Synthesis and Applications of Functional
Pyridines for Metamaterials and
Fluorophores

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN
(Dr. rer. nat.)
von der KIT-Fakultat fiir Chemie und Biowissenschaften
des Karlsruher Instituts fiir Technologie (KIT)
genehmigte
DISSERTATION
von
M.Sc. Hannes Fabian Kiihner

aus Bad Friedrichshall

1. Referent: Prof. Dr. Stefan Brase
2. Referent: Prof. Dr. Christof Woll
Tag der miindlichen Priifung: 09.02.2023






“And the only way to do great work is to love what you do. If you
haven't found it yet, keep looking. Don't settle. As with all matters
of the heart, you'll know when you find it. " - Steve Jobs, 2005






Honesty Declaration

This work was carried out from September 01st 2019, through January 9th 2023, at the
Institute of Organic Chemistry, Faculty of Chemistry and Biosciences at the Karlsruhe

Institute of Technology (KIT) under the supervision of Prof. Dr. STEFAN BRASE.

Die vorliegende Arbeit wurde im Zeitraum vom 01. September 2019 bis 31. Dezember 2022
am Institut fiir Organische Chemie (10C) an der Fakultdt ftir Chemie und Biowissenschaften
am Karlsruher Institut fiir Technologie (KIT) unter der Leitung von Prof. Dr. STEFAN BRASE

angefertigt.

Hiermit versichere ich, HANNES FABIAN KUHNER, die vorliegende Arbeit selbststdndig verfasst
und keine anderen als die angegebenen Hilfsmittel verwendet, sowie Zitate kenntlich
gemacht zu haben. Die Dissertation wurde bisher an keiner anderen Hochschule oder

Universitdt eingereicht.

Hereby I, HANNES FABIAN KUHNER, declare that I completed the work independently,
without any improper help and that all material published by others is cited properly. This

thesis has not been submitted to any other university before.



II




II

German Title of this Thesis

Synthese und Anwendungen von
Funktionellen Pyridinen fir
Metamaterialien und Fluorophore



IV




Preface

Some of the presented results were published or submitted during the preparation of this
thesis. The relevant content is reprinted with the permission of WILEY-VCH publishing. If
some of the presented results have already been partly discussed elsewhere, it is stated

at the beginning of the respective chapters.



VI

Table of Contents
HONESTY DECLARATION....cccctttetsssssrssssssssssssnsssssssnsssssssnsssssssssssssssnsssssssssssssssassssssssssssssanssssssanssssssanssns I
GERMAN TITLE OF THIS THESIS .....ccetiiissssmmssssssmmssssssssssnsssssssnsssssssnsssssssnsssssssnsssssssnssssssanssssssanssnsss 111
PREFACE .....coiiiiittiiisssssiisssssssasssssssssssssssessssss sessssss e ssnss sasssnsssasssnsssesssnss e snssssssansssnssanssssssnnnnssssannessssannnnss V
KURZZUSAMMENFASSUNG ..ccttiiieetimssssssmsssnsssmsssnsssssssnsssssssnssssssanssssssanssssssanssssssanssssssansssessanssssssanssnsss 1
AB ST RACT .uettiiisessrsssssssrsssssssssasssssssasssssssasssssssesssssssesssssssesssssssesssss s snsssessssssesnnssensnsrsne..————————— 3
1 INTRODUCGTION cueetriiseessssssssssssssssssssssssnsssssssssssssssnsssasssnsssasssssssasssssssssssnsssssssnsssssssssssssssanssssssnsnssssan 5
O 27 20011 5
B ) 0 204 A ) 0.0 7
1.3  SUPRAMOLECULAR ARCHITECTURES ..eiutettereesesseseesessessssessessessssessssssssssssssssssssssssssssssnssssssssssssssssssssssssssens 8
IS 70 R/ ) 10
IS T 3417 (0 ) O 13
1.3.3  METAMATERIALS c.veeuerstetitsseessessessessessessssssssssssssesssesessssnsssssssessessssse sasssssnssnsssssssessesnsssssnsessessessessens 14
1.3.4  NONLINEAR OPTICAL MATERIALS ...eevtssttetessessessessessessssssssssssssesssssessssssssssssessessessessssssssssessessessens 15
D14 FLUOROPHORES ..ttetieteeserseesesesssssssssssessessessssssssssesssssessesassnssnssnssssessssss sasssssnssnssssessessessssnssnssnssssessessessnsns 18
1.4.1 INTRODUCTION TO FLUORESCENCE ...uctetietsstessessessessesssssesssssssssesssssessssssssssssessessessessssssssessessessessens 18
1.4.2  HINA AS SMALL FLUOROPHORE.....cciitieireeeres s sssss s sess s ssas s sssssssasssessssssssmssssessssnsssmnns 21
72 0 ) 3] 1 X O 23
3 MAIN SECTION ..iiiiieetrrsssssrsssnssssssansssssssnssssssnssssssasssssssansssssssnsssssssnsssssssnssssssanssssssanssssssanssssssannsnss 25
3.1 NON-CENTROSYMMETRIC 4,4'-BIPYRIDINES FOR MATERIALS SCIENCE....ccessverererreseressesesessesesssens 25
3.1.1  SYNTHESIS OF NON-CENTROSYMMETRIC 4,4"-BIPYRIDINES ..veeerreresrerresessersessssessessssessessssesseseens 25
3.1.1.1 General Synthesis Strategy - Cross-coupling of 4,4'-Bipyridines 25
3.1.1.2  Preliminary Work on the Synthesis of Non-centrosymmetric 4,4'-Bipyridines 26
3.1.1.3  Scope of Non-centrosymmetric 4,4'-Bipyridines 28
3.1.14  Photoswitchable Azo-benzene Containing Non-centrosymmetric Linkers 32
3.1.1.5  Protection Strategy and Synthesis of SURMOF Linkers 41
3.1.1.6  Photocleavage of PPG-bipyridine Conjugates 45
3.1.2 SURMOF PREPARATION AND CHARACTERIZATION ..ooeeeersccrrsscmsnseessssssmssssesssssssssssssssssssssenns 48
3.1.2.1 SURMOF Preparation with PPG-linker Conjugate 48
3.1.2.2  SURMOF Preparation with Unprotected Non-centrosymmetric 4,4'-Bipyridines 50

3.2  SYNTHESIS AND CHARACTERIZATION OF FLUORINATED HINA DERIVATIVES ..covvetreresresessseesessanes 53



3.2.1  SYNTHESIS OF FLUORINATED HINA DERIVATIVES...csetsestsresessessessssessessessssesssssssessssesssssssesssssanes 53
3.2.2  UV/vIS- AND FLUORESCENCE SPECTROSCOPY OF NICOTINALDEHYDES ....ccovurmuueserssessesessnens 62

4 SUMMARY AND OUTLOOK.....iciectrrsrennsrsssnsssssssnsssssssnsssssssnssssssansssssssnsssssssnnssssssnsssssssnssssssanssnsss 65
4,1 SYNTHESIS OF NON-CENTROSYMMETRIC 4,4'-BIPYRIDINES FOR SURMOF PREPARATION........... 65
4.2  SYNTHESIS AND CHARACTERIZATION OF FLUORINATED HINA DERIVATIVES .oovvetrrerreeserssessessenes 68

