m/z calcd. for C43HasNsO2Ru* [M-CI]*: 805.2547, found: 805.2587.

IR (ATR): ¥ (cm™) = 3062 [v(Ar-H)], 2958, 2929, and 2869 [v(CH:, v(Me)], 1610 [v(C=N), v(C=C)], 1543
[Vas(NO2)], 1345 [veym(NO,)], 726 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol* cm™)] = 388 [4.34], 463 [4.75], 524 (shoulder).

M.P. (°C): 190-195.

6.1.3 Nucleophilic substitution of dipyrrinato ruthenium(ll) and iridium(Ill) complexes

Attempted nucleophilic substitution of complex 156 with propargylamine:

Complex 156 (100 mg, 0.18 mmol, 1 equiv.) and propargylamine (0.23 mL, 3.62 mmol, 20 equiv.) were
dissolved in 1 mL of DCM. The mixture was stirred for 4 h at rt. After the indicted time, the mixture
was diluted with EtOAc and washed with water several times. The organic layer was dried with Na;SOa,
filtered, and evaporated to dryness. After purification by column chromatography (silica gel,
DCM/MeOH = 8/1, v/v) an orange solid (22 mg) was obtained. However, this fraction could not be

assigned to the desired product 158. The spectra did not allow a meaningful interpretation.

{Bis(2,2’-bipyridyl){5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]dipyrrinato}ruthenium(ll)}chloride (161):
Complex 159 (80 mg, 0.11 mmol, 1 equiv.) and propargylamine (0.14 mL, 2.19 mmol, 20 equiv.) were
dissolved in 1 mL of DMSO. The mixture was stirred for 2 h at rt. After the indicted time, the mixture
was diluted with EtOAc and washed with water several times. The organic layer was dried with Na;SO,,
filtered, and evaporated to dryness. After purification by column chromatography (silica gel,

DCM/MeOH =9/1, v/v); complex 161 was obtained as a black solid (82 mg, 0.10 mmol, 98%).

14 NMR (500 MHz, CDCls): § (ppm) = 2.33 (t, J = 2.5 Hz, 1H, CH), 4.16 (d, J = 2.5 Hz, 2H, CH.), 6.24-6.25
(ZH, HPyrro|e), 6.31 (S, 2H, HPyrrole), 6.60 (d, J = 4.9 HZ, ZH, HPyrrole), 6.99 (d, J = 8.8 HZ, 1H, Ar'Hmetg), 7.27_
7.33 (m, 4H, Hgipy), 7.53 (dd, J = 8.8, 2.1 Hz, 1H, Ar-Hortho), 7.65 (d, J = 5.6 Hz, 2H, Hagigy), 7.84 (t, J = 6.1 Hz,
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2H, Heipy), 7.97-7.94 (m, 4H, Hgi,), 8.20 (d, J = 2.1 Hz, 1H, Ar-Horno), 8.41 (d, J = 7.3 Hz, 2H, Hgiy), 8.46
(d, J = 8.2 Hz, 2H, Haipy).

13C NMR (126 MHz, CDCls): 6 (ppm) = 32.6 (CH,), 72.7 (CH), 78.7 (C), 113.1 (Ar-Creta), 118.5 (Cryrrote),
123.5 (d, J = 3.4 Hz, Caipy), 123.7 (d, J = 10.1 Hz, Caipy), 126.4 (d, J = 14.0 Hz, Caipy), 126.7 (Caipy),
127.1*,128.4 (Ar-Cortho), 131.7 (Cpyrrote), 131.7*, 135.8 (Cpyrrote), 135.8 (Caipy), 136.5 (Caipy), 138.3
(Ar-Cortho), 144.5 (Ar-Cpara), 146.6 (Cmeso), 149.4 (Cpyrrole), 150.7 (d, J = 13.1 Hz, Caipy), 151.8 (Caipy), 157.3
(Caipy), 158.1 (Caipy). *These signals could not be assigned exactly to corresponding carbon atoms. They
belong to the Ar-Cipso and the Ar-C,itro Of the aryl residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for CsgHa9NsO2Ru* [M-CI]*: 731.1451, found: 731.1446.

IR (ATR): 7 (cm™) = 3296 [v(C=CH)], 3069 [v(Ar-H)], 1624 [v(C=N), v(C=C)], 1537 [vas(NO,)], 1346
[Vsym(NO3)], 728 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 376 [4.38], 463 [4.71], 524 [4.26].

M.P. (°C): >250.

Preparation of {bis(2,2’-bipyridyl){5-[4-(N-2-hydroxyethylamino)-3-nitrophenyl]dipyrrinato}-
ruthenium(ll)} chloride via post-functionalization (36):

Complex 159 (90 mg, 0.12 mmol, 1 equiv.) and ethanolamine (0.15 mL, 2.46 mmol, 20 equiv.) were
dissolved in 1 mL of DMSO. The mixture was stirred for 3 h at rt. Due to the high polarity of the product,
the mixture was directly evaporated to dryness with a rotary evaporator. The crude product was
purified by column chromatography (silica gel, DCM/MeOH = 9/1, v/v); complex 36 was obtained as a
black solid (69 mg, 88 umol, 73%).

H NMR (500 MHz, DMSO-ds): 6 = 3.49-3.50 (m, 2H, CH,), 3.70-3.72 (m, 2H, CH,), 6.34-6.35 (m, 4H,
Hoyrrole), 6.64 (d, J = 4.0 Hz, 2H, Hpyrroke), 7.18 (d, J = 9.0 Hz, 1H, Ar-Hmeta), 7.43— (m, 2H, Heipy), 7.57-7.55
(M, 3H, Hoipy + Ar-Hortno), 7.75 (br's, 2H, Hoipy), 7.83 (s, 2H, Huipy), 8.02—8.06 (M, 5H, Hoipy + Ar-Hortho), 8.43—
8.45 (m, 1H, NH), 8.76 (d, J = 7.3 Hz, 4H, Huip,) ppm.

General synthetic procedure for glycosylation of dipyrrinato metal complexes: The corresponding
complex (1 equiv.) and the related 1’-thio-3-D-carbohydrate sodium salt (1.2 equiv.) were dissolved in
5 mL of DMF. The mixture was stirred for the indicated time at rt. Afterwards, 5 ml of water was added
and stirred for additional 5 min at rt. Due to the high polarity of the product, the mixture was directly
evaporated to dryness with a rotary evaporator. The crude product was purified by column

chromatography; the main fraction was collected and evaporated to dryness.
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Attempted synthesis of chlorido(n®-p-cymene){5-[3-nitro-4-(1’-thio-B-D-glucosyl)phenyl]dipyrrinato}-
ruthenium(ll) (162):

The reaction was carried out according to the general synthetic procedure. Complex 156 (100 mg,
0.18 mmol) and 1’-thio-B-D-glucose sodium salt (47 mg, 0.22 mmol) were dissolved in DMF. The
mixture was stirred for 20 min. After purification (column chromatography, silica gel, DCM/MeOH =
8/1, v/v, then DCM/MeOH = 6/1, v/v) an orange solid (68 mg) was obtained. However, this fraction

could not be assigned to the desired product. The spectra did not allow a meaningful interpretation.

Attempted synthesis of chlorido(pentamethyl-n°-cyclopentadienyl){5-[4-(1’-thio-B-D-glucosyl)-
2,3,5,6-tetrafluorophenyl]dipyrrinatoliridium(lll) (163):

The reaction was carried out according to the general synthetic procedure. Complex 112 (100 mg,
0.15 mmol) and 1’-thio-B-D-glucose sodium salt (39 mg, 0.18 mmol) were dissolved in DMF. The
mixture was stirred for 30 min. After purification (column chromatography, silica gel, DCM/MeOH =
8/1, v/v) an orange solid (26 mg) was obtained. However, this fraction could not be assigned to the

desired product. The spectra did not allow a meaningful interpretation.

Attempted synthesis of chlorido{5-[3-nitro-4-(1’-thio-3-D-glucosyl)phenyl]dipyrrinato}(pentamethyl-
n°-cyclopentadienyl)iridium(l1l) (164):

The reaction was carried out according to the general synthetic procedure. Complex 119 (100 mg,
0.16 mmol) and 1’-thio-B-D-glucose sodium salt (41 mg, 0.19 mmol) were dissolved in DMF. The
mixture was stirred for 30 min. After purification (column chromatography, silica gel, DCM/MeOH =
8/1, v/v) an orange solid (68 mg) was obtained. However, this fraction could not be assigned to the

desired product. The spectra did not allow a meaningful interpretation.

{Bis(2,2’-bipyridyl){5-[3-nitro-4-(1’-thio-B-D-glucosyl)phenyl]dipyrrinato}ruthenium(ll)}-chloride (165):
Complex 165 was prepared according to the general synthetic procedure. Complex 159 (100 mg,
0.14 mmol) and 1’-thio-B-D-glucose sodium salt (35 mg, 0.16 mmol) were dissolved in DMF. The
mixture was stirred for 20 min. After purification (column chromatography, silica gel, DCM/MeOH =
4/1, v/v) and recrystallization (DCM + MeOH/n-hexane); complex 165 was obtained as a black solid
(97 mg, 0.11 mmol, 77%).

H NMR (500 MHz, CDCl3/CDsOD = 9/1): & (ppm) = 3.32-3.39 (m, 4H, 2"-H + 3’-H + 4"-H + 5"-H), 3.59
(dt,J=12.1,3.8 Hz, 1H, 6"-H), 3.75 (dd, J = 11.4, 5.5 Hz, 1H, 6"-H), 4.73 (d, J = 8.7 Hz, 1H, 1°"-H), 6.13 (d,
J=5.6 Hz, 2H, Heyrrole), 6.20—6.22 (M, 2H, Hpyrrole), 6.36 (S, 2H, Heyrrole), 7.17 (t, J = 6.6 Hz, 2H, Heipy), 7.23—
7.26 (M, 2H, Heipy), 7.48 (d, J = 7.3 Hz, 1H, Hmeta), 7.57 (d, J = 5.5 Hz, 2H, Haipy), 7.68 (dd, J = 8.3, 1.7 Hz,
1H, Hortho), 7.75-7.83 (M, 6H, Heip,), 8.02 (d, J = 1.9 Hz, 1H, Hortho), 8.29 (d, J = 8.3 Hz, 4H, Heip,).
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3C NMR (126 MHz, CD,Cl,/CDs0D =9:1): 6 (ppm) = 60.6 (6'-C), 69.7 (4'-C), 72.1 (2°-C), 74.7 (3'-C), 78.2
(5°-C), 80.2 (1°-C), 118.6 (Cpyrrole), 123.3 (Caipy), 126.6 (Ar-Cortno), 129.8 (Ar-Cpmeta), 130.98 (Cpyrrote), 134.9%,
135.4 (Ar-Cortho), 135.7 (Caipy), 136.2 (Caipy), 150.6 Cpyrrole), 151.7 (Caipy), 153.1 (Caipy), 157.1 (Caipy), 158.1
(Caipy). *This signal could not be assigned exactly to corresponding carbon atom. It belongs to the
Ar-Cipso OF the Ar-Cyirro Of the aryl residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for Ca1H3gN707RuS* [M-CI]*: 872.1435, found: 872.1449.

IR (ATR): ¥ (cm™) = 3306 [v(OH)], 3071 [v(Ar-H)], 1601 [v(C=N), v(C=C)], 1547 [vus(NO,)]], 1346
[Vsym(NO3)], 724 [6(HC=CH)].

UV/vis (MeOH): Anax (nm) [log (/L mol* em™)] = 462 [4.62], 515 [4.04].

M.P. (°C): >250.

{Bis(2,2’-bipyridyl){5-[3-nitro-4-(1’-thio-B-D-galactosyl)phenyl]dipyrrinato}ruthenium(ll) }chloride
(166):

Complex 166 was prepared according to the general synthetic procedure. Complex 159 (90 mg,
0.12 mmol) and 1’-thio-3-D-glucose sodium salt (32 mg, 0.15 mmol) were dissolved in 5 mL of DMF.
The mixture was stirred for 30 min. After purification (column chromatography, silica gel, DCM/MeOH
= 4/1, v/v) and recrystallization (DCM + MeOH/n-hexane); complex 166 was obtained as a black solid
(81 mg, 88 umol, 73%).