5 EXPERIMENTAL SECTION ..coiiicttrssesrssssssssssssasssssnssssassssasssssasssssssssssssssanssssassssssssssnssssasssssnssssasnss 70
5.1 GENERAL REMARKS .otietreiisessssesesessessssssesessssessssssessssssssssssssnsssssssssssssns sesssssesssens sesssnsssssenssesssssessssnsssssansns 70
5.2 CHARACTERIZATION OF COMPOUNDS ..uctrusuesessseressssesessssesessssessssssesesssssssssssensssssssssssssnsssssesssssssnssssssnsns 74
5.2.1  BIPYRIDINES tiutetetteseressesessssesessssessssssesessssessesssssssssssssssssssssssssassssssssssssasssssssssssssasssasssssssssesssenssssssnsns 74
5.2.2  HINA DERIVATIVES tottueeesesesessssesessssssessssssessssssssssassssssssssssssssasssssssssssnsasssassssssessasssssssssssnsssssssssssns 102

6 LIST OF ABBREVIATIONS.....ccccctttissstissssssssssssssssssssnsssssssnsssssssnsssssssnsssssssnsssssssnnssssssnnsssssannsnsss 115
7 BIBLIOGRAPHY ...coiciccctiiiissssmsssssssssssssssmsmsssssssssssssssssssssssssssssssssssssssssssnssssssnssssssssnssssssanssssssnnsnsss 117
8 AP PENDIX . .ccetiiissssissssnssissssssssssssnsssssssnsssssssnsssssssnsssasssnsssesssnssssssanssssssannsssssannssssssnnsssssnnnssssannnnnss 127
8.1 CURRICULUM VITAE....isiisiitistiseissessesseesesssssssssssssssesssssessssnssssassessesasssessssnsssssssessessssns st snssssessessessssnssnses 127
8.2 LIST OF PUBLICATIONS weeeutttiettssessessesseesessssssssssssessesssssesssssssssssessesasesssssssssssssessessssssssssssssessessessssnssnses 128
8.3 ACKNOWLEDGEMENTS .eeeutitietississessesssssessssssssssssessesssssessssnsssssssessesasssssssssssssssessessssssssssssssessessessssnssnses 129



VIII




Kurzzusammenfassung 1

Kurzzusammenfassung

Nichtlineare optische Materialien, die fiir eine Reihe wichtiger Anwendungen wie Frequenz- oder
Wellenldingenumwandlung eingesetzt werden, erfordern einen nicht-zentrosymmetrischen Aufbau
(fehlende Inversionssymmetrie). Oberflaichenverankerte metallorganische Geriistverbindungen
(SURMOFs) sind kristalline Diinnschichtstrukturen. Um SURMOFs zu entwickeln, die sich nichtlinear
verhalten, sollten die organischen Linker so gestaltet sein, dass sie nicht-zentrosymmetrisch sind
und sich in einer Vorzugsrichtung im SURMOF orientieren. Dies wiirde die Moglichkeit eroffnen,

solche orientierten SURMOFs als neue nichtlineare optische Materialien zu verwenden.

In dieser Arbeit lag der Schwerpunkt auf der Synthese von nicht-zentrosymmetrischen
4,4'-Bipyridinen. Verschiedene Strategien zur Ausrichtung der nicht-zentrosymmetrischen Molekiile
im SURMOF wurden in Betracht gezogen und auf synthetischer Basis erforscht. Es wurde eine breite
Palette von funktionalisierten Bipyridinen mit elektronenschiebenden oder -ziehenden Gruppen
hergestellt. Darliber hinaus wurden zusatzliche Funktionalitdten in die Strukturen implementiert,
wie z. B. eine photoschaltbare Azobenzolgruppe. Auferdem wurden Schutzkonzepte erforscht, um
eine gerichtete Selbstorganisation der SURMOFs zu gewahrleisten, einschliefdlich eines

Schiitzungs-/Entschiitzungsansatzes unter Verwendung photospaltbarer Schutzgruppen (PPGs).

Durch sorgfaltiges Design der Bipyridine war es moglich, die Center-Symmetry Trap bei der SURMOF-
Synthese zu vermeiden. Die Anlagerung von elektronenziehenden oder -schiebenden Gruppen an
nicht-zentrosymmetrische 4,4'-Bipyridine fiihrt zu einer ungleichen Verteilung der Elektronen an
den beiden koordinierenden Stickstoffatomen. Auf diese Weise wurden SURMOFs mit nichtlinearer

optischer Aktivitit und einem starken Frequenzverdopplungssignal (SHG) hergestellt.

In einem weiteren Projekt wurden fluorierte Isonicotinsduren (HINAs) synthetisiert. Nicht-
fluoriertes HINA ist ein vielversprechender kleiner griin-emittierender Fluorophor, der vor Kurzem
von KANG et al. entdeckt wurde.! Durch die Synthese fluorierter Derivate wurde erwartet, dass eine
Rotverschiebung der Emission beobachtet werden wiirde. Es stellte sich heraus, dass die
elektronenarmen HINAs recht instabil waren, so dass nur eines der beiden erfolgreich
synthetisierten fluorierten HINA-Derivate getestet werden konnte. Die angestrebte Rotverschiebung

von 16 nm wurde schlussendlich erreicht.
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Abstract

Nonlinear optical materials, which have a variety of important applications such as frequency or
wavelength conversion, require a non-centrosymmetric constitution (lack of inversion symmetry).
Surface-mounted metal-organic frameworks (SURMOFs) are crystalline thin film structures. To
develop SURMOFs that behave nonlinearly, the organic linkers should be designed to be non-
centrosymmetric and oriented in a preferred direction in the SURMOF. This would allow using such

oriented SURMOFs as new nonlinear optical materials.

In this work, the focus was on the synthesis of non-centrosymmetric 4,4'-bipyridines. Different
strategies to direct the orientation of the non-centrosymmetric molecules in the SURMOF were
explored on a synthetic base. A broad set of functionalized bipyridines having electron donating or
withdrawing groups, such as halides or alkyl chains in different positions on one pyridine, was
prepared. Furthermore, added functionality was implemented in the structures, such as a
photoswitchable azobenzene group. In addition, protection strategies were explored to ensure
directed self-assembly of the SURMOFs, including a protection/deprotection approach using
photocleavable protecting groups (PPGs).

Through careful design of the bipyridines, it was possible to avoid the center-symmetry trap during
SURMOF synthesis. The addition of electron withdrawing or donating groups to non-
centrosymmetric 4,4'-bipyridines leads to an unequal distribution of electrons on the two
coordinating nitrogen atoms. SURMOFs with nonlinear optical activity and strong second-harmonic

generation (SHG) signal were fabricated.