'H NMR (500 MHz, CDCl3/CDs0D = 9/1): 6 (ppm) = 3.53 (dd, J=9.0, 1.9 Hz, 1H, 3"-H), 3.63 (dd, J = 5.9,
5.0 Hz, 1H, 5°-H), 3.67-3.70 (m, 2H, 6'-H), 3.72-3.77 (m, 1H, 2’-H), 3.88-3.93 (m, 1H, 4"-H), 4.75 (d, J =
9.9 Hz, 1H, 1’-H), 6.15-6.18 (M, 2H, Hpyrrole), 6.24 (dd, J = 6.7, 2.2 Hz, 2H, Hpyrrole), 6.40 (d, J = 2.9 Hz, 2H,
Heyrrole), 7.19-7.22 (m, 2H, Heipy), 7.27—7.31 (M, 2H, Heipy), 7.51 (d, J = 8.7 Hz, 1H, Humera), 7.60 (d, J = 5.0
Hz, 2H, Haipy), 7.78—-7.88 (M, 7H, Hortho + Haipy), 8.05 (d, J = 1.9 Hz, 1H, Horno), 8.34 (d, J = 7.1 Hz, 4H, Haipy).
3C NMR (126 MHz, CD,Cl,/CDs0D =9:1): 6 (ppm) = 61.1 (6"-C), 68.5 (4'-C), 69.1 (2°-C), 74.8 (3'-C), 78.9
(5°-C), 85.8 (1'-C), 118.6 (Cpyrrote), 123.2 (Cgipy), 123.3 (Caipy), 126.4 (Caipy), 126.5 (Ar-Cortho), 126.7 (Caipy),
127.5 (Ar-Creta), 130.98 (Cpyrrole), 134.8%, 135.3 (Ar-Cortho), 135.6 (Caipy), 136.2 (Caipy), 142.99%, 145.3 (Ar-
Cpara), 149.5 (Cryrrole), 150.6 (Caipy), 151.8 (Csipy), 157.1 (Caipy), 157.99 (Cgipy). *These signals could not be
assigned exactly to corresponding carbon atom. It belongs to the Ar-Ciyso or the Ar-Cpito of the aryl
residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for C41H36N;07RuS* [M-Cl]*: 872.1435, found: 872.1440.

IR (ATR): ¥ (cm™) = 3351 [v(OH)], 3098 [v(Ar-H)], 1602 [v(C=N), v(C=C)], 1549 [v.s(NO,)]], 1346
[Vsym(NO3)], 725 [6(HC=CH)].

UV/vis (MeOH): Amax (nm) [log (/L mol™* cm™)] = 462 [4.60], 515 [4.03].

M.P. (°C): >250.

639



6.1.4 Preparation of the 1,3,7,9-tetramethyl-dipyrrinato iridium complex
5-[4-(N-Butylamino)-3-nitrophenyl]-1,3,7,9-tetramethyldipyrromethane (169):

Dipyrromethane 128 (486 mg, 1.42 mmol, 1 equiv.) and n-butylamine (6.00 mL, 60.70 mmol, 40 equiv.)
were dissolved in 5 mL of DCM. The mixture was stirred for 2 h at rt. Afterwards, the mixture was
diluted in EtOAc and washed with water several times. The organic layer was dried with Na;SO,,
filtered, and evaporated to dryness. After purification (column chromatography (silica gel, DCM/n-
hexane, 3:1, v/v); dipyrromethane 169 was obtained as a yellow-orange solid (303 mg, 0.77 mmol,

54%).

H NMR (600 MHz, CDCls): & (ppm) = 0.98 (td, J = 7.4, 2.1 Hz, 3H, Meouy), 1.44-1.50 (m, 2H, CH.), 1.68—
1.73 (m, 2H, CH,), 1.82 (s, 6H, Me), 2.15 (s, 6 H, Me), 3.28 (td, J = 7.1, 5.1 Hz, 2H, CHa), 5.33 (s, 1H, CH),
5.70 (d, J = 2.8 Hz, 2H, Hpyrrole), 6.80 (d, J = 8.9 Hz, 1H, Ar-Hpmeta), 7.25 (t, J = 2.2 Hz, 1H, Ar-Hortho), 7.93 (d,
J=2.2 Hz, 1H, Ar-Hortho), 8.02 (t, J = 5. Hz, 1H, NH)

13C NMR (151 MHz, CDCls): 6 (ppm) = 11.2 (Mebuy), 13.1 (Me), 13.5 (Me), 20.3 (CH>), 31.2 (CH>), 39.5
(CH2), 42.9 (CH), 108.9 (Cpyrrole), 114.4 (Ar-Crmeta), 115.3 (Cpyrrote), 125.3 (Ar-Cortho), 125.7%*, 125.9 (Cpyrrole),
129.4 (Cpyrrote), 131.7*, 136.8 (Ar-Cortno), 144.7 (Ar-Cpara)-

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for C23HasN4O2" [dipyrrin+H]*: 393.2258, found: 393.2302.

Attempted synthesis of 5-[4-(N-butylamino)-3-nitrophenyl]-1,3,7,9-tetramethyldipyrrin (170):

Oxidation with p-chloranil: Dipyrromethane 169 (430 mg, 1.09 mmol, 1 equiv.) was dissolved in 10 mL
of THF. p-Chloranil (270 mg, 1.09 mmol, 1 equiv., suspended in 5 mL of THF) was added and the
reaction mixture was stirred for 3 h at rt. Afterwards, the solvent was evaporated at reduced pressure,
the remaining solid was dissolved (EtOAc) and filtered over a silica gel filled glass frit. The filtrate was
again evaporated to dryness. After purification (silica gel, column chromatography, EtOAc/n-hexane,
3:1, v/v, then EtOAc, then MeOH) no product could be observed. Instead, a dark colored fraction
remained at the starting point of the column. However, thin-layer chromatographic control gave

evidence of a fraction that could be assigned to the desired product.

Oxidation with DDQ;: Dipyrromethane 169 (176 mg, 0.45 mmol, 1 equiv.) was dissolved in 5 mL of THF.
DDQ (101 mg, 0.45 mmol, 1 equiv., suspended in 5 mL of THF) was added and the reaction mixture
was stirred for 1 h at rt. Afterwards, the solvent was evaporated at reduced pressure, the remaining
solid was dissolved (EtOAc) and filtered over a silica gel filled glass frit. The filtrate was again
evaporated to dryness. After purification (silica gel, column chromatography, EtOAc/n-hexane, 3:1,
v/v, then EtOAc, then MeOH) no product could be observed. Instead, a dark colored fraction remained
at the starting point of the column. However, thin-layer chromatographic control gave evidence of a

fraction that could be assigned to the desired product.
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Di(u-chlorido)bis[chlorido(n®>-pentamethylcyclopendienyl)iridium(l11)] (171)

Under an argon atmosphere iridiumtrichloride hydrate (2.00 g, 5.66 mmol, 1 equiv.) was dissolved in
50 mL of MeOH, pentamethylcyclopentadiene (1.28 mL, 7.94 mmol, 1.4 equiv.) was added, and stirred
for 40 h at 75°C. The suspension was filtered over a glass frit and washed several times with MeOH.
The filtrate was concentrated (approximately to half of the volume) and stored overnight in the freezer
(to increase the yield of the product). The suspension was again filtered over a glass frit and washed
with MeOH. The combined solids were dried, and the corresponding iridium complex was obtained as

an orange solid (1.51 g, 67%).

H-NMR (400 MHz, CDCls): & (ppm) = 1.58 (s, Me).

The NMR spectroscopic data are in accordance to the literature.*®

Preparation of the {5-[4-(N-butylamino)-3-nitrophenyl]-1,3,7,9-tetramethyldipyrrinato}chlorido-
(pentamethyl-n>-yclopentdienyl)iridium(lll) via dipyrromethane (172):

Dipyrromethane 169 (321 mg, 0.81 mmol, 1 equiv.) was dissolved in 5 mL of THF. DDQ (184 mg,
0.81 mmol, 1 equiv.) was added and the mixture was stirred for 1 h at rt. Afterwards, DIPEA (0.96 mL,
5.67 mmol, 7 equiv.) and 171 (323 mg, 0.41 mmol, 0.5 equiv.) were added and stirred for additional
16 h. After the indicated time, the reaction mixture was diluted with DCM. Water was added and the
mixture was extracted with DCM several times. The combined organic layers were dried with Na;SO,,
filtered, and evaporated to dryness. After purification (column chromatography (silica gel, DCM/EtOAc,

4:1, v/v); complex 172 was obtained as an orange solid (188 mg, 0.25 mmol, 31%)

H NMR (600 MHz, CDCls): & (ppm) = 1.01 (t, J = 7.4 Hz, 3H, Mepuy), 1.41 (s, 1H, Mec+), 1.50-1.53 (m,
2H, CH,), 1.63 (s, 6H, Me), 1.74-1.78 (m, 2H, CH,), 2.59 (s, 6H, Me), 3.38 (td, J = 7.1, 5.4 Hz, 1H, CH,),
6.11 (s, 2H, Hoyrrole), 6.97—7.01 (Ar-Hmeta), 7.23—7.32 (Ar-Hortho), 8.02—8.04 (Ar-Hortho), 8.13 (br's, 1H, NH).
13C NMR (151 MHz, CDCls): § (ppm) = 8.99 (Mecp+), 13.99 (Mepuy), 16.9 (Me), 18.7 (Me), 20.7 (CH,),
31.4 (CH), 43.4 (CH,), 86.5 (Cep+), 114.7 (Ar-Creta), 122.6 (CHpyrrole), 126.1 (Ar-Cortno), 131.8 (Cpyrrole),
132.2%*,136.8%*, 139.4 (Ar-Cortho), 141.2 (Crmeso), 143.8 (Coyrrole), 145.9 (Ar-Cpara), 161.2 (Cpyrrole)-

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for CszHa:N4OaIr* [M-Cl]*: 719.2932, found: 719.2967.

6.2 Homoleptic dipyrrinato complexes

6.2.1 Preparation of bis(dipyrrinato)metal complexes
General synthetic procedure: The corresponding dipyrrin (1 equiv.) was dissolved in 10 mL of MeOH,
and the related metal acetate (5 equiv.) was added. The mixture was stirred for 24 h at rt. After the

indicated time, the reaction mixture was diluted with EtOAc and washed with water several times. The
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organic layer was dried with Na,SQ,, filtered, and evaporated to dryness. The crude product was
purified by column chromatography; the main fraction was collected and evaporated to dryness.
Except for complex 175 and complex 176, here, the mixture was filtered over a glass frit and the

resulting solid was washed with MeOH. Afterwards, the obtained solid was dried in the exicator.

Attempted synthesis of bis[5-(4-fluoro-3-nitrophenyl)dipyrrinato]zinc(ll) (173):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 108 (128 mg,
0.45 mmol) and zinc acetate dihydrate (464 mg, 2.25 mmol) were dissolved in MeOH. After purification
(column chromatography, silica gel, EtOAc/n-hexane = 4/1, v/v) an orange solid (12 mg) was obtained.
However, evidence for a mixture of the desired complex and the corresponding starting material were
found in the NMR spectra. Evidence for a decomposition of the dipyrrin was found, due to the

observation of large quantities of a black residue.

Attempted synthesis of bis{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}zinc(ll) (174):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 23 (150 mg,
0.45 mmol) and zinc acetate dihydrate (489 mg, 2.23 mmol) were dissolved in MeOH. After purification
(column chromatography, silica gel, EtOAc/n-hexane = 4/1, v/v) an orange solid (89 mg) was obtained.
However, evidence for a mixture of the desired complex and the corresponding starting material were
found in the NMR spectra. Evidence for a decomposition of the dipyrrin was found, due to the

observation of large quantities of a black residue.

Bis{5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]ldipyrrinato}zinc(Il) (175):

Complex 175 was prepared according to the general synthetic procedure. Dipyrrin 109 (200 mg,
0.63 mmol) and zinc acetate dihydrate (690 mg, 3.15 mmol) were dissolved in MeOH. The reaction
mixture was filtered over a glass frit and the resulting orange solid was washed with MeOH. The

product 175 was obtained as an orange solid (108 mg, 0.15 mmol, 49%).

H NMR (500 MHz, THF-ds): & (ppm) = 2.78 (t, J = 2.4 Hz, 2H, CH), 4.32 (dd, J = 5.9, 2.5 Hz, 4H, CH,),
6.42 (s, 4H, Hpyrroie), 6.78 (d, J = 4.1 Hz, 4H, Hpyrroke), 7.26 (d, J = 8.8 Hz, 2H, Ar-Hpeta), 7.52 (d, J = 25.7 Hz,
4H, Hpyrrole), 7.74 (dd, J = 8.8, 2.2 Hz, 2H, Ar-Hortno), 8.36 (d, J = 2.2 Hz, 2H, Ar-Hormo), 8.46 (t, J = 5.9 Hz,
2H, NH).

13C NMR (126 MHz, THF-dg): 6 (ppm) = 33.2 (CH>), 73.4 (CH), 80.6 (C), 114.5 (Ar-Cmets), 118.3 (d, J =
34.6 Hz, Cpyrrole), 127.9%, 129.7 (Ar-Cortno), 133.0%, 133.4 (d, J = 23.6 Hz, Chyrrole), 139.1 (Ar-Cortno), 141.7
(Cryrrote), 145.6 (Ar-Cpara), 147.6 (Crmeso), 150.84 (d, J = 74.8 Hz, Cpyrole). *These signals could not be
assigned exactly to corresponding carbon atoms. They belong to the Ar-Cipso and the Ar-Cpitro of the aryl

residue.
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HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for CssH27NsO4Zn* [M+H]*: 699.1441, found: 699.1441, m/z
calcd. for C3gH26NgO4NaZn* [M+Na]*: 721.1261, found: 721.1260, m/z calcd. for CzgH2sNsO4KZn* [M+K]*:
737.1000, found: 737.1013, m/z calcd. for Ci1gH1sN4O,* [ligand+H]*: 319.1190, found: 319.1211.