In another project, fluorinated isonicotinic acids (HINAs) were synthesized. Nonfluorinated HINA is
a promising small green-emissive fluorophore that was recently discovered by KANG et al.! By
synthesizing fluorinated derivatives, it was expected that a red-shift in the emission would be
observed. This work fabricated three new nicotinic acid derivatives via a newly developed synthesis
strategy. It turned out that the electron-deficient HINAs were quite unstable, so only one of the two
successfully synthesized fluorinated HINA derivatives could be tested. The targeted red-shift of

16 nm was ultimately achieved.
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1 Introduction

For millennia, materials have shaped the development of civilizations through structures
and devices. Using better tools and weapons made disruptive advances possible, as
illustrated by the designation of historical eras by their predominant material, such as the
Stone Age, Bronze Age, or Iron Age. The current age is called the Silicon or Polymer Age
because semiconductors containing silicon are used in modern devices, and polymers are
used in many products of our lives. Polymer production exceeded that of steel as early as
1980.%2 3 In the last 50 years, materials science has shifted towards an interdisciplinary field
across science and engineering, bringing researchers together to combine biological

materials, organics, ceramics, and metals at near molecular precision in porous structures.

In this work, tailor-made structures are used to design and fine-tune the properties of these
materials rationally. Therefore, this work includes a brief introduction to the basic

properties of the chemicals used, as well as classifications and properties of the materials.

1.1 Pyridine

Heterocyclic derivatives are ubiquitous in many agrochemicals, pharmaceuticals, natural
products, and optoelectronic materials. Among the wide variety of heterocycles, pyridines
are by far the most predominant structure. It belongs to the pyridine alkaloids group,
including the plant alkaloids nicotine and anabasine, both of which are found in the common
tobacco plant Nicotiana tabacum.5 In addition, pyridine alkaloids can be found within the
animal kingdom, such as epibatidine, which was found in the skin of Ecuadorian frogs

(Figure 1).6

O H Cl Ny | A
Z Z Y XN | NH N*
)OI F O, -

N 3

N N
Pyridine (-)-Anabasine (-)-Nicotine (+)-Epibatidine Njaoaminium A

Figure 1. Natural products that contain pyridine components and pyridine.
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Pyridine itself was first isolated in pure form by the Scottish chemist THOMAS ANDERSON, who
extracted it from animal bone pyrolysate in 1851.7 Its final structure was proposed by DEWAR
AND KORNER just five years after KEKULE had suggested the conjugated structure of benzene.
Pyridine is a colorless, unreactive liquid with varying bond lengths compared to benzene.
This is due to the electronegative nitrogen atom, which distorts the electronic distribution,
which results in differing bond lengths in the ring.8 Furthermore, the nitrogen induces a
dipole moment of 2.22 D, making it a m-deficient heterocycle.? Compared to piperidines,
pyridines are weak bases; they react with BR@NSTED acids like HCl to generate pyridinium
ions and LEwis acids like aluminum chloride to form stable pyridinium complexes.8
Electrophilic aromatic substitution on the ring-C-atoms only proceeds under harsh
conditions. Nucleophilic aromatic substitutions proceed much more easily, owing to the
electron-deficient nature of the pyridine heterocycle.l® When subject to hydration with

hydrogen and a suitable catalyst, pyridine reacts to piperidine.11-13

Pyridine reactivity:

: ) : Nactlvatlon | N
NS .
x N
pyridine R

sp? lone pair pyridinium salt

R = Alkyl, COOR, COR

Pyridinium salts:

B
activated towards

nucleophilic attack

Pyridine-N-oxide:

v iy v ) )

o} O O (0]
| J | J

activated towards activated towards

electrophilic attack nucleophilic attack

Scheme 1. Orbitals of pyridine (top left) and synthesis of N-activated pyridinium salts (top right). Mesomeric structures of
pyridinium salts (middle) and pyridine N-oxide (bottom). Modified after 14, 15
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Reactions with organic halides yield pyridinium salts, which have a positive charge in the
pyridine ring and change the reactivity significantly. In comparison to pyridine heterocycles,
pyridinium salts are much more polarized. Pyridinium salts are present in natural products,
such as Njaoaminium A, found in marine sponges (Figure 1).16 1-Alkylpyridinium salts are
an important intermediate in several natural product syntheses and can be used as ionic
liquids in synthesis and catalysis.1% 17 Moreover, it is important to notice that pyridinium
salts retain the aromatic sextet. The lone pair electrons from the nitrogen lie in a plane with
the ring in an sp?-orbital that does not overlap the p-orbitals. At the 2/6- and 4-positions of
the ring, the pyridinium salt features reactive sites toward nucleophilic attacks, favored by
the positive charge (Scheme 1).° Thus, when a nucleophile attacks, combinations of 1,2- and

1,4-substituted dihydropyridines are obtained.18

In some cases, adducts can be isolated. However, they are unstable and undergo further
reactions, such as disproportioning, ring opening, or substitution reactions. Electrophilic
substitutions are rare due to the positive charge and are only possible if strongly activating
substituents and strong electrophiles are used.l® Pyridine N-oxides are, in contrast to
pyridinium salts, not only activated towards additions but also undergo nucleophilic
substitutions. This can be explained by the mesomeric structures of pyridine N-oxide shown

in Scheme 1. Both additions occur likewise at the ring's 2/6- and 4-positions.20

1.2 4,4'-Bipyridine

According to IUPAC, compounds consisting of two pyridines linked together via a C-C bond
are bipyridines.2! 2,2'-Bipyridine is the most widely used bipyridine, as it is an excellent
chelating ligand. This work, however, solely concentrates on 4,4'-biypridines, as they can be
used as versatile linear ditopic linkers which find applications in pillared layered MOFs and

other supramolecular architectures.22-27

The first documented synthesis of 4,4'-bipyridine was reported by THOMAS ANDERSON in 1870
by heating pyridine with sodium metal.28 However, ANDERSON stated that the empirical
formula of 4,4'-bipyridine was Ci10H10N2which was corrected to C1oHsN2by WEIDEL and RUsso
in 1882.29 Pyridine undergoes radical homocouplings, which resulted in the selective
formation of either 2,2'-bipyridine when Raney Nickel is present or 4,4' bipyridine when

elemental sodium is used.39
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Today, 4,4'-bipyridine is mainly produced as an intermediate in the production of paraquat,
a broadly used herbicide. Due to its toxicity to humans, it was banned from the European
Union in 2007; however, in the United States, it is used today, and the estimated
consumption represented by the US Geological Survey exceeded 6800 tons of paraquat in

2018.31

In research, because of its coordinating abilities, 4,4'-bipyridine is an ambiguous building
block used in materials chemistry. In 1982, the X-ray single crystal structure of the first

4,4'-bipyridine coordination polymer was reported (Figure 2).32

o

\/ \/ /\
N

|
n

HO \\

Figure 2. First coordination polymer with 4,4'-bipyridine was published by KUBEL and STRAHLE in 1982.32