IR (ATR): 7 (cm™) = 3383 [v(NH)], 3291 [v(C=CH)], 3094 [v(Ar-H)], 1621 [v(C=N), v(C=C)], 1528 [vas(NO,)],
1332 [vsym(NO,)], 734 [6(HC=CH)].

UV/vis (acetone): Amax (nm) [log (/L mol™* cm™)] = 369 [4.26], 462 (shoulder), 483 [4.82].

M.P. (°C): 224-226.

Bis{5-[4-(N-6-methoxy-6-oxohexylamino)-3-nitrophenyl]dipyrrinato}zinc(ll) (176):

Complex 176 was prepared according to the general synthetic procedure. Dipyrrin 26 (150 mg,
0.37 mmol) and zinc acetate dihydrate (403 mg, 3.84 mmol) were dissolved in MeOH. The reaction
mixture was filtered over a glass frit and the resulting orange solid was washed with MeOH. The

product 176 was obtained as an orange solid (54 mg, 68 umol, 37%).

'H NMR (500 MHz, THF-ds): 6 (ppm) = 1.51-1.57 (m, 4H, CH>), 1.69-1.75 (m, 4H, CH;), 1.79-1.85 (m,
4H, CH,), 2.35 (t, J= 7.4 Hz, 4H, CH,), 3.47-3.51 (m, 4H, CH,), 3.61 (s, 6H, Me), 6.42 (s, 4H, Hpyrroie), 6.79
(d, J=3.9 Hz, 4H, Hpyrrole), 7.15 (d, J = 8.9 Hz, 2H, Ar-Humeta), 7.51 (d, J = 26.5 Hz, 4H, Hpyrroie), 7.68 (dd, J =
8.8, 2.2 Hz, 2H, Ar-Hortno), 8.31 (t, J = 5.4 Hz, 2H, NH), 8.33 (d, J = 2.2 Hz, 2H, Ar-Hortho).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 25.98 (CH,), 27.6 (CH,), 29.8 (CH>), 34.4 (CH,), 43.8 (CH,), 51.5
(Me), 114.0 (Ar-Cpmeta), 118.2 (Cpyrrole), 126.9%, 129.9 (Ar-Cortho), 132.2*, 133.4 (Cpyrrote), 139.4 (Ar-Cortno),
141.7 (Cpyrrole), 146.7 (Ar-Cpara), 147.8 (Cmeso), 150.7 (Cpyrrole), 173.8 (CO). *These signals could not be
assigned exactly to corresponding carbon atoms. They belong to the Ar-Cips, and the Ar-Cyiro of the aryl
residue.

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for C2;HsN4O4* [ligand+H]*: 409.1870, found: 409.1880.

IR (ATR): ¥ (cm™) = 3375 [v(NH)], 3089 [v(Ar-H)], 2942 [v(CH,)], 1732 [v(COOMe)], 1621 [v(C=N),
v(C=C)], 1528 [vas(NO2)], 1333 [vsym(NO2)], 732 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 385 [4.54], 483 [5.06].

M.P. (°C): 127-130.

Attempted synthesis of bis[5-(4-fluoro-3-nitrophenyl)dipyrrinato]nickel(ll) (177):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 108 (128 mg,
0.45 mmol) and zinc acetate tetrahydrate (562 mg, 2.25 mmol) were dissolved in MeOH. After
purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) an orange solid (31 mg) was
obtained. However, evidence for a mixture of the desired complex and the corresponding starting
material were found in the NMR spectra. Evidence for a decomposition of the dipyrrin was found, due

to the observation of large quantities of a black residue.
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Attempted synthesis of bis{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}nickel(ll) (178):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 23 (150 mg,
0.45 mmol) and nickel acetate tetrahydrate (555 mg, 2.23 mmol) were dissolved in MeOH. After
purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) no evidence for the
corresponding product was found. Evidence for a decomposition of the dipyrrin was found, due to the

observation of large quantities of a black residue.

Attempted synthesis of bis{5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]dipyrrinato}nickel(ll) (179):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 109 (200 mg,
0.63 mmol) and nickel acetate tetrahydrate (782 mg, 3.15 mmol) were dissolved in MeOH. After
purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) an orange solid (76 mg) was
obtained. However, evidence for a mixture of the desired complex and the corresponding starting
material were found in the NMR spectra. Evidence for a decomposition of the dipyrrin was found, due

to the observation of large quantities of a black residue.

Attempted synthesis of bis[5-(4-fluoro-3-nitrophenyl)dipyrrinato]copper(ll) (180):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 108 (128 mg,
0.45 mmol) and copper acetate monohydrate (451 mg, 2.25 mmol) were dissolved in MeOH. After
purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) an orange solid (25 mg) was
obtained. However, evidence for a mixture of the desired complex and the corresponding starting
material were found in the NMR spectra. Evidence for a decomposition of the dipyrrin was found, due

to the observation of large quantities of a black residue.

Attempted synthesis of bis{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}copper(ll) (181):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 23 (110 mg,
0.33 mmol) and copper acetate monohydrate (329 mg, 1.65 mmol) were dissolved in 10 mL of MeOH.
After purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) no evidence for the
corresponding product was found. Evidence for a decomposition of the dipyrrin was found, due to the

observation of large quantities of a black residue.

Attempted synthesis of bis[5-(4-fluoro-3-nitrophenyl)dipyrrinato]zinc(ll) (173) with an additional base:
Dipyrrin 108 (100 mg, 0.35 mmol, 1 equiv.), zinc acetate dihydrate (387 mg, 1.77 mmol, 5 equiv.), and
NaOAc trihydrate (223 mg, 1.77 mmol, 5 equiv.) were dissolved in 10 mL of THF. The mixture was
stirred for 24 h at rt. Afterwards, the reaction mixture was diluted with EtOAc and washed with water

several times. The organic layer was dried with Na,SO., filtered, and evaporated to dryness. After
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purification (column chromatography, silica gel, DCM/MeOH = 4/1, v/v) no evidence for the
corresponding product was found. Evidence for a decomposition of the dipyrrin was found, due to the

observation of large quantities of a black residue.

Attempted synthesis of bis{5-[3-nitro-4-(N-prop-2-ynylamino)phenylldipyrrinato}zinc(ll)  with
increased temperature (175):

Dipyrrin 109 (80 mg, 0.31 mmol, 1 equiv.) and zinc acetate dihydrate (276 mg, 1.57 mmol, 5 equiv.)
were dissolved in 10 mL of THF. The mixture was stirred for 24 h at 70°. After the indicated time, the
reaction mixture was diluted with EtOAc and washed with water several times. The organic layer was
dried with Na,SO,, filtered, and evaporated to dryness. After purification (column chromatography,
silica gel, DCM/MeOH = 4/1, v/v) an orange solid (14 mg) was obtained. Again, Evidence for a

decomposition of the dipyrrin was found, due to the observation of large quantities of a black residue.

6.2.2 Preparation of tris(dipyrrinato)metal complexes

General synthetic procedure: The corresponding dipyrrin (3 equiv.), DIPEA (15 equiv.), and the related
metal chloride (1 equiv.) were dissolved in 15 mL of THF. The mixture was stirred for 24 h at 70°. After
the indicated time, the reaction mixture was diluted with DCM. Water was added and the mixture was
extracted with DCM several times. The combined organic layers were dried with Na,SQO,, filtered, and
evaporated to dryness. The crude product was purified by column chromatography; the main fraction

was collected and evaporated to dryness.

Attempted synthesis of tris{5-[3-nitro-4-(N-prop-2-ynylamino)phenylldipyrrinato}indium(lll) (182):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 108 (500 mg,
1.57 mmol), GaCls-pentane (1.05 mL, 0.52 mmol), and DIPEA (1.34 mL, 7.85 mmol) were dissolved in
15 mL of THF. After column purification (chromatography, silica gel, DCM/EtOAc = 1/1, v/v) no
evidence for the corresponding product was found. Evidence for a decomposition of the dipyrrin was

found, due to the observation of large quantities of a black residue.

Tris{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}indium(lil) (183):

Complex 183 was prepared according to the general synthetic procedure. Dipyrrin 23 (200 mg,
0.60 mmol), InCl; (44 mg, 0.20 mmol), and DIPEA (0.50 mL, 2.97 mmol) were dissolved in THF. After
purification (column chromatography, silica gel, DCM/EtOAc = 9/1, v/v); complex 183 was obtained as

an orange-red solid (122 mg, 0.11 mmol, 55%).
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'H NMR (500 MHz, CD,Cl,): § (ppm) = 1.02 (t, J = 7.4 Hz, 9H, Me), 1.49-1.52 (m, 6H, CH,), 1.75-1.81
(m, 6H, CHy), 3.38-3.42 (m, 6H, CH>), 6.39 (dd, J = 10.1, 6.1 Hz, 6H, Hpyrrole), 6.77 (s, 6H, Hpyrrole), 6.94 (d,
J=8.9 Hz, 3H, Ar-Hmeta), 7.13 (d, J = 14.7 Hz, 6H, Hpyrrole), 7.56 (ddd, J = 8.5, 4.2, 1.8 Hz, 3H, Ar-Hortho),
8.19 (t, J = 5.3 Hz, 3H, NH), 8.24 (dd, J = 3.7, 2.2 Hz, 3H, Ar-Hortho).

13C NMR (126 MHz, CD,Cl,): § (ppm) = 13.96 (Me), 20.7 (CH3), 31.4 (CH>), 43.4 (CH,), 113.1 (Ar-Creta),
117.7 (Cpyrrole), 126.5%, 129.3 (Ar-Cortho), 131.1%*, 134.3 (Cpyrrole), 138.98 (Ar-Cortho), 141.3 (Cpyrrote), 146.1
(Ar-Cpara), 147.0 (Cmeso), 150.0 (Cpyrrole). *These signals could not be assigned exactly to corresponding
carbon atoms. They belong to the Ar-Cipso or the Ar-Cpitro of the aryl residue.

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for Cs;Hs7N120glnNa* [M+Na]*: 1143.3455, found: 1143.3518,
m/z calcd. for Cs7Hs7N1206InK* [M+K]*: 1159.3194, found: 1159.3257, m/z calcd. for CsgH3sNgOaln* [M-
ligand]*: 785.2049, found: 785.2092, m/z calcd. for CioH»:N4O," [ligand+H]*: 337.1659, found:
337.1679.

IR (ATR): ¥ (cm™) = 3376 [v(NH)], 3098 [v(Ar-H)], 2956, 2927, and 2862 [v(CH,, v(Me)], 1621 [v(C=N),
v(C=C)], 1526 [vas(NO2)], 1333 [vsym(NO,)], 732 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L molt cm™)] = 445 [4.82], 483 [4.50].

M.P. (°C): 145-149.

Tris{5-[3-nitro-4-(N-prop-2-enylamino)phenyl]dipyrrinato}indium(lll) (184):

Complex 184 was prepared according to the general synthetic procedure. Dipyrrin 24 (500 mg,
1.56 mmol), InCl; (115 mg, 0.52 mmol), and DIPEA (1.33 mL, 7.80 mmol) were dissolved in THF. After
purification (column chromatography, silica gel, DCM/EtOAc = 4/1, v/v); complex 184 was obtained as
an orange solid (30 mg, 26 umol, 5%). Evidence for a decomposition of the dipyrrin was found, due to

the observation of large quantities of a black residue.

'H NMR (500 MHz, CD,Cl): 6 (ppm) = 4.08 (t, J = 4.4 Hz, 2H, CH>), 5.30 (d, J = 11.5 Hz, 1H, -CH=CH,),
5.38 (d, J = 17.2 Hz, 1H, -CH=CH,), 6.02 (ddt, J = 17.2, 10.0, 5.0 Hz, 1H, -CH=CH,), 6.40 (dt, J = 17.6,
3.8 Hz, 2H, Hpyrrole), 6.75 (d, J = 5.1 Hz, 2H, Hpyrrole), 6.92 (d, J = 8.8 Hz, 1H, Ar-Hpmeta), 7.13 (d, J = 17.7 Hg,
2H, Hoyrrole), 7.55 (dt, J = 6.2, 3.7 Hz, 1H, Ar-Hortno), 8.26 (d, J = 2.7 Hz, 1H, Ar-Horno), 8.31 (t, J = 5.8 Hz,
1H, NH).

13C NMR (126 MHz, CD,Cl,): § (ppm) = 45.9 (CH,), 113.4 (Ar-Cmeta), 117.3 (Cpyrrole + -CH=CH>), 127.0%,
129.2 (Ar-Cortho), 131.5%, 133.7 (-CH=CH>), 134.4 (Cpyrrote), 138.8 (Ar-Cortno), 141.1 (Cpyrrole), 145.8 (Crmeso),
146.8 (Coyrrote), 149.8 (Coyrrole + Ar-Cparg). *These signals could not be assigned exactly to corresponding
carbon atoms. They belong to the Ar-Cipso and the Ar-C,iiro of the aryl residue.

IR (ATR): ¥ (cm™) = 3379 [v(NH)], 3083 [v(Ar-H)], 2981 [v(CH>)], 1625 [v(C=N-), v(C=C)], 1525 [vas(NO>)],
1334 [vs,m(NO3)], 991 [6(-CH=CH,)], 735 [6(HC=CH)].
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UV/vis (DCM): Amax (nm) [log (/L mol™* cm™)] = 446 [4.42], 495 [4.09].
M.P. (°C): 150-156.

Tris{5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]dipyrrinato}indium(lll) (185):

Complex 185 was prepared according to the general synthetic procedure. Dipyrrin 109 (500 mg,
1.57 mmol), InCl; (116 mg, 0.52 mmol), and DIPEA (1.34 mL, 7.85 mmol) were dissolved in THF. After
purification (column chromatography, silica gel, DCM/EtOAc = 4/1, v/v); complex 185 was obtained as
an orange solid (15 mg, 16 umol, 3%). Evidence for a decomposition of the dipyrrin was found, due to

the observation of large quantities of a black residue.

H NMR (500 MHz, CDCl3/(CDs),CO = 2/1): & (ppm) = 2.39 (t, J = 2.3 Hz, 1H, CH), 4.22 (d, J = 2.2 Hz, 2H,
CH,), 6.68 (dd, J = 4.1, 2.0 Hz, 2H, Hpyrrole), 6.97 (br's, 2H, Hoyrrote), 7.14 (d, J = 9.0 Hz, 1H, Ar-Hpmeta), 7.70
(dd, J = 9.0, 2.0 Hz, 1H, Ar-Hortho), 8.00 (s, 2H, Hpyrrole), 8.38 (d, J = 1.7 Hz, 1H, Ar-Hmets), 8.64-8.67 (m,
1H, NH).

The 3C NMR spectrum did not allowed a meaningful interpretation, due to the low quantities.

HRMS (ESI-TOF, acetone): m/z calcd. for CsqHaoN1206In* [M+H]*: 1067.2227, found: 1067.2227, m/z
calcd. for CsqH3sN1;0slnNa* [M+Na]*: 1089.2047, found: 1089.2057, m/z calcd. for CssH3gN1,06InK*
[M+K]*: 1105.1786, found: 1105.1795, m/z calcd. for CssHzsNsO4ln* [M-ligand]*: 749.1110, found:
749.1132, m/z calcd. for CigH1sN4O5"* [ligand+H]*: 319.1190, found: 319.1195.

UV/vis (acetone): Amax (nm) [log (/L mol™* cm™)] = 443 [4.63], 497 [4.35].

M.P. (°C): 170-175.

Tris{5-[4-(N-2-hydroxyethylamino)-3-nitrophenyl]dipyrrinato}indium(lll) (186):

Complex 186 was prepared according to the general synthetic procedure. Dipyrrin 25 (500 mg,
1.54 mmol), InCl; (114 mg, 0.51 mmol), and DIPEA (1.31 mL, 7.71 mmol) were dissolved in THF. After
purification (column chromatography, silica gel, DCM/EtOAc = 1/2, v/v); complex 186 was obtained as
an orange solid (11 mg, 10 umol, 2%). Evidence for a decomposition of the dipyrrin was found, due to

the observation of large quantities of a black residue.

H NMR (500 MHz, THF-ds): 6 (ppm) = 3.52-3.53 (m, 2H, CH,), 3.79-3.81 (m, 2H, CH.), 6.25 (s, 2H,
Hpyrrole), 6.85 (S, 2H, Hpyrrole), 7.10 — 7.14 (m, 3H, Hpyrrole + Ar-Hpmeta), 8.04 (d, J = 8.4 Hz,

1H, Ar-Hortho), 8.60 (br's, 1H, NH), 8.81 (br's, 1H, Ar-Hortho).

13C NMR (126 MHz, THF-ds): § (ppm) = 46.4 (CH,), 60.9 (CH,), 110.9 (Cpyrrole), 115.1 (Ar-Cmes), 118.1
(Cpyrrote), 121.1 (Cpyrrote), 125.7 (Cpyrrole), 126.7%*, 129.3 (Ar-Cortho), 132.0*, 132.3 (Cmeso), 132.5 (Ar-Cpara),
136.7 (Ar-Cortho). *These signals could not be assigned exactly to corresponding carbon atoms. They

belong to the Ar-Cipso and the Ar-Cpiero Of the aryl residue.
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IR (ATR): ¥ (cm™) = 3367 [v(NH), v(OH)], 2939 [v(CH,)], 2878 [v(CH)], 1565 [vas(NO,)], 1523 [v(Ar-C)],
1353 [vsym(NO,)], 732 [6(HC=CH)]..

UV/vis (MeOH): Amax (nm) [log (/L mol™t cm™)] = 448 [4.84], 495 [4.64].

M.P. (°C): 105-110.

Tris{5-[4-(N-6-methoxy-6-oxohexylamino)-3-nitrophenyl]dipyrrinato}indium(lll) (187):

Complex 187 was prepared according to the general synthetic procedure. Dipyrrin 26 (100 mg,
0.25 mmol), InCl; (18 mg, 82 umol), and DIPEA (0.21 mL, 1.23 mmol) were dissolved in THF. After
purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v); complex 187 was obtained as

an orange solid (32 mg, 24 umol, 29%).

H NMR (500 MHz, CD,Cl,): 6 (ppm) = 1.49-1.55 (m, 6H, CHa), 1.69-1.75 (m, 6H, CH,), 1.78-1.84 (m,
6H, CH,), 2.36 (t, J = 7.4 Hz, 6H, CH,), 3.39-3.43 (m, 6H, CH,), 3.36 (s, 9H, Me), 6.39 (dd, J = 10.7, 6.2
Hz, 6H, Hpyrrole), 6.76 (s, 6H, Heyrrole), 6.93 (d, J = 8.9 Hz, 3H, Ar-Hpmeta), 7.13 (d, J = 14.7 Hz, 6H, Hpyrrole),
7.54-7.57 (m, 3H, Ar-Hortno), 8.18 (t, J = 5.3 Hz, 3H, NH), 8.24 (s, 3H, Ar-Hortro).

13C NMR (126 MHz, CD,Cl,): 6 (ppm) = 24.99 (CH>), 26.9 (CH,), 29.1 (CH,), 34.2 (CH,), 43.4 (CH,), 51.7
(Me), 113.1 (Ar-Cmeta), 117.6 (Cryrrote), 126.6*, 129.3 (Ar-Cortho), 131.2*, 134.3 (Cpyrrote), 138.9 (Ar-Cortno),
141.2 (Cpyrrole), 146.0 (Ar-Cpara), 146.9 (Cmeso), 150.2 (Cpyrrole), 174.1 (CO). *This signal could not be
assigned exactly to corresponding carbon atom. It belongs to the Ar-Ciyso or the Ar-Cpito of the aryl
residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for CssHaoN1206In* [M+H]*: 1067.2227, found: 1067.2227, m/z
calcd. for CssH3gN12OglnNa* [M+Na]*: 1089.2047, found: 1089.2057, m/z calcd. for CssH3gN1,06INK*
[M+K]*: 1105.1786, found: 1105.1795, m/z calcd. for CsgHaeNsOsln* [M-ligand]*: 749.1110, found:
749.1132, m/z calcd. for C1gH1sN4O,* [ligand+H]*: 319.1190, found: 319.1195.

IR (ATR): ¥ (cm™) = 3375 [v(NH)], 3098 [v(Ar-H)], 2942 [v(CH,)], 1732 [v(COOMe)], 1621 [v(C=N),
v(C=C)], 1528 [vas(NO2)], 1333 [vsym(NO,)], 733 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] = 446 [4.84], 498 [4.51].

M.P. (°C): 170-175.

Tris{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}gallium(lll) (188):

Complex 188 was prepared according to the general synthetic procedure. Dipyrrin 23 (500 mg,
1.49 mmol), GaCls'pentane (1.00 mL, 0.50 mmol), and DIPEA (1.26 mL, 7.43 mmol) were dissolved in
THF. After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v); complex 188 was

obtained as an orange solid (185 mg, 0.18 mmol, 35%).
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'H NMR (500 MHz, CD,Cl,): § (ppm) = 1.02 (t, J = 7.4 Hz, 9H, Me), 1.49-1.57 (m, 6H, CH,), 1.75-1.81
(m, 6H, CH), 3.41 (td, J = 7.1, 5.3 Hz, 6H, CH,), 6.33 (d, J = 16.8 Hz, 6H, Hpyrrole), 6.74-6.76 (m, 3H,
Heyrrole), 6.85—6.91 (m, 3H, Heyrrole), 6.96 (d, J = 8.9 Hz, 3H, Ar-Hpmetd), 7.57 (t,J = 7.3 Hz, 3H, Ar-Hortho), 8.20
(t,J=5.2 Hz, 3H, NH), 8.27 (d, J = 5.1 Hz, 3H, Ar-Hortho).

13C NMR (126 MHz, CD,Cl,): § (ppm) = 13.96 (Me), 20.7 (CH>), 31.4 (CH>), 43.4 (CH,), 113.3 (Ar-Creta),
117.2 (dd, J = 35.1, 21.3 Hz, Ceyrrole), 126.7%, 129.2 (Ar-Cortno), 131.3*, 132.7-133.1 (m, Cpyrrole), 138.8
(Ar-Cortho), 139.7 (Coyrrote), 145.9 (Ar-Cpara), 146.1 (Crmeso), 148.9-149.6 (M, Cpyrrole). *These signals could
not be assigned exactly to corresponding carbon atoms. They belong to the Ar-Cis, or the Ar-Cpitro Of
the aryl residue.

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for Cs;Hs7GaN1206K* [M+K]*: 1113.3411, found: 1113.3443,
m/z calcd. for CssH3sGaNgO4* [M-ligand]*: 739.2266, found: 739.2294, m/z calcd. for CioH»1N405*
[ligand+H]*: 337.1659, found: 337.1679.

IR (ATR): ¥ (cm™) = 3376 [v(NH)], 3097 [v(Ar-H)], 2956, 2928, and 2869 [v(CH,, v(Me)], 1622 [v(C=N),
v(C=C)], 1529 [vas(NO2)], 1336 [vsym(NO2)], 731 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L molt cm™)] = 447 [4.73], 498 [4.53].

M.P. (°C): 156-160.

Attempted synthesis of tris{5-[3-nitro-4-(N-prop-2-enylamino)phenyl]ldipyrrinato}gallium(lll) (189):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 24 (500 mg,
1.56 mmol), GaCls'pentane (1.04 mL, 0.52 mmol), and DIPEA (1.33 mL, 7.80 mmol) were dissolved in
THF. After purification (column chromatography, silica gel, DCM/EtOAc = 4/1, v/v); an orange solid
(92 mg) was obtained. However, this fraction could not be assigned to the desired product. The spectra
did not allow a meaningful interpretation. Evidence for a decomposition of the dipyrrin was found, due

to the observation of large quantities of a black residue.

Attempted synthesis of tris{5-[3-nitro-4-(N-prop-2-ynylamino)phenyl]dipyrrinato}gallium(lll) (190):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 109 (500 mg,
1.57 mmol), GaCls'pentane (1.05 mL, 0.52 mmol), and DIPEA (1.34 mL, 7.85 mmol) were dissolved in
THF. After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v) an orange solid
(41 mg) was obtained. However, this fraction could not be assigned to the desired product. The spectra
did not allow a meaningful interpretation. Evidence for a decomposition of the dipyrrin was found, due

to the observation of large quantities of a black residue.
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Attempted synthesis of tris{5-[4-(N-2-hydroxyethylamino)-3-nitrophenyl]dipyrrinato}gallium(lll) (191):
The reaction was carried out according to the general synthetic procedure. Dipyrrin 25 (500 mg,
1.54 mmol), GaCls'pentane (1.03 mL, 0.51 mmol), and DIPEA (1.31 mL, 7.71 mmol) were dissolved in
15 mL of THF. After column purification (chromatography, silica gel, DCM/EtOAc = 1/2, v/v) an orange
solid (53 mg) was obtained. However, this fraction could not be assigned to the desired product. The
spectra did not allow a meaningful interpretation. Evidence for a decomposition of the dipyrrin was

found, due to the observation of large quantities of a black residue.

Tris{5-[4-(N-6-methoxy-6-oxohexylamino)-3-nitrophenyl]ldipyrrinato}gallium(lil) (192):

Complex 192 was prepared according to the general synthetic procedure. Dipyrrin 26 (500 mg,
1.22 mmol), GaCls-pentane (0.82 mL, 0.41 mmol), and DIPEA (1.04 mL, 6.12 mmol) were dissolved in
10 mL of THF. After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v); complex
191 was obtained as orange solid (135 mg, 0.11 mmol, 27%).