Due to the following characteristics, the 4,4'-bipyridine ligand is a suitable connector
between transition metal atoms for the propagation of coordination networks: It features
two possible binding sites that are positioned on opposite sides; it has a solid structure that
will facilitate the prediction of network geometries; the length of the ligand is suitable to
construct molecular-sized spaces in the coordination networks with metal atoms. The
pyridyl groups of 4,4'-bipyridine can theoretically twist around the connecting C-C link.
Nonetheless, the rotation does not affect the orientation of the two lone pairs. Consequently,
4,4'-bipyridine can be considered a stiff bridging linker. The basic nitrogen of the bipyridines
can coordinate most transition metals due to its o-donating and m-accepting molecular

orbitals.33 34

1.3 Supramolecular Architectures

The Nobel Prize laureate in chemistry in 1987, Jean-Marie Lehn, defined supramolecular
chemistry as “the chemistry of the intermolecular bond, covering the structures and

functions of the entities formed by association of two or more chemical species.”3> And in
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contrast to this definition, he defined molecular chemistry as “the chemistry of the covalent
bond, [that] is concerned with uncovering and mastering the rules that govern the
structures, properties, and transformations of molecular species.”3> This definition of
supramolecular chemistry means that the field looks at all interactions between atoms or
molecules other than covalent bonds. Historically, the term arose from host-guest
interactions of, e.g., crown ethers or spherands with metal cations.3¢ 37 Supramolecular
chemistry has evolved to include any structure in which intermolecular interactions link
together two or more chemical entities. All self-assembling systems, including films, gels,

liquid crystals, nanostructures, and polymers, are assigned to supramolecular chemistry.38

HyC CH,
Q{Z- @ _\_\N/Q_/‘;F % 0-H-Q
: H3C—/_/ \_\—CH3 u R{/o of%"

oS :
( M. . H
E }F oy
F N
L K”,_(O'O @ lonic Host-Guest  Hydrogen bonding
0

F . =T interactions interactions
"% p . .
.- ._p. )IO\ Metal-ligand interactions
: = R™"H  coordination
[ »
. g Halogen \ar ForceS

bonding

L2
g

Hydrophobic

interactions

Supramolecular Chemistry

Figure 3. Depiction of intermolecular forces that can contribute to forming supramolecular assemblies, modified after

ref. [39].

Supramolecular chemistry can be subdivided into coordination polymers that include metals
and networks based on other non-covalent interactions between the components. These
interactions can be based on hydrogen bonding, halogen bonding, ion-ion, ion-dipole,
m-m-stacking, and Van-der-Waals forces, but also on hydrophobic and solvation effects -to
name a few (Figure 3).37 Metal-organic frameworks belong to the coordination polymers and
are porous supramolecules consisting of organic ligands and metal components, which was
defined by the IUPAC task group Coordination Polymers and Metal Organic Frameworks in
2013.40
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1.3.1 MOFs

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), are
well-known composite materials made up of multitopic organic linker molecules that form
a crystalline, highly porous network together with inorganic metal nodes.#! They are
crystalline three-dimensional networks with high pore volumes and high surface areas of up
to 10000 m2g-1.42 The metal nodes are also referred to as secondary building units (SBUs).
They are metal-carboxylate clusters with various connectivities and diverse geometries, a
prerequisite for constructing different MOF structures.#3 Even though the first coordination
materials date back as far as 1959, MOFs are a relatively new class of materials whose
importance in science is growing, especially since the beginning of the 21st century. This is

evident when looking at the publications published recently in this field (Figure 4).44

Number of Publications: "MOF"

15000

B Journal articles B Patent applications

12500

10000

7500

5000

2500

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Publication Year

Figure 4. The growing field of MOF research is visualized by showing the yearly publications containing the topic “MOF”
(Source: SciFindern).

OMAR YAGHI pioneered MOF research in the 90s and coined the term “metal-organic
frameworks”.45-47 In his first examples, he used 4,4'-bipyridine as ditopic linkers to create a
2D square grid coordination network based on a Cd2* SBU (Figure 5, left).48 Later, using

charged carboxylic acid-functionalized linkers became popular, as the increased bond
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strength resulted in higher thermal stability. The MOF-5 structure was published in 1999
and was named after the well-known zeolite ZMS-5. It demonstrated the potential of MOFs,
as it came with a large pore and a Brunauer-Emmett-Teller (BET) surface area of 2320 m?g-1,
which exceeded that of common porous inorganic materials at that time.*% 50 YAGHI also

visualized the large pore of MOF-5 by drawing a yellow-colored ball into the pore (Figure 5,

right).

e__9o

v ! P Y

L _ vy A

'y + - S %}) =< g
i3 - e
""V" S
4.4'bipyridine H,BDC

s Gala

Cd@IPY),NO,), MOF-5

Figure 5. Early MOF structure containing 4,4'-bipyridine (BIPY) with a Cd2+ SBU (left), iconic depiction of the large pore of
MOF-5 (yellow, right). Hydrogens and guest atoms are omitted for clarity. Color Code: Cd or Zn, blue; C, gray; N, green; O,
red; modified after ref. [48].

Most MOFs are based on linkers with similar functional groups, namely carboxylic acids and
N-heterocyclic compounds such as bipyridines.5! They can be subcategorized regarding
their topicity (Figure 6). The simplest and most often used linkers are ditopic carboxylic
acids linkers of the H2-BDC- and H2-BPDC-type. They can be modified with functional
groups such as amines (H2-BDC-NH2), ethers (H2DE-BDC), and many more. By varying the
linker length, the pore size of the resulting networks can be set. Tritopic linkers (H3-BTC),
tetratopic (H4-atc), and other multitopic linkers can change the network structure with
appropriate SBUs. Furthermore, chirality can be added to the framework using chiral linkers

such as the (R)-BINOL-based linker. N-heterocyclic linkers can also vary in size. They are
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often based on pyridyl- or azole-functional groups. Due to the weak donor-strength of the
linear ditopic pyridine-based linkers, they are generally more challenging to grow than
carboxylic acid linkers.51 However, their linear ditopic architecture makes rectangular
architectures possible. Imidazolate linkers result in a special type of MOF, namely zeolitic

imidazolate frameworks (ZIFs), which coordinate more strongly but are not of a linear

type.4?
Carboxylic acid-based linkers: OH
ditopic: o)
O._OH 0O._OH O._OH O
IR 0 ®
CH
e 3
HO™ O HO™ "0 HO™ ~O HO HO™ "0 HO™ "0
H2-BDC H2-BDC-NH2 H2DE-BDC H2-BPDC H2-EDDB H2-TBDC
tritopic: tetratopic: st_ole.c,
O OH chiral:
0O o}
o
HO OH
HO OH
\OH
HO™ O 0" "OH OO
H3-btc H4-atc
O~ "OH
(R)-BINOL
based linker
N-heterocyclic linkers:
" N*N@
§
U ) %
N
\
o
RS N Z3
[%j N7 o N-N
N ©

DABCO BIPY

Figure 6. Common organic linkers for preparation of MOFs. Carboxylic acid-based linkers are shown on top (yellow
background), and N-heterocyclic linkers are shown on the bottom (blue background).
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1.3.2 SURMOFs

One of the most promising routes towards precisely constructing functional nanomaterials
is molecular self-assembly, aso-called "bottom-up" approach in nanotechnology.>2-56
Strongly linked to this approach is the controlled growth of MOF thin films, which several
different techniques can achieve. Spin coating, dip coating, and hydro- or solvothermal
growth from MOF suspensions, respectively, from reactant solutions, are all examples of

methods for generating MOF thin films.57

In cooperation with this work, surface coatings were prepared by liquid-phase epitaxy-
based (LPE) thin film fabrication. When performing LPE, solutions of linker and metal
components are used. MOF crystal layers are formed by iterative sequential deposition of
the components on a self-assembled monolayer (SAM).58 During this self-assembly process,
the material grows with each iteration, called layer-by-layer (LBL) synthesis. These films,
known as surface-mounted metal-organic frameworks (SURMOFs), were introduced by
FiscCHER and WOLL in 2007.5% 60 SURMOFs have a thickness in the nanometer range but can be
grown to achieve a thickness in the micrometer range when deposition cycles were repeated

many times.61 62
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Figure 7. (a) Schematic SURMOF representation: MOF thin film is grown on top of an MHDA SAM on gold. (b) LBL growth
of a SURMOF. Each repeated cycle adds a new SURMOF layer to the existing thin film.