'H NMR (500 MHz, CD,Cl,): § (ppm) = 1.47-1.53 (m, 2H, CH,), 1.67-1.73 (m, 2H, CH,), 1.76-1.82 (m,
2H, CH>), 2.35 (t, J = 7.4 Hz, 2H, CH,), 3.38-3.42 (m, 2H, CH,), 3.65 (s, 3H, Me), 6.31 (d, J = 15.1 Hz, 2H,
Hoyrrole), 6.73 (t, J = 4.9 Hz, 2H, Hpyrrole), 6.83-6.89 (m, 2H, Hpyrrole), 6.94 (d, J = 8.9 Hz, 1H, Ar-Hpmeta), 7.54—
7.57 (m, 1H, Ar-Hortno), 8.18 (t, J = 5.3 Hz, 1H, NH), 8.24 (d, J = 4.5 Hz, 1H, Ar-Hortho)

13C NMR (126 MHz, CD.Cl,): 6 (ppm) = 24.98 (CH>), 26.9 (CH,), 29.0 (CH,), 34.2 (CH,), 43.4 (CH,), 51.9
(Me), 113.3 (Ar-Cmeta), 117.2 (Coyrrote), 125.9%, 129.2 (Ar-Cortho), 131.2*, 132.9 (Cpyrrote), 138.9 (Ar-Cortno),
139.8 (Cpyrrole), 145.9 (Cmeso), 146.0 (Ar-Cpara), 149.3 (Cpyrrole), 174.7 (CO). *These signals could not be
assigned exactly to corresponding carbon atoms. They belong to the Ar-Cips, and the Ar-Cyiro of the aryl
residue.

HRMS (ESI-TOF, MeOH): m/z calcd. for CsgHesGaN1,012Na* [M+Na]*: 1313.4306, found: 1313.4267, m/z
calcd. for CgsHeaGaN1,01:K* [M+K]*: 1329.4045, found: 1329.4010, m/z calcd. for CaqHisGaNgOsg*
[M-ligand]*: 883.2689, found: 883.2667.

IR (ATR): ¥ (cm™) = 3377 [v(NH)], 3100 [v(Ar-H)], 2944 [v(CH,)], 1736 [v(COOMe)], 1621 [v(C=N),
v(C=C)], 1540 [vas(NO2)], 1337 [vsym(NO,)], 737 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] = 448 [4.75], 498 [4.56].

M.P. (°C): 200-208.

Attempted synthesis of tris{5-[4-(N-butylamino)-3-nitrophenyl]dipyrrinato}iridium(lll) (193):
The reaction was carried out according to the general synthetic procedure. Dipyrrin 23 (275 mg,
0.82 mmol), IrCl3'xH,0 (96 mg, 0.27 mmol), and DIPEA (0.70 mL, 4.09 mmol) were dissolved in THF.

After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v) an orange solid was
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obtained and this fraction was assigned to the corresponding 5-[4-(N-butylamino)-3-nitrophenyl]-

dipyrromethane (60 mg, 0.18 mmol, 22%).

'H NMR (500 MHz, CD,Cl,): 6 (ppm) = 0.96 (t, J = 7.4 Hz, 3H, Me), 1.40-1.50 (m, 2H, CH,), 1.65-1.72
(me, 2H, CH>), 3.26-3.31 (m, 2H, CH,), 5.36 (s, 1H, Hmeso), 5.85 (br s, 2H, Hpyrrole), 6.10-6.12 (m, 2H,
Hoyrrole), 6.68—6.70 (m, 2H, Hpyrrote), 6.83 (d, J = 8.9 Hz, 1H, Ar-Hpmeta), 7.31 (dd, J = 8.9, 2.2 Hz, 1H, Ar-
Hortho), 7.93 (d, J = 2.2 Hz, 1H, Ar-Hortno), 8.01-8.06 (m, 3H, NH).

HRMS (ESI-TOF, MeOH): m/z calcd. for Ci9H2,N40,Na* [M+Na]*: 361.1635, found: 361.1652.

Attempted  synthesis of  tris{5-[4-N-6-methoxy-6-oxohexylamino)-3-nitrophenyl]dipyrrinato}-
iridium(1l1) (194):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 26 (300 mg,
0.73 mmol), IrCl3-xH,0 (86 mg, 0.25 mmol), and DIPEA (0.60 mL, 3.67 mmol) were dissolved in THF.
After purification (column chromatography, silica gel, DCM/EtOAc = 1/1, v/v) an orange solid was
obtained and this fraction was assigned to the corresponding 5-[4-N-6-methoxy-6-oxohexylamino)-

3-nitrophenyl]dipyrromethane (70 mg, 0.17 mmol, 23%).

H NMR (500 MHz, CD,Cl,): 6 (ppm) = 1.42-1.49 (m., 2H, CH,), 1.63-1.76 (m., 4H, CH,), 2.32 (t, J= 7.4
Hz, 2H, CH,), 3.28-3.33 (m,, 2H, CH,), 3.63 (s, 3H, Me), 5.38 (s, 1H, Hmeso), 5.86-5.87 (M, 2H, Hpyrrole),
6.11-6.13 (M, 2H, Hpyrroie), 6.70-6.72 (M, 2H, Hoyrroke), 6.84 (d, J = 8.9 Hz, 1H, Ar-Hpmet), 7.33 (dd, J = 8.9,
2.2 Hz, 1H, Ar-Hortho), 7.94 (d, J = 2.2 Hz, 1H, Ar-Horno), 8.02 (t, J = 5.2 Hz, 1H, NH), 8.17 (br s, 2H, NH).
HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for C2,HxsN4OsNa+ [M+Na]*: 433.1852, found: 433.1860.

Attempted synthesis of tris(5-pentafluorophenyldipyrrinato)iridium(lll) (195):

The reaction was carried out according to the general synthetic procedure. Dipyrrin 102 (250 mg,
0.81 mmol), IrCls-xH,0 (95 mg, 0.27 mmol), and DIPEA (0.70 mL, 4.03 mmol) were dissolved in THF.
After purification (column chromatography, silica gel, DCM/n-hexane = 1/1, v/v) an orange solid
(129 mg) was obtained. However, this fraction could not be assigned to the desired product. The
spectra did not allow a meaningful interpretation. Evidence for a decomposition of the dipyrrin was

found, due to the observation of large quantities of a black residue.

6.3 Modification of the 1,3,5,7-BODIPY structure

6.3.1 Nucleophilic substitution
General synthetic procedure: The BODIPY (1 equiv.) was dissolved in DMF or DCM and the related

amine (10 — 20 equiv.) was added. The mixture was stirred for the indicated time at rt. Afterwards, the
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mixture was diluted with EtOAc and washed with water several times. The organic layer was dried with
Na,S0,, filtered, and evaporated to dryness. The organic layer was dried with Na,SO,, filtered, and
evaporated to dryness. The crude product was purified by column chromatography; the main fraction

was collected and evaporated to dryness.

8-[4-(N-Prop-2-enylamino)-2,3,5,6-tetrafluoro-phenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (196):

BODIPY 196 was prepared according to the general synthetic procedure. BODIPY 65 (200 mg,
0.48 mmol) and allylamine (0.36 mL, 4.83 mmol, 10 equiv.) were dissolved in 5 mL of DMF. After
purification (column chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 196 was obtained
as an orange solid (74 mg, 0.16 mmol, 32%).

H NMR (500 MHz, CDCls): & (ppm) = 1.65 (s, 6H, Me), 2.54 (s, 6H, Me), 4.06 (dt, J = 5.7, 1.5 Hz, 2H,
CHa), 5.20 (dq, J = 10.3, 1.3 Hz, 1H, -CH=CH,), 5.25 (dq, J = 17.1, 1.5 Hz, 1H, -CH=CH,),

5.93 (ddt, J=17.2, 10.3, 5.7 Hz, 1H, -CH=CH,), 6.02 (s, 2H, Hpyrrole).

13C NMR (126 MHz, CDCl3): 6 (ppm) = 13.6 (Me), 14.8 (Me), 47.96 (CH,), 101.0 (Ar-Cipso), 117.3 (-
CH=CH), 121.8 (CHpyrrole), 127.8 (Crmeso), 131.9 (Cryrrote), 132.3 (-CH=CH}), 134.6 (Ar-Cpara), 142.1 (Coyrrole),
156.9 (Coyrrole)-

19 NMR (376 MHz, CDCls): § (ppm) = -143.00 (d, J = 18.0 Hz, 2F, CFmeto), -145.92 — -146.18 (mc, 2F, BF2),
-158.61 (d, J = 18.9 Hz, 2F, CFortno).

HRMS (ESI-TOF, MeOH): m/z calcd. for CoH20BFsN3Na* [M+Nal*: 474.1547, found: 474.1542, m/z calcd.
for CazHa0BFgNsK* [M+K]*: 490.1286, found: 490.1281, m/z calcd. for CasHaoB:F1aNeNa* [2M+Nal*:
925.3201, found: 925.3185.

IR (ATR): ¥ (cm™) = 3406 [v(NH)], 2958 and 2931 [v(CH.), v(Me)], 2867 [v(CH)], 1658 [v(C=N), v(C=C)],
1495 [6(CH>), 6(Me)], 1153 [v(BF)], 768 [6(-HC=CH-)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 515 [4.83].

Fluorescence (DCM): Amax (M) = 527 at Agxcitation (M) = 500.

M.P. (°C): 165-169.

Attempted synthesis of 8-[4-(N,N-dibutylamino)-2,3,5,6-tetrafluorophenyl]-1,3,5,7-tetramethyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (197):

The reaction was carried out according to the general synthetic procedure. BODIPY 65 (200 mg,
0.48 mmol) and N,N-dibutylamine (1.64 mL, 9.66 mmol, 20 equiv.) were dissolved in 10 mL of DMF.
After purification (column chromatography, silica gel, DCM) a dark oil (100 mg) was obtained.
However, this fraction could not be assigned to the desired product. The spectra did not allow a

meaningful interpretation.
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8-[3-Nitro-4-(N-2-prop-2-enylamino)phenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (199):

BODIPY 199 was prepared according to the general synthetic procedure. BODIPY 66 (132 mg,
0.34 mmol) and allylamine (0.3 mL, 3.40 mmol, 10 equiv.) were dissolved in 10 mL of DCM. After
column purification (chromatography, silica gel, n-hexane/EtOAc = 9/1, v/v); BODIPY 199 was obtained

as an orange solid (124 mg, 0.29 mmol, 86%).

H NMR (500 MHz, CDCls): & (ppm) = 1.53 (s, 6H, Me), 2.54 (s, 6H, Me), 4.05 (t, J = 5.0 Hz, 2H, CH,),
5.29-5.36 (m, 2H, H2C=CH-), 5.95-6.02 (m, 3H, Hpyrrole + H,C=CH-), 6.98 (d, J = 8.8 Hz, 1H, Ar-Hpetd), 7.30
(dd, J = 8.8, 2.2 Hz, 1H, Ar-Hortno), 8.14 (d, J = 2.1 Hz, 1H, Ar-Hortno), 8.28 (t, J = 5.8 Hz, 1H, NH).

13C NMR (126 MHz, CDCls): 6 (ppm) = 14.7 (Me), 15.3 (Me), 45.6 (CH2), 115.2 (Ar-Cmeta), 117.7 (H2C=CH),
121.6 (CHpyrrote), 121.8*, 126.8 (Ar-Cortho), 131.9 (Chyrrole), 132.1 (Crmeso), 132.7 (H2C=CH-), 136.0 (Ar-Cortho),
139.2%, 142.7 (Ceyrrote), 145.3 (Ar-Cpara), 156.1 (Ceyrrote). *These signals could not be assigned exactly to
corresponding carbon atoms. They belong to the Ar-Cisso and the Ar-Cyiro of the aryl residue.

1F NMR (376 MHz, CDCls3): § (ppm) = -145.57 —-146.59 (m,, 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for Cy;H23BF.N4O;Na* [M+Na]*: 447.1774, found: 447.1796 , m/z
calcd. for CyH23BF2N4O.KY [M+K]*: 463.1514, found: 463.1543, m/z calcd. for CasHaeB2FsNgO4Na*
[2M+Na]*: 871.3656, found: 871.3699, m/z calcd. for CssHa6B2FsNgOsK* [2M+K]*: 887.3396, found:
887.3442.

IR (ATR): ¥ (cm™) = 3590 [v(NH)], 2920 [v(CH,)], 1628 [v(C=N), v(C=C)], 1543 [vas(NO>)], 1527 [&(Ar-C)],
1466 [6(CH>), 6(Me)], 1349 [vy,m(NO>)], 1061 [v(BF)], 758 [6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 504 [4.83].

Fluorescence (DCM): Amax (nM) = 517 at Aexcitation (M) 490.

M.P. (°C): 176-179.

8-[4-(N-6-Methoxy-6-oxohexylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (200):

BODIPY 200 was prepared according to the general synthetic procedure. BODIPY 66 (200 mg,
0.52 mmol), DIPEA (1.8 mL, 10.33 mmol, 20 equiv.), and methyl-6-aminohexanoate hydrochloride
(939 mg, 5.17 mmol, 10 equiv.) were dissolved in 20 mL of DCM. After purification (column
chromatography, silica gel, n-hexane/EtOAc = 9/1, v/v, then n-hexane/EtOAc = 4/1, v/v); BODIPY 200

was obtained as an orange solid (80 mg, 0.16 mmol, 30%).

'H NMR (500 MHz, CDCl3): § (ppm) = 1.49-1.57 (m, 8H, Me + CH,), 1.70-1.76 (m, 2H, CH,), 1.77-1.83
(m, 2H, CHy), 2.36 (t,J = 7.4 Hz, 2H, CH,), 2.54 (s, 6H, Me), 3.36 (td, J = 7.1, 5.0 Hz, 2H, CH,), 3.67 (s, 3H,
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Mecoome), 5.99 (s, 2H, Hpyrrole), 6.98 (d, J = 8.8 Hz, 1H, Ar-Hpmets), 7.31 (dd, J = 8.7, 2.2 Hz, 1H, Ar-Hortho),
8.11-8.14 (m, 2H, Ar-Hortno + NH).

13C NMR (126 MHz, CDCl3): 6 (ppm) = 14.7 (Me), 15.3 (Me), 24.6 (CH>), 26.7 (CH;), 28.7 (CH,), 33.9
(CHy), 43.1 (CHy), 51.7 (Mecoome), 114.8 (Ar-Creta), 121.5%, 121.6 (CHpyrrole), 126.9 (Ar-Cortho), 131.9
(Cpyrrote), 131.9 (Crmeso), 136.1 (Ar-Cortno), 139.3*, 142.7 (Cryrrole), 145.5 (Ar-Cpara), 156.1 (Cpyrrole), 173.95
(CO). *These signals could not be assigned exactly to corresponding carbon atoms. They belong to the
Ar-Cipso and the Ar-Cpitro of the aryl residue.

19 NMR (376 MHz, CDCl3): & (ppm) = -145.57 — -146.63 (m., 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for CxH31BFN4O4* [M-F]*: 493.2417, found: 493.2410, m/z calcd.
for Co6H31BF2N4OsNa* [M+Na]*: 535.2299, found: 535.2298.

IR (ATR): 7 (cm™?) = 3377 [V(NH)], 2929 [v(CH.), v(Me)], 2858 [v(CH)], 1734 [v(COOMe)], 1626 [v(C=N),
v(C=C)], 1542 [vas(NO2)], 1526 [S(Ar-C)], 1468 [6(CH,), 6(Me)], 1304 [vem(NO2)], 1075 [v(BF)], 758
[6(HC=CH)]. UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 504 [4.66].

Fluorescence (DCM): Amax (nM) = 518 at Aexcitation (NM) 490.

M.P. (°C): 123-125.

8-[4-(N,N-Dibutylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (201):

BODIPY 201 was prepared according to the general synthetic procedure. BODIPY 66 (200 mg,
0.52 mmol) and N,N-dibutylamine (1.60 mL, 9.66 mmol, 15 equiv.) were dissolved in 10 mL of DCM.
After column purification (chromatography, silica gel, n-hexane/EtOAc = 9/1, v/v); BODIPY 201 was

obtained as an orange solid (90 mg, 0.18 mmol, 35%).

'H NMR (500 MHz, CDCl3): & (ppm) = 0.87 (t, J = 7.4 Hz, 6H, Meguy), 1.25—-1.32 (m, 4H, CH,), 1.50-1.56
(m, 10H, CH, + Me), 2.55 (s, 6H, Me), 3.20 (t, J = 7.3 Hz, 1H, CH,), 6.00 (s, 2H, Hpyrrole), 7.28 (br's, 2H,
Ar-Hmeta + Ar-Hortno), 7.65 (t, J = 1.2 Hz, 1H, Ar-Hortho).

13C NMR (126 MHz, CDCl3): § (ppm) = 13.9 (Mesuty), 14.8 (Me), 14.99 (Me), 20.2 (CH,), 29.5 (CH2), 52.2
(CH2), 121.7 (CHeyrrole), 122.6 (Ar-Cmeta), 126.3 (Ar-Cortho), 131.7 (Ceyrrole), 132.7 (Ar-Cortho), 138.96%,
142.1%, 142.8 (Ceyrrote), 144.9 (Ar-Cpara), 156.2 (Cpyrrote). *These signals could not be assigned exactly to
corresponding carbon atoms. They belong to the Ar-Ciss and the Ar-Cyiro of the aryl residue.

19F NMR (376 MHz, CDCls): § (ppm) = -145.61 — -146.64 (mc, 2F, BF2).

HRMS (ESI-TOF, MeOH): m/z calcd. for Cy7H3sBF,N40;Na* [M+Na]*: 519.2713, found: 519.2713.

IR (ATR): ¥ (cm™) = 2957 and 2929 [v(CH,), v(Me)], 2871 [v(CH)], 1613 [v(C=N), v(C=C)], 1545 [vus(NO,)],
1512 [6(Ar-C)], 1467 [6(CH.), 6(Me)], 1348 [vsym(NO>)], 1082 [v(BF)], 760 [6(HC=CH)].

UV/vis (DCM): Anax (nm) [log (/L mol* cm™)] = 505 [4.62].
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Fluorescence (DCM): Amax (nm) = 515 at AExcitation (nm) 490.
M.P. (°C): 95-99.

6.3.2 Substitution of the 2- and 6-position with NBS

General synthetic procedure: The BODIPY (1 equiv.) was dissolved in 2 mL of HFIP, NBS (2.5 equiv.)
was added, and the mixture was stirred for the indicated time at rt. Afterwards, the reaction mixture
was diluted with EtOAc and washed with water several times. The organic layer was dried with Na;SO,,
filtered, and evaporated to dryness. The crude product was purified by column chromatography; the

main fraction was collected and evaporated to dryness.

Attempted synthesis of 2,6-dibromo-8-[4-(N-prop-2-enylamino)-2,3,5,6-tetrafluorophenyl]-1,3,5,7-
tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (198):

The reaction was carried out according to the general synthetic procedure. BODIPY 196 (90 mg,
0.20 mmol) and NBS (88 mg, 0.50 mmol) were dissolved in HFIP. After purification (column
chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v) a red solid (66 mg) was obtained. However,

evidence for the formation of mixture of BODIPYs was found in the NMR spectra.

2,6-Dibromo-8-[3-nitro-4-(N-2-prop-2-enylamino)phenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (202):

BODIPY 202 was prepared according to the general synthetic procedure. BODIPY 199 (87 mg,
0.21 mmol) and NBS (91 mg, 0.51 mmol) were dissolved in HFIP. The mixture was stirred for 1 min.
After purification (column chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 202 was
obtained as a red solid (53 mg, 92 umol, 44%).

'H NMR (500 MHz, THF-ds): § (ppm) = 1.58 (m, 6H, Me), 2.56 (s, 6H, Me), 4.12—4.15 (m, 2H, CH.), 5.23
(ddd, J =10.4, 1.5 Hz, 1H, H,C=CH-), 5.31 (ddd, J = 17.2, 1.6 Hz, 1H, H,C=CH-), 6.01 (ddt, /= 17.2, 10.1,
4.9 Hz, 1H, H,C=CH-), 7.20 (d, J = 8.8 Hz, 1H, Ar-Hpmeta), 7.41 (dd, J = 8.8, 2.1 Hz, 1H, Ar-Hortno), 8.19 (d, J
= 2.2 Hz, 1H, Ar-Hortno), 8.45 (t, J = 5.9 Hz, 1H, NH).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 13.9 (Me), 14.8 (Me), 46.1 (CH2), 112.3 (Cs), 116.9 (H2C=CH-),
117.0 (Ar-Cmeta), 121.5*, 127.7 (Ar-Cortho), 131.99 (Coyrroie), 133.5%, 134.9 (H,C=CH-), 136.4 (Ar-Cortho),
141.1 (Cpyrrote), 142.1 (Cmeso), 146.8 (Ar-Cpara), 154.9 (Cpyirole). *These signals could not be assigned exactly
to corresponding carbon atoms. They belong to the Ar-Cipso and the Ar-Cpiero Of the aryl residue.

19F NMR (376 MHz, THF-ds): 6 (ppm) = -146.56 — -146.27 (m., 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for C»;H»:BBr,FN4O," [M-F]*: 563.0082, found: 563.0083, m/z calcd.
for CyH21BBraFaN4O;Na* [M+Na]*: 604.9964, found: 604.9968, m/z calcd. for CyH21BBraFaN4OoK*
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[M+K]*: 620.9703, found: 620.9707, m/z calcd. for CssH42B2BrsF4sNsOsNa* [2M+Na]*: 1187.0036, found:
1187.0044.

IR (ATR): ¥ (cm™) = 3358 [v(NH)], 2925 [v(CH,)], 2847 [v(CH)], 1631 [v(C=N), v(C=C)], 1535 [vas(NO,)],
1460 [6(CH>), 6(Me)], 1346 [vsym(NO>)], 1170 and 1119 [v(BF), v(CBr)], 755 [6(HC=CH)].

UV/vis (DCM): Anax (nm) [log (/L mol cm™)] =399 [4.17], 528 [4.85].

Fluorescence (DCM): Amax (nm) = 550 at Agxcitation (NM) = 380, 510

M.P.(°C): 209-214.

2,6-Dibromo-8-[4-(N-6-methoxy-6-oxohexylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (203):

BODIPY 203 was prepared according to the general synthetic procedure. BODIPY 200 (95 mg,
0.19 mmol) and NBS (83 mg, 0.46 mmol) were dissolved in HFIP. The mixture was stirred for 1 min.
After purification (column chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 203 was
obtained as a red solid (67 mg, 0.10 mmol, 54%).

'H NMR (500 MHz, THF-ds): & (ppm) = 1.48-1.54 (m, 2H, CH>), 1.59 (s, 6H, Me), 1.67-1.71 (m, 2H, CH,),
1.76-1.82 (m, 2H, CH>), 2.33 (t, J = 7.3 Hz, 2H, CH,), 2.56 (s, 6H, Me), 3.46 (td, J = 7.3, 5.6 Hz, 2H, CH,),
3.60 (s, 3H, Mecoome), 7.27 (d, J = 8.8 Hz, 1H, Ar-Hpew), 7.43 (dd, J = 8.8, 2.2 Hz, 1H, Ar-Horro), 8.18 (d,
J=2.1Hz, 1H, Ar-Hormno), 8.27 (t, J = 5.5 Hz, 1H, NH).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 13.9 (Me), 14.9 (Me), 25.98 (CH,), 27.6 (CH>), 29.4 (CH>), 34.3
(CH,), 43.9 (CH,), 51.5 (Mecoowme), 112.6 (Cesr), 116.5 (Ar-Cmeta), 121.2%*, 127.9 (Ar-Cortho), 132.0 (Cpyrrole),
133.2%*,136.6 (Ar-Cortho), 141.1 (Cyrrote), 142.1 (Crneso), 146.9 (Ar-Cpara), 154.9 (Cpyrrole), 173.8 (CO). *These
signals could not be assigned exactly to corresponding carbon atoms. They belong to the Ar-Cipso and
the Ar-Cpitro of the aryl residue.

F NMR (376 MHz, THF-ds): § (ppm) = -146.56 — -146.25 (m,, 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for Co6H29BBr,FaN4sOsNa* [M+Na]*: 693.0488, found: 693.0503, m/z
calcd. for Ca6H29BBraFaN4O4K* [M+K]*: 709.0228, found: 709.0235, m/z calcd. for Cs;HsgB,BraF4sNgOsNa*
[2M+Na]*: 1363.1085, found: 1363.1112.

IR (ATR): ¥ (cm™) = 3379 [v(NH)], 2926 [v(CH>), v(Me)], 2860 [v(CH)], 1733 [v(COOMe)], 1632 [v(C=N),
v(C=C)], 1532 [vas(NO,)], 1457 [6(CH2), 6(Me)], 1346 [vsym(NO,)], 1163 and 1118 [v(BF), v(CBr)], 755
[6(HC=CH)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] = 404 [4.19], 532 [4.87].

Fluorescence (DCM): Anax (NM) = 550 at Agxcitation (M) = 390, 520.

M.P.(°C): 152-155.
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2,6-Dibromo-8-[4-(N, N-dibutylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (204):

BODIPY 204 was prepared according to the general synthetic procedure. BODIPY 202 (90 mg,
0.18 mmol) and NBS (80 mg, 0.45 mmol) were dissolved in HFIP. The mixture was stirred for 1 min.
After purification (column chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 204 was
obtained as a red solid (68 mg, 0.10 mmol, 57%).