The LPE-LBL-based SURMOFs are usually grown on functionalized surfaces. Gold-coated
silicon wafers functionalized with a self-assembled monolayer (SAM) facilitate the binding
of the initial reactants.®3 Native oxide substrates can also be used. In the case of a

functionalized substrate, the linker molecules usually consist of a thiol head group that binds
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to the gold surface and a binding group on the opposite side of the molecule, which can
coordinate the metal component of the SURMOF. Common thiol reagents for SAMs are
16-mecaptohexadecanoic acid (MHDA), 11-mercaptoundecanol (MUD), 9-carboxy-10-
(mercaptomethyl) triptycene (CMMT) or 4'-carboxyterphenyl-4-methanethiol (TPMTA)
(Figure 7).

SBUs are added to anchor on top of the SAM. Subsequently, linkers are added to cross-link
the metals and enable binding to the next layer of metal nodes. After each deposition cycle,
the thin film gets rinsed with an appropriate solvent. If two specific linkers are used, pillar-
layered SURMOFs can be achieved, resulting in cross-linked planar MOF structures (layers)
of one kind and vertical connections (pillars) with linkers of another. WANNAPAIBOON et al.

demonstrated this kind of SURMOF using H2DE-bdc and DABCO linkers.4

1.3.3 Metamaterials

The word metamaterial, whose prefix is derived from Greek and means “beyond”, originally
arose in the early 21st century, with an example appearing in a study by SMITH et al. that
explored a composite medium having simultaneously negative permeability and
permittivity in the microwave area of the electromagnetic spectrum (Figure 8).65 66 With
advances in nanotechnology, it was possible to address shorter wavelengths, extending

potential applications.
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Figure 8. The electromagnetic spectrum is shown. Longer wavelengths come with increased energy. The visible spectrum
ranges from ~380 - 750 nm.67

The literal meaning of the word metamaterial suggests that material has properties further

than those of normal materials. The features of metamaterials derive from the combination
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of the materials' intrinsic characteristics and the pattern in which they are organized. They
can be categorized into four main groups, depending on the wavelengths that they are
designed for and operate on. These are mechanical, acoustic, structural, or nonlinear
metamaterials.68-71 While various applications exist for these materials, this work focused

on synthesizing precursors for metamaterials having nonlinear properties.

1.3.4 Nonlinear Optical Materials

When light meets matter, things start to get more interesting. Materials can transmit, focus,
absorb, reflect, or generate light. These are all important ways to control light in general.
However, some materials respond nonlinearly with the optical properties upon radiation

with intense light.

In general terms, the polarization of a molecule or material P depends linearly on the electric

field strength E and is given by the following series
P=aE + BE* +yE® + - (1)

where a is the linear polarizability,  the second-order hyperpolarizability, y the third-order
hyperpolarizability, and E is the applied electric field.”2 For small electric fields, the higher-
order hyperpolarizabilities can be disregarded. This means that the medium’s polarization

behaves proportionally to the strength of the applied electric field:
P < aE (2)

However, things change when an intense electric field is applied, e.g., in the form of intense
laser light. The higher-order hyperpolarizabilities become significant, and nonlinear optical

properties can be observed.”3
The macroscopic polarization of a material is given by
P:X(l)E+X(2)E2+X(3)E3+“' (3)

with x being the susceptibility of any given material. x(1) is the linear, first-order
susceptibility, whereas x(2) and x(®) are nonlinear second- and third-order susceptibilities.

The field and polarization terms are vectors, and the susceptibility terms are tensors.

At the macroscopic level, a nonzero second-harmonic generation (SHG) (x(2) term) requires

a non-centrosymmetric material, and large x(2) values necessitate a strong donor and/or
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acceptor group bound to the molecule. For a large third-harmonic generation, an extended

delocalized m-system is required.’4 7>

Figure 9. SHG process in an ammonium dihydrogen phosphate crystal. Reproduced from ref. [76] with permission from the

Royal Society of Chemistry.

In the example of SHG, intense laser irradiation interacts with the nonlinear matter that
produces radiation twice the incoming light's frequency. Figure 9 shows the SHG in an
ammonium dihydrogen phosphate crystal. Two infrared laser lights combine into a visible
blue light when shone through the crystal. Therefore, this effect is also known as frequency
doubling.”? With improvements in diode lasers' quality and output power in recent years,
laser-based devices and systems have become increasingly prevalent, resulting in an
increased demand for nonlinear optical materials.”® They can be used in almost all scientific
disciplines, such as biotechnology, telecommunication, medicine, and data processing; and
until today, many useful devices have been realized, such as wavelength shifters??, frequency

doublers89, switches?l, modulators82, and many more.83 84

Compared to the two-photon fluorescence, SHG is a lossless process in which the incident
radiation wsHe is transformed into radiation of twice the energy 2wsunc. Fluorescence
processes loose energy during vibrational relaxation in the excited state. Therefore, the

wavelength emitted during a one-photon fluorescence is shorter than that of the incident
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radiation (Figure 11, page 19).85 For further information on the fluorescence process, see

chapter 1.4.1.

For many years, it has been known that certain kinds of organic materials have exceptionally
large nonlinear optical effects. In the most effective organic materials, electronic
nonlinearities are founded on molecular units with highly delocalized m-electrons and
electron donor/acceptor groups on opposing sides of the molecule (Figure 10).8¢ As a result,
the most active molecules are strongly polarized. However, most polar compounds
crystallize in a centrosymmetric form because they align in opposite directions, which

cancels out the macroscopic polarization and, therefore, lacks the nonlinear optical effect.8>
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Figure 10. Molecular design of second-order molecular hyperpolarizability for large second-order nonlinear effects.

Therefore, the key challenge is to orient strong dipoles in a material. At the same time,
organic molecules are versatile candidates for the design of strong dipoles, as organic
chemistry offers a broad spectrum of modifications. With supramolecular chemistry, these

dipoles could be anchored in a network that shows the desired nonlinear optical properties.
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1.4 Fluorophores

The first small fluorophore was quinine sulfate, described by FREDRICK HERSCHEL in 1845
when he discovered a visible emission from quinine solution in water.87 Seven years later,
GEORGE STOKES stated that this emission, which he named “fluorescence”, was due to light
absorption.?8 The effect was physically described by ALEXANDER JABLONSKI in 1935, in which
he also showed the popular energy diagram named after him.8° Since then, new dyes and
instrumentation have been invented, which ultimately led to the development of
fluorescence microscopy, and is now one of the most common life-cell observation methods
in biology. Just recently, in 2008, the Nobel prize was awarded for "the discovery and
development of the green fluorescent protein, GFP"9? and in 2014, “for the development of
super-resolved fluorescence microscopy”l. This shows the fundamental role of fluorescence

in chemistry, biology, and physics.