'H NMR (500 MHz, THF-ds): & (ppm) = 0.89 (t, J = 7.3 Hz, 6H, Mesuy), 1.28-1.35 (m, 4H, CH,), 1.53—
1.59 (m, 10H, Me + CH,), 2.56 (s, 6H, Me), 3.25 (t, J = 7.1 Hz, 4H, CH,), 7.39 (dd, J = 8.7, 2.0 Hz, 1H, Ar-
Humeta), 7.46 (dd, J = 8.7, 1.4 Hz, 1H, Ar-Hortho), 7.77 (d, J = 2.0 Hz, 1H, Ar-Hortho).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 13.99 (Meguy), 14.3 (Me), 14.6 (Me), 21.0 (CH,), 30.6 (CH), 52.8
(CH,), 112.3-112.4 (m, Cg;), 123.7 (Ar-Cmeta), 125.4%, 127.2 (Ar-Cortho), 131.8 (Ceyrrole), 133.2 (Ar-Cortho),
141.1 (Cpyrrole), 141.7 (Cmeso), 143.9%, 146.4 (Ar-Cpara), 154.97 (Cpyrrole). *These signals could not be
assigned exactly to corresponding carbon atoms. They belong to the Ar-Cipso and the Ar-Cpitro 0f the aryl
residue.

1F NMR (376 MHz, THF-ds): 6 (ppm) = -146.52 — -146.31 (m,, 2F, BF>).

HRMS (ESI-TOF, MeOH): m/z calcd. for Cy7H34BBr,FaN4O>" [M+H]*: 655.1084, found: 655.1087, m/z
caled. for Cy7H33BBraFaNsO,Na* [M+Na]*: 677.0903, found: 677.0899, m/z calcd. for
Cs4HeeB2BraF4sNsO4Na* [2M+Na]*: 1331.1914, found: 1331.1930.

IR (ATR): ¥ (cm™) = 2957 and 2929 [v(CH>), v(Me)], 2871 [v(CH)], 1615 [v(C=N), v(C=C)], 1533 [vus(NO,)],
1461 [6(CH2), 5(Me)], 1346 [Vsym(NO3)], 1171 and 1118 [v(BF), v(CBr)], 756 [§(HC=CH)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 389 [4.03], 533 [4.86].

Fluorescence (DCM): Amax (hM) = 551 at Agxcitation (M) = 360, 520.

M.P.(°C): 157-159.

6.3.3 Selective substitution of the 2-position with NBS

General synthetic procedure: The corresponding BODIPY (1 equiv.) was dissolved in 5 mL of DCM, NBS
(1 equiv., dissolved in 2 mL of DCM) was added dropwise. The mixture was stirred for 2 h at rt.
Afterwards, the reaction mixture was diluted with EtOAc and washed with water several times. The
organic layer was dried with Na,SQ,, filtered, and evaporated to dryness. The crude product was

purified by column chromatography; the main fraction was collected and evaporated to dryness.

2-Bromo-8-pentafluorophenyl-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (205):
BODIPY 205 was prepared according to the general synthetic procedure. BODIPY 65 (200 mg,

0.48 mmol) was dissolved in DCM and NBS (86 mg, 0.48 mmol) was added. After column purification
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(chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 205 was obtained as an orange solid
(140 mg, 0.23 mmol, 54%).

'H NMR (500 MHz, THF-ds): 6 (ppm) = 1.67 (s, 3H, Me), 1.68 (s, 3H, Me), 2.55 (s, 6H, Me), 6.26 (s, 2H,
Hoyrrole)-

13C NMR (126 MHz, THF-ds): 6 (ppm) = 12.9 (Me), 13.8 (Me), 13.9 (Me), 15.1 (Me), 109.9-110.2 (m,
Ar-Cipso), 111.96 (Csr), 123.98 (Ar-Cpara), 124.5 (CHpyrrole), 130.0 (Cpyrrole), 133.2 (Cpyrrole), 138.0 (Cpyrrole),
145.2 (Cpyrrote), 154.1 (Cpyrrote), 162.3 (Cpyrrole)-

19 NMR (376 MHz, THF-ds): & (ppm) = -141.77 (d, J = 21.1 Hz, 2F, CFmera), -146.27 — -146.52 (mc, 2F,
BF,), -152.19 (t, J = 20.8 Hz, 1F, CFpara), -161.29 (t, J = 20.9 Hz, 2F, CFortho).

HRMS (ESI-TOF, MeOH): m/z calcd. for CisH14BBrF7Ny* [M+H]*: 493.0316, found: 493.0347, m/z calcd.
for Ci9H13BBrFsN;Na* [M+Na]*: 515.0136, found: 515.0166, m/z calcd. for CigH13BBrFsN,K* [M+K]*:
530.9875, found: 530.9906, m/z calcd. for CsgH2sB2BraF1aNsNa* [2M+Na]*: 1009.0359, found:
1009.0406

IR (ATR): ¥ (cm™) = 2981 and 2928 [v(Me)], 1656 [v(C=N), v(C=C)], 1497 [6(Me)], 1184 and 1091 [v(BF),
v(CBr)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] =532 [4.78].

Fluorescence (DCM): Amax (nM) = 550 at Agxcitation (M) = 520.

M.P. (°C): 197-200.

2-Bromo-8-[4-(N-butylamino)-2,3,5,6-tetrafluoophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (206):

BODIPY 206 was prepared according to the general synthetic procedure. BODIPY 67 (150 mg,
0.32 mmol) was dissolved in DCM and NBS (57 mg, 0.32 mmol) was added. After column purification
(chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 206 was obtained as an orange solid
(134 mg, 0,25 mmol, 76%).

H NMR (500 MHz, THF-ds): & (ppm) = 0.96 (t, J = 7.4 Hz, 3H, Me), 1.39-1.45 (m, 2H, CH.), 1.61-1.66
(m, 2H, CHy), 1.73 (s, 6H, Me), 2.53 (s, 6H, Me), 3.45-3.48 (m, 2H, CH,), 5.72 (brs, 1H, NH), 6.20 (s, 2H,
Hoyrrole)-

13C NMR (126 MHz, THF-ds): & (ppm) = 12.8 (Me), 13.7 (Me), 13.96 (Mepuy), 14.3 (Me), 15.0 (Me), 99.2
(Ar-Cipso), 111.3-114.0 (m, Cs), 121.1 (Cmeso), 123.9 (CHpyrrole), 126.9 (Ar-Cpara), 131.0 (Cpyrrole), 134.1
(Cpyrrole), 138.1 (Cpyrrole), 145.3 (Cpyrrole), 152.95 (Cpyrrole), 161.2 (Cpyrrole)-

F NMR (376 MHz, THF-ds): & (ppm) = -145.67 —-145.75 (m, 2F, CFmetd), -146.43 — -146.60 (mc, 2F, BF,),
-161.32 (d, J = 16.3 Hz, 2F, CFortho).
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HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for Co3H23BBrFsNs* [M-F]*: 526.1083, found: 526.1085, m/z
calcd. for CisH24BBrFeNs* [M+H]": 546.1145, found: 546.1152, m/z calcd. for CssHaeB2BroF1NgNa*
[2M+H]*: 1115.2017, found: 1115.2020.

IR (ATR): ¥ (cm™) = 3408 [v(NH)], 2959 and 2929 [v(CH,), v(Me)], 2872 [v(CH)], 1656 [v(C=N), v(C=C)],
1183 and 1119 [v(BF), v(CBr))].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] =387 [3.70], 528 [4.68].

Fluorescence (DCM): Amax (NM) = 545 at Agxcitation (NM) = 370, 510.

M.P. (°C): 101-104.

2-Bromo-8-[4-(N-2-hydroxyethylamino)-2,3,5,6-tetraflourophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene (207):

BODIPY 207 was prepared according to the general synthetic procedure. BODIPY 69 (147 mg,
0.32 mmol) was dissolved in DCM and NBS (57 mg, 0.32 mmol) was added. The mixture was stirred for
2 h. After purification (column chromatography, silica gel, EtOAc/n-hexane = 1/1, v/v); BODIPY 207 was

obtained as an orange solid (144 mg, 0.21 mmol, 83%).

1H NMR (500 MHz, THF-ds): & (ppm) 1.73 (s, 6H, Me), 2.53 (s, 6H, Me), 3.53-3.57 (m, 2H, CH,), 3.68—
3.71(m, 2H, CHy), 4.03 (t, /= 5.2 Hz, 1H, OH), 5.65 (brs, 1H, NH), 6.21 (s, 2H, Hpyrrole).

13C NMR (126 MHz, THF-dg): 6 (ppm) = 12.9 (Me), 13.7 (Me), 14.0 (Me), 15.3 (Me), 48.7 (CH,), 62.2
(CH2), 99.2-99.6 (M, Ar-Cipso), 111.3 (m, Cer), 123.9 (CHpyrrole), 126.9 (Ar-Cpara), 130.96 (Cpyrrole), 134.1
(Cpyrrote), 138.1 (Cpyrrote), 145.4 (Cpyrrote), 152.95 (Cpyrrote), 161.2 (Coyrrole).-

19F NMR (376 MHz, THF-ds): & (ppm) = -145.76 —-145.87 (m, 2F, CFmeta), -146.38 — -146.63 (mc, 2F, BF2),
-160.87 (d, J = 16.3 Hz, 2F, CFortho).

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for Ca:H1sBBrFgNsONa* [M+Na]*: 556.0601, found: 556.0616,
my/z calcd. for C21H19BBrFsN3OK* [M+K]*: 574.0340, found: 574.0388.

IR (ATR): ¥ (cm™) = 3403 [v(OH), v(NH)], 2957 and 2929 [v(CH,), v(Me)], 1656 [v(C=N), v(C=C)], 1496
[6(CH,), 6(Me)], 1184 and 1119 [v(BF), v(CBr)].

UV/vis (DCM): Amax (nm) [log (/L mol cm™)] = 382 [4.00], 528 [4.84].

Fluorescence (DCM): Amax (nM) = 544 at Agxcitation (NM) = 370, 510.

M.P. (°C): 148-150.

Attempted synthesis of 2-bromo-8-[4-fluor-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (208):
The reaction was carried out according to the general synthetic procedure. BODIPY 66 (150 mg,

0.39 mmol) was dissolved in DCM and NBS (69 mg, 0.39 mmol) was added. After column purification
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(chromatography, silica gel, EtOAc/n-hexane = 1/4, v/v) an orange solid (98 mg) was obtained.

However, evidence for the formation of mixture of BODIPYs was found in the NMR spectra.

2-Bromo-8-[4-(N-butylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (209):

BODIPY 209 was prepared according to the general synthetic procedure. BODIPY 71 (118 mg,
0.27 mmol) was dissolved in DCM and NBS (47 mg, 0.27 mmol) was added. After column purification
(chromatography, silica gel, EtOAc/n-hexane = 1/9, v/v); BODIPY 209 was obtained as an orange solid
(41 mg, 78 umol, 29%).

H NMR (500 MHz, THF-ds): & (ppm) = 1.01 (t, J = 7.4 Hz, 3H, Mesury), 1.47-1.55 (m, 2H, CH,), 1.57 (s,
3H, Me), 1.59 (s, 3H, Me), 1.74-1.79 (m, 2H, CHa), 2.52 (s, 3H, Me), 2.53 (s, 3H, Me), 3.42-3.46 (m, 2H,
CHa), 6.14 (s, 1H, Heyrrole), 7.24 (d, J = 8.8 Hz, 1H, Ar-Hmets), 7.43 (dd, J = 8.8, 2.1 Hz, 1H, Ar-Hortho), 8.16
(d, J=2.1Hz, 1H, Ar-Hortro), 8.22 (t, J = 4.7 Hz, 1H, NH).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 13.6 (Me), 14.3 (Meguy), 14.5 (Me), 14.9 (Me), 15.7 (Me), 21.3
(CH>), 32.1 (CH,), 43.8 (CH>), 110.8-110.9 (m, Cs/), 116.3 (Ar-Cmeta), 121.7*, 123.3 (CHpyrrole), 127.8 (Ar-
Cortho), 131.2 (Cpyrrole), 133.1* 133.8 (Cpyrrote), 136.8 (Ar-Cortho), 138.7 (Ceyrrole), 141.5 (Cpyrrole), 145.9 (Cmeso),
146.8 (Ar-Cpara), 151.9 (Ceyrrole), 154.7 (Cpyrrole). *These signals could not be assigned exactly to
corresponding carbon atoms. They belong to the Ar-Ciss, and the Ar-Cyiro Of the aryl residue.

19F NMR (376 MHz, THF-ds): 6 (ppm) = -146.53 — -146.77 (m., 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for C3H26BBrFaN4O,Na* [M+Na]*: 541.1192, found: 541.1222, m/z
calcd. for C3H26BBrFaN4OLK* [M+K]*: 559.0911, found: 559.0948 m/z calcd. for CssHs2B2BroFsNgOsNa*
[2M+Na]*: 1061.2472, found: 1061.2518.

IR (ATR): ¥ (cm™) = 3381 [v(NH)], 2958 and 2928 [v(CH.), v(Me)], 2866 [v(CH)], 1628 [v(C=N), v(C=C)],
1541 [Vas(NO2)], 1354 [Veym(NO2)], 1186 and 1087 [v(BF), v(CBr)].

UV/vis (DCM): Amax (nm) [log (¢/L mol™ cm™)] = 395 [4.09], 516 [4.88].

Fluorescence (DCM): Amax (nM) = 534 at Agxcitation (M) = 380, 500.