1.4.1 Introduction to Fluorescence

The JABLONSKI diagram shows the photophysical processes which can occur during an
excitation cycle (Figure 11). The numerous horizontal solid lines each constitute an energy
level of the molecule. The singlet ground and electronically excited states are labeled So, S1,
S2, and Sy, respectively. A similar notation is used for the excited triplet states, which indicate
T1, T2, etc. Each electronic state is further divided into the vibrational sublevels, represented

by the grey lines.??
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Figure 11.JABLONSKI diagram of the fluorescence, phosphorescence processes versus SHG. (Lifetime values taken from 93.
94)

When a molecule absorbs a photon, it transitions to a higher excited electronic state and
possibly to a higher vibrational state. It then relaxes by vibration to the ground vibrational
level of the first excited singlet state S1. This process is known as internal conversion, and
the relaxation within one excited state is called vibrational relaxation.?> Non-radiative decay,
in which the energy is transmitted into the vibration, rotation, and translation of the
surrounding atoms or molecules, is the main mechanism through which excited, non-
emitting molecules relax. As a result, the molecule loses its excitation energy as heat and
settles back into its ground electronic state. It can also transmit its excitation energy through
quenching or resonance energy transfer. Intersystem crossing, a non-radiative migration
into the triplet state T1, can also occur for electrons in the excited singlet state S1. From there,
the molecule can deactivate through non-radiative decay or radiative phosphorescence. If
the deactivation from the S1 state comes with the emission of a photon, this phenomenon is
formally known as fluorescence.?2 Because fluorescence occurs from the lowest vibrational
level of the excited state Si, it generally does not depend on the excitation wavelength.
Moreover, other processes, such as delayed fluorescence or triplet-triplet transitions can

occur, but will not be further discussed in this work.
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Figure 12. Simplified absorption/excitation and emission spectrum. The absorbed light is shifted towards longer
wavelengths when emitted during fluorescence.

The energy difference between an absorbed and emitted photon during the fluorescence
process results in a shift towards longer wavelengths, known as the STOKES shift, named after
the beforementioned GEORGE STOKES.?® It is of great importance for the sensitivity of the
fluorescence emission signal because incoming excitation light can be filtered out. The effect
can be easily observed when recording fluorophore's excitation and emission spectra

(Figure 12).

As mentioned before, fluorophores play a fundamental role in chemical biology and find
commercial applications in industry, for example, for constructing OLED devices.?7-99 Most
common organic fluorophores are based on only a few basic structures: coumarins, BODIPY
dyes, fluoresceins, rhodamines, phenoxazines, and cyanines. All these structures have
conjugated m systems to absorb UV or visible light. Upon excitation of a wavelength matching
the HOMO/LUMO-gap between the m and * orbital, an electron is transferred between these
orbitals resulting in an excited state of the molecule (Figure 13). Through internal
conversion and vibrational relaxation, the energy gap AE1 decreases to AE2 (AE1>AE2).100
During the absorption, usually the lowest-lying transition m - m* takes place, however, in
compounds with heteroatoms n - m* transitions might be the lowest-lying ones. This is

usually the case for nitrogen-containing heterocycles such as pyridine.?3
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Figure 13. HOMO/LUMO diagram of a fluorophore. During the fluorescence process, a molecule absorbs the incident
radiation of the wavelength hvi. An electron from the m orbital is elevated and occupies the 7* orbital. The dipole moment
changes due to the excited state, and solvent molecules reorganize to reach the ground level of the first excited singlet state.
The fluorophore then emits radiation of wavelength hv2 of lower energy than hvi due to the beforementioned relaxation.
Reproduced from ref. [100] with permission from the Royal Society of Chemistry.

The fluorescence properties of a fluorophore are strongly dependent on its structure. With
the tools of organic chemistry, it is possible to alter all the mentioned characteristics of a
fluorophore. An increased m electron system, for example, results in a bathochromic
absorption shift. Furthermore, fluorescence is often strongly dependent on the solvent used,

especially if it is polar or nonpolar.?3

1.4.2 HINA as Small Fluorophore

Particularly interesting for biochemical investigations are small fluorophores. Many small
organic fluorophores emit in the UV region and the smaller wavelengths, and are often based
on one or two benzene rings. However, green-emitting dyes, such as fluorescein, acridine
orange, BODIPY compounds, or Cy3B, are often much larger.100. 101 The investigations for
novel small green fluorescent fluorophores are ongoing. Recently, in search for a small
water-soluble fluorophore, KANG et al. demonstrated that 3-hydroxyisonicotinic acid (HINA)
has good fluorescent properties.! Since today, it is the smallest green fluorescent dye with
an emission wavelength of Aex= 525 nm for pH-values > 7.1. Bearing only 14 atoms and a

molar mass of 123 g/mol], it is much smaller than conventional green-emitting compounds.!
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Figure 14. Dyes currently used for green emissions; the peak of the emission maximum (Aem, max).100-104

There is still a constant need for improved organic fluorescent dyes, specifically
fluorophores that emitin the red to the near-infrared region, which can be used for improved
biomedical imaging (Figure 14).105 Moreover, there is a constant need for fluorophores with
tunable emission wavelengths. Therefore, synthetic efforts carried out in this work on HINA

derivatives can contribute to this demand.
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2 Objective

Within this thesis, two pyridine-based objectives should be investigated. On the one hand,
there is a constant demand for new functional materials, which requires the development of
new building blocks for material sciences. With this in mind, non-centrosymmetric
4,4'-bipyridines were synthesized to construct frameworks. On the other hand, pyridine-
based isonicotinic acid (HINA) derivatives have strong green fluorescence properties. It is
aimed to red-shift the emission properties by synthesizing different fluorinated HINA

isomers.

4,4'-Bipyridine constitutes a rigid ditopic linker molecule, which is widely used in the
construction of MOFs and SURMOFs, as well as in other supramolecular networks. However,
commercially available unsubstituted bipyridine is typically used. To create functional
materials, the intrinsic properties of the components can be designed and combined to
create metamaterials. For this purpose, non-centrosymmetric 4,4'-bipyridines for the

construction of frameworks should be synthesized (Figure 15, left, middle).

The scaffolds must meet certain requirements to be effective. The addition of push- and/or
pull-substituents on the different pyridine rings creates a dipole moment, which allows for
the directed self-assembly of SURMOF materials. Additionally, using photo-cleavable
protection groups to control the growth of SURMOFs could make them 3D-printable. The use
of photocleavable protection groups that exert a steric hindrance on one coordinating
nitrogen of the bipyridine should also be investigated. To facilitate the synthesis of the

scaffolds, well-known protecting groups from peptide chemistry should be used.

This work is part of the “3D Matter Made to Order” program of the Cluster of Excellence of
Karlsruhe Institute of Technology (KIT) and Heidelberg University. In addition, strong
cooperation with PROF. CHRISTOF WOLL (Institute of Functional Interfaces, IFG) ensures the

preparation and characterization of SURMOFs.
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Figure 15. Main building blocks for preparing SURMOFs (left, middle) and fluorinated HINA derivatives (right).

In the second part of this work, three fluorinated HINA isomers should be prepared (Figure
15, right). These small electron-deficient heterocycles should be investigated and
characterized in cooperation with DR. FRANK BIEDERMANN (Institute of Nanotechnology, INT),

who will make the photophysical characterizations. The main objective is to obtain

red-shifted fluorophores.
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3 Main Section

The main section of this thesis is organized into several chapters. It starts with synthesizing
non-centrosymmetric 4,4'-bipyridines, their characterization, and their application in
materials. Subsequently, the synthesis of fluorinated HINA derivatives is reported, and the

photophysical properties will be discussed.

3.1 Non-centrosymmetric 4,4'-Bipyridines for Materials Science

This part focuses on the preparation of non-centrosymmetric SURMOF structures, beginning
with the synthesis of the linkers and possible protection strategies, and finally describes the

synthesis and characterization of SURMOFs with the beforehand synthesized linkers.

3.1.1 Synthesis of Non-centrosymmetric 4,4'-Bipyridines

The LBL synthesis of the SURMOF-2 structure, which is used to prepare the thin films, relies
on linear ditopic linkers. To synthesize them in a non-centrosymmetric fashion, the cross-
coupling strategy was chosen. In the following subchapters, the synthesis strategy, relevant

preliminary work, and the own results will be discussed.

Parts of the following chapter have been published in ChemPlusChem (WILEY-VCH):
“Synthesis of Non-centrosymmetric Dipolar 4,4'-Bipyridines: Molecular Tectons for
Programmed Assembly of Supramolecular Systems” by KUHNER et al., in which the synthesis

and characterization of non-centrosymmetric 4,4'-bipyridines was presented.106

3.1.1.1 General Synthesis Strategy - Cross-coupling of 4,4'-Bipyridines

For the C-C coupling between the two pyridine heterocycles, the SUZUKI-MIYAURA cross-
coupling was chosen to prepare various bipyridines. This palladium-catalyzed cross-
coupling reaction between an organoboron compound (such as organoboronic acid,
organoborane, organoboronate ester, or trifluoroborates) and a halide or pseudohalide was

awarded the Nobel laureate to A. SUzUKI, in 2010, along with R. HEcK and E. NEGISHI, who also
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made important contributions to the field.197 The reaction is known for its excellent regio-
and chemoselectivity and typically proceeds under mild conditions, using less toxic boronic
acids compared to similar coupling reactions that use organotin or organozinc reactants. The
broad scope and ease of scalability and workup procedures have made this coupling popular
and one of organic chemistry's most frequently used reactions. SUZUKI and MIYAURA first
described the cross-coupling in 1986.198 Similar to other cross-coupling reactions; this
reaction typically involves an oxidative addition, transmetalation with the boron
component, and reductive elimination to yield the cross-coupling product and the metal

complex for further use in the subsequent catalytic cycle (Figure 16).109-112
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Figure 16. Palladacycle of the Suzuki-MIYAURA cross-coupling. It undergoes oxidative addition, transmetallation, and
reductive elimination before the palladium species can react again.

3.1.1.2 Preliminary Work on the Synthesis of Non-centrosymmetric
4,4'-Bipyridines
The synthesis of centrosymmetric 4,4'-bipyridines by homocoupling of pyridines is the most

popular strategy to synthesize bipyridines for materials chemistry. However, a more

determined strategy is needed to create a net dipole moment in the compounds.
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Recently, GROSJEAN et al. showed that the bipyridine linker could vary in length by placing
one to five benzene-based structures between pyridyl residues, using stepwise SUZUKI-
MIYAURA cross-coupling reactions to synthesize them.13 However, the molecules were

centrosymmetric and contained benzene spacer groups between the pyridyl residues.

In 2015, OHMURA et al. published, to the best of the authors' knowledge, the only synthesis
paper of non-centrosymmetric 4,4'-bipyridines using SUZUKI-MIYAURA cross-coupling
reactions.!1% Non-centrosymmetric 4,4'-bipyridines were synthesized by them using
Pd(OAc):2 or Pdz(dba)3eCHCI3 catalysts. Ligands such as PPhs or PCys and potassium bases
such as K2€0s3 or potassium phosphate were used in the synthesis. The yields ranged from

34% to 74%, except for 2-methyl-4,4'-bipyridine (1), which had a very good yield of 91%.114

Further work was done in my own master’s thesis, in which the successful synthesis of four
non-centrosymmetric  4,4'-bipyridines, namely 2,6-dimethyl-4,4'-bipyridine  (2),
2,6-difluoro-4,4'-bipyridine (3), as well as the two N-oxide containing 4,4'-bipyridines 4 and
5 were reported (Scheme 2).15 In contrast to the conditions used by OHMURA et al, the
reactions were conducted in a microwave reactor under pressure at elevated temperatures.
Iodine or bromine-substituted pyridines 6 and 7 were reacted with 4-pyridylboronic
acid (8), and for the N-oxides, 4-bromopyridine-N-oxide (9) and respective boronic acids 8
and 10 were used. The strong potassium base KO!Bu and the PEPPSI™-catalyst, based on an
N-heterocyclic carbene (NHC) ligand, were also used. These harsh conditions enabled the

synthesis of bipyridines with the N-oxide functional group.
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Own Master’s thesis:

N
X B(OH), PEPPSI™.|Pr | X
N N KO'Bu =
| S >
RN OR! N IPrOH / H,0 (1:2) B
150 °C, 20 min, yW 1 — 1
8 RN TR

X=Br,R'=Me 6
X=I,R"=F 7 R'=Me 2 80%
R'=F 3 41%

2
Br B(OH), PEPPSI™.-|Pr IN\ R
1}
X X KO'Bu Pz
| A , -
ry* N~ "R2  'PrOH/H,0 (1:2) | X
(o} 100 °C, 10 min, yW N
9 RZ=H 8 o
RZ=F 10
R'=H 4 69%
R'=F 5 65%

Scheme 2. Non-centrosymmetric 4,4'-bipyridines that were prepared during my own master's thesis.15 A NHC-based
PEPPSITM-catalyst was used in a microwave reaction.

In this work, the conditions reported were used as the foundation for further optimizations

of the conditions. The synthesis strategy and scope will be discussed in the following chapter.

3.1.1.3 Scope of Non-centrosymmetric 4,4'-Bipyridines

For the preparation and method development of new materials, larger amounts in the range
of 100-1000 mg were needed, and efficient conditions for the linker synthesis had to be
found. Moreover, for the SURMOF preparation, it was necessary to deliver a broad range of
different bipyridines. Electron withdrawing and donating groups should be attached to one
of the pyridine components to install a net dipole moment. Additionally, steric hindrance can
play an important role during the coordination of a linker to a metal in a SURMOF. Therefore,
functional groups should be attached to the 2- and/or 6-positions adjacent to the pyridyl
nitrogen, and to the 3- and/or 5-positions. For fine-tuning or maximization of the dipole
moment in a non-centrosymmetric 4,4'-bipyridine, push-/pull-bipyridines with
electron donating and withdrawing groups on opposite pyridyls should be synthesized.