M.P. (°C): 140-142.

2-Bromo-8-[4-(N-2-hydroxyethylamino)-3-nitrophenyl]-1,3,5,7-tetramethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (210):

BODIPY 210 was prepared according to the general synthetic procedure. BODIPY 73 (120 mg,
0.28 mmol) was dissolved in DCM and NBS (50 mg, 0.28 mmol) was added. After purification (column
chromatography, silica gel, EtOAc/n-hexane = 1/1, v/v); BODIPY 210 was obtained as an orange solid
(69 mg, 0.14 mmol, 49%).
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'H NMR (500 MHz, THF-dg): & (ppm) = 1.57 (s, 3H, Me), 1.59 (s, 3H, Me), 2.52 (s, 3H, Me), 2.53 (s, 3H,
Me), 3.49-3.52 (m, 2H, CH,), 3.81-3.84 (m, 2H, CH,), 4.26 (t, / = 5.0 Hz, 1H, OH), 6.14 (s, 1H, Hpeyrole),
7.27 (d, /= 8.8 Hz, 1H, Ar-Hpeta), 7.42 (dd, J = 8.8, 2.1 Hz, 1H, Ar-Hortno), 8.16 (d, J = 2.1 Hz, 1H, Ar-Hortno),
8.45 (t,J=4.9 Hz, 1H, NH).

13C NMR (126 MHz, THF-ds): 6 (ppm) = 13.6 (Me), 14.5 (Me), 14.9 (Me), 15.7 (Me), 46.4 (CH,), 60.9
(CH2), 110.8 (Csr), 116.3 (Ar-Creta), 121.7*, 123.3 (CHpyrrole), 127.7 (Ar-Cortho), 131.8 (Cpyrrole), 133.3* 133.8
(Ceyrrote), 136.7 (Ar-Cortho), 138.7 (Cryrrole), 141.5 (Coyrrote), 145.9 (Cmeso), 145.98 (Ar-Cpara), 151.8 (Cyrrole),
159.7 (Cpyirole). *These signals could not be assigned exactly to corresponding carbon atoms. They
belong to the Ar-Cipso and the Ar-Cyiiro Of the aryl residue.

19F NMR (376 MHz, THF-ds): 6 (ppm) = -146.32 — -146.94 (m,, 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for C,1H2,BBrF2N4OsNa* [M+Na]*: 529.0829, found: 529.0820, m/z
caled. for C1H22BBrFaN4OsK* [M+K]*: 547.0548, found: 547.0554 m/z calcd. for Cs2Ha4B2BrFsNgOsNa*
[2M+Na]*: 1037.1745, found: 1037.1703.

IR (ATR): ¥ (cm™) = 3374 [v(OH), v(NH)], 2925 [v(CH.), v(Me)], 1627 [v(C=N), v(C=C)], 1524 [vas(NO,)],
1460 [6(CH>), 6(Me)], 1352 [vsym(NO2)], 1185 and 1082 [v(BF), v(CBr)].

UV/vis (DCM): Amax (nm) [log (/L mol* cm™)] =395 [4.12], 516 [4.88].

Fluorescence (DCM): Amax (M) = 534 at Agxcitation (M) = 380, 500.

M.P. (°C): 196-204.

6.4 Preparation of BODIPY-cyclen derivatives

6.4.1 1,4,7-Tris(tert-butoxycarbonyl)-10-(prop-2-ynyl)-1,4,7,10-tetraazacyclododecane (213):

1,4,7-Tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane 212 (500 mg, 1.06 mmol, 1 equiv.) and
potassium carbonate (585 mg, 4.23 mmol, 4 equiv.) were dissolved in 10 mL of MeCN. Afterwards,
propargyl bromide (1.38 mL, 1.06 mmol, 1 equiv.) was added and stirred for 16 h at 100°C. After the
indicated time, the reaction mixture was cool down to rt. The suspension was filtered and washed with
MeCN. The filtrate was evaporated to dryness and purified by column chromatography; the main
fraction was collected and evaporated to dryness. After column chromatography (silica gel,

EtOAc/n-hexane = 7/3, v/v); product 213 was obtained as a colorless solid (442 mg, 82%).

H NMR (400 MHz, CDCl3): & (ppm) = 1.44-1.49 (m, 27H, Me), 2.17 (s, 1H, CH), 2.77 (br's, 4H, CH2, cyclen),
3.29-3.51 (m, 14H, CHa, cyclen).

HRMS (ESI-TOF, DCM/MeOH): m/z calcd. for CsHa7N4Og" [M+H]*: 511.3490, found: 511.3528, m/z
calcd. for C3sHasN4OgNa* [M+Na]*: 533.3310, found: 533.3352.

The spectroscopic data were in accordance with the literature.1%!
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6.4.2 Preparation of the BODIPY-cyclen derivative via copper(l)-mediated cycloaddition (214):

Under argon atmosphere, compound 213 (1 equiv.), BODIPY 153 (0.66 — 1 equiv.), CuSO,4 - 5H,0 (0.1 -
1 equiv.), and sodium ascorbate (4 — 6 equiv.) were dissolved in 10 mL of DMSO. The mixture was
stirred for 20 min at rt. After the indicated time, the reaction mixture was diluted with 10 mL of water
and extracted with DCM several times. The combined organic layers were dried with Na;SO, filtered,
and evaporated to dryness. The crude product was purified by column chromatography (EtOAc/n-

hexane = 1/1, v/v) and recrystallization (DCM/n-pentane).

Variant A: 10 mol% of CuSO.,

Compound 213 (200 mg, 0.39 mmol), BODIPY-N3 (150 mg, 0.39 mmol), CuSO, - 5H,0 (10 mg, 39 umol),
and sodium ascorbate (234 mg, 1.18 mmol) were dissolved in DMSO. After column purification,
product 214 was obtained as an orange solid (8 mg, 9 umol, 2 %). In addition, the corresponding 4-
amino-2,3,5,6-tetrafluorophenyl-substituted BODIPY were obtained in larger quantities (110 mg, 0.31
mmol, 79%).

Variant B: 50 mol% of CuSO4

Compound 213 (89 mg, 0.17 mmol), BODIPY-N3 (100 mg, 0.26 mmol), CuSO4 - 5H,0 (22 mg, 0.09 mmol),
and sodium ascorbate (207 mg, 1.05 mmol) were dissolved in DMSO. After column purification,
product 214 was obtained as an orange solid (85 mg, 95 umol, 55 %). The corresponding 4-amino-
2,3,5,6-tetrafluorophenyl-substituted BODIPY were obtained in lower quantities (31 mg, 9 umol, 38%).
Variant C: 1 equiv. of CuSO,

Compound 213 (89 mg, 0.17 mmol), BODIPY-N; (100 mg, 0.26 mmol), CuSO, - 5H,0 (44 mg, 0.17 mmol),
and sodium ascorbate (207 mg, 1.05 mmol) were dissolved in DMSO. After column purification,
product 214 was obtained as an orange solid (101 mg, 0.11 mmol, 65 %). The corresponding 4-amino-

2,3,5,6-tetrafluorophenyl-substituted BODIPY were obtained in traces.

'H NMR (500 MHz, CDCl5): § (ppm) = 1.41-1.50 (m, 27 H, Me), 2.73 (br s, 2H, CH2,cycien), 2.80 (br's, 2H,
CH2,cyclen), 3.66—3.44 (m, 8H, CHy,cyclen), 3.58 (br's, 4H, CH2 cyclen), 4.07 (s, 2H, CH;), 6.61 (d, J = 4.2 Hz, 2H,
Hpyrrote), 6.87 (d, J = 4.2 Hz, 2H, Hpyrrote), 7.92 (s, 1H, CH), 8.01 (s, 2H, Hpyrrole)-

13C NMR (151 MHz, CDCl3): & (ppm) = 28.6 (Me), 28.9 (Me), 48.1 (CHa,cyclen), 50.1 (CHa,cyclen), 53.7
(CHa,cyclen), 54.8 (CH2,cyclen), 54.7 (CH2), 79.5 (-C(Me)s), 79.9 (-C(Me)s), 120.2 (Cpyrrole), 125.4 (Cmeso), 128.9
(CH), 130.5 (Cpyrrote), 134.7 (Coyrrole), 147.2 (Cpyrrole)-

19F NMR (376 MHz, CDCL3): 6 (ppm) =-134.71 — -134.80 (m, 2F, CFmeta), -144.10 (dd, J = 21.8, 10.1 Hz,
2F, CFortho), -144.60 — -144.82 (mc, 2F, BF,).

HRMS (ESI-TOF, MeOH): m/z calcd. for Ca1Hs:BFsNoOsNa* [M+Na]*: 914.3930, found: 914.3952, m/z
calcd. for C41Hs2BFsN9OsK* [M+K]*: 930.3669, found: 930.3677.
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IR (ATR): ¥ (cm™) = 3111 [v(Ar-H)], 2975 and 2931 [v(CH,), v(CH)], 1678 [v(C=N), v(C=C), v(R-O-CO-
NR:),], 1458 [6(CH>), 6(CH)], 1389 [v(-C(Me)s)], 1079 [v(BF)].

UV/vis (MeOH): Amax (nm) [log (/L mol™* cm™)] = 520 [4.50].

Fluorescence (MeOH): Amax (nm) = 500 at Agxcitation (nmM) = 544,

M.P. (°C): 125-130.

6.4.3 Cleavage of the tert-butyloxycarbonyl! groups (215):

Compound 214 (90 mg, 0.10 mmol, 1 equiv.) and trifluoroacetic acid (0.26 mL, 3.36 mmol, 34 equiv.)
were dissolved in 4 mL of DCM. The mixture was stirred for 16h at rt. After the indicated time, the
reaction mixture was diluted with EtOAc and was washed with 5 mL of a saturated NaHCOs solution,
then with 10 mL of a saturated NaCl-solution. The organic layer was dried with Na,SQ,, filtered, and
evaporated to dryness. The crude product was purified by recrystallization (DCM/n-hexane). The

product 215 was obtained as a dark green solid (55 mg, 0.93 pumol, 92%)

'H NMR (500 MHz, D,0/acetic acid-ds = 4/1): & (ppm) = 2.79 (br s, 6H, CHzcycen), 3.00 (br s, 6H,
CHa,cyclen), 3.18 (brs, 2H, CH3), 3.90 (br s, 4H, CHz,cyclen), 6.70 (br s, 2H, Hoyrrole), 7.85-7.88 (m, 3H, Hpyrrole
+ CH), 8.34 (br s, 2H, Hpyrrote)-

1%F NMR (376 MHz, D,0/acetic acid-ds = 4/1): & (ppm) =-129.12 — -129.55 (m, 2F, CFmetd), -146.38
—-146.45 (mc, 2F, BF,). -150.55 (br s, 2F, CFortho),

The 3C NMR spectrum did not allowed a meaningful interpretation.

HRMS (ESI-TOF, MeOH): m/z calcd. for Ca6H29BFeNs* [M+H]*: 592.2538, found: 592.2543.

Evidence was found for an exchange of the fluorine atoms for methoxy or hydroxy groups.

Exchange of the fluorine atom for OMe: m/z calcd. for C2;H32BFsNgO* [M-F+MeOH]*: 604.2738, found:
604.2729, exchange of both fluorine atoms for OMe: m/z calcd. for CasH3sBFsNsO>* [M+H]*: 616.2937,
found: 616.2909.

Exchange of the fluorine atom for OH: m/z calcd. for CysH30BFsNsO* [M-F+H,0]*: 590.2571, found:
590.2581.

UV/vis (MeOH): Anax (nm) [log (/L mol™* cm™)] = 515 [4.09].

Fluorescence (MeOH): Amax (nm) = 500 at Agxcitation (NmM) = 540.

M.P. (°C): >250.

6.4.4 Preparation of the BODIPY-Cu(ll)-cyclen derivative (216):

Compound 215 (22 mg, 37 umol, 1 equiv.) was dissolved in 5 mL of MeOH and was heated until a gently
boil was observed. Then, Cu(NOs); (11 mg, 45 umol, 1.2 equiv.; solved in 5 mL of MeOH) was added to
the solution via the reflux condenser. The solution was heated to reflux for 6 h, afterwards, the mixture

could cool down slowly. The mixture was filtered over a glass frit, the obtained solid was washed with
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MeOH and was dried in the exicator. The filtrate was concentrated at the rotary evaporator,

approximately to the half of the volume and stored at the refrigerator overnight (to increase the

amount of the product). The resulting mixture was again filtered, washed, and the solid was dried.

Finally, a dark blueish solid (14 mg, 20 umol, 54%) was obtained.

A meaningful interpretation via NMR spectroscopy and ESI mass spectrometry was not possible, due

to the low solubility. El mass spectrometry provided a mass spectrum and evidence for fragments

(m/z= 200 and 218) that could be associated to compound 216 was found.

EI-MS (rel. Int. %): m/z 68 (46), 118 (19), 130 (25), 168 (16), 180 (18), 200 (5) [M - -CH,-NH-CH-CH,]**,

218 (9) [M]**, 458 (100), 624 (6).
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