Lastly, the synthesis of bipyridines with added functionality should be tried. These involved
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the installation of an azo-functionality and the synthesis of an alkene-containing linker and

a photocleavable linker.

Generally, electron-deficient substrates such as fluorinated aryls react poorly in the Suzuki-
MiYAURA coupling, regardless of whether the electrophilic or the nucleophilic component is
fluorinated.1> Because pyridine is an electron-deficient heterocycle (as mentioned in
chapter 1.1), reactions involving pyridine give lower yields when compared to benzene
derivatives. Because 2,6-difluoro-4,4'-bipyridine (3) could not be synthesized in good yields

due to the electron withdrawing fluorine substituents, it was an ideal target for optimization.

OHMURA et al.
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Scheme 3. Improvements in the synthesis of 2,6-difluoro-4,4'-bipyridine (3).

A coupling reaction of 2,6-difluoro-4-iodopyridine (7) with unsubstituted 4-pyridylboronic
acid (8) using Pd(OAc)z, PPh3 and K2CO3 carried out in a tetrahydrofuran/water mixture
(5:1) at 70 °C only gave a poor yield of 26%. Protodeboronation of the boronic acid may have

played a role, as unsubstituted pyridine was obtained after purification. OHMURA et al.
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published a 34% yield for compound 3. However, they used the fluorinated boronic ester 11
and an unsubstituted 4-bromopyridine 12 as the HCI salt. The conditions significantly
improved in comparison with the literature and own previous experiments when Pdz(dba)s
*CHCl3 was used together with PCys and potassium phosphate at an elevated temperature of
90 °C in a 1,4-dioxane/water (12:5) mixture, resulting in a very good yield of 84% when 3

was prepared on a gram-scale (Scheme 3).

Following these results, a library of non-centrosymmetric 4,4'-bipyridines was prepared
(Figure 17). The yield of the fluorinated compounds 3, 13, and 14 was always lower than the
yield of the methylated compounds 1, 2, and 15, which were obtained in near-quantitative
yields of >95%. No significant differences between organoboron functional groups were
observed when boronic acids and boronic esters were used. The chlorinated bipyridines 16
and 17 were obtained in slightly lower yields than the other derivatives, which may be due
to the larger atom radius of chlorine, especially in the synthesis of 3,5-dichloro-4,4'-
bipyridine (17), where a steric hindrance of the halopyridine could impede oxidative

addition during the cross-coupling.
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Figure 17. Scope of non-centrosymmetric bipyridines that were prepared following the improved conditions. For further
details see the experimental section.

Overall, it was possible to introduce fluorine substituents on the 2- and 6- positions.
Couplings with 3- and 5-fluorinated pyridines were unsuccessful. The trifluoromethyl group
of 14 exhibits an electron withdrawing effect that is intermediate between fluorine and
chlorine substituents. To study the steric effects of substituents, 16 and 17 with chlorine

atoms at the 2,6- and 3,5-positions and 1 and 15 with methyl groups at the 2- and 3-position,
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respectively, were synthesized. A linker with two electron donating groups, the dimethyl
bipyridine 2, and a naphthalene-containing linker 18 were successfully prepared. All efforts
in synthesizing a push-/pull 4,4'-bipyridine with a methylated and a fluorinated pyridine
ring were unsuccessful. In summary, a diverse set of novel non-centrosymmetric linkers
could be synthesized in good to excellent yields. Next, added functionality should be
implemented, starting with synthesizing a linker for a photocleavable bipyridine-protecting

group (PG) conjugate.

For the attachment of PGs to a 4,4'-bipyridine, the synthesis of 2-methanol-4,4'-bipyridine
(19) was carried out via cross-coupling conditions using an aqueous sodium carbonate
solution and 1,2-dimethoxyethane as solvent system. The use of any additional phosphine
ligands was redundant, and 19 could be synthesized in 70% yield from 2-methanol-4-
bromopyridine (20) (Scheme 4). The methanol functional group in the 2-position will
become useful in the attachment of protecting groups. Attempts to attach a protecting group
directly to a 2-OH position were not conducted due to the 2-hydroxypyridine/2-pyridone

tautomerism.116

N
Br 4-pyridineboronic acid z |
X 4 M aq. Na,COj solution .
| Pd(PPhg),
N o =
1,2-dimethoxyethane |
OH 100 °C, 20 h Sy
20 OH

Scheme 4. The synthesis of 19 from (4-bromopyridin-2-yl)methanol (20) was achieved in 70% yield.

SURMOFs could be post-synthetically modified via a [2+2] cycloaddition reaction if the linker
bears a vinyl group. With an alkene, the linkers of a supramolecular network could be cross-
linked in place upon irradiation with UV light. To synthesize such a linker, a HECK reaction of
4-bromo-2,6-dimethylpyridine (6) and 4-vinyl pyridine (21) was carried out using the
PEPPSI™-IPr catalyst and tetra-n-butyl ammonium bromide (TBAB) as an additive.
Literature indicated that this additive could improve the efficiency of the reaction.117.118 The
reaction was done in water in the microwave reactor following a procedure of BORAH et al.

After purification, the alkene 22 could be obtained in a yield of 60% (Scheme 5).11°
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Scheme 5. Synthesis of the non-centrosymmetric alkene-containing linker 22 using the HECK reaction.

3.1.1.4 Photoswitchable Azo-benzene Containing Non-centrosymmetric

Linkers

The azobenzene functional group can alter its cis/trans isomeric structure upon irradiation
with light of a suitable wavelength (Figure 18, a)). It is one of the most prominent
photoswitchable groups applied in biology or materials chemistry. The potential of the
azobenzene group was demonstrated by YU et al., who used azobenzene dipyridylbenzene
(AzoBiPyB) 23 in two different SURMOF structures (Figure 18, b) and c)). HEINKE et al. used
azobenzene-containing compounds with BPDC-based linkers in a SURMOF to release 1,4-
butanediol (BD) upon radiation with light.120 They prepared 50 SURMOF layers with
unfunctionalized BPDC as a base structure and grew 45 azobenzene-containing layers on
top. The SURMOF was irradiated with appropriate light sources to trigger the azobenzene
into the cis or trans form, which corresponds to an open or closed state. Afterward, the BD
uptake was monitored using a quartz crystal microbalance (QCM), and it was found that the
uptake of BD was 15 times faster when the top layer was in an open state compared to the

closed state.



Main Section 33

a) trans UV light cis

- 2 %6

| visible light or
@ thermal relaxation
Ny

~
»

N

AzoBiPyB 23

Figure 18. a) Structure of the trans- and cis-isomers of AzoBiPyB 23. The configuration changes upon irradiation with a
suitable light source; b) pillar-layered MOF structure of Cu2(BDC)2(AzoBiPyB); c) pillar-layered MOF structure of
Cu2(DMTPDC)2(AzoBiPyB), reproduced from ref. [121] with permission from the PCCP Owner Societies.

To further explore the potential of these photo-triggered SURMOFs, the synthesis of non-
centrosymmetric 4,4'-bipyridine-based linkers was planned. AzoBiPyB 23 is easily
accessible via a double C-C cross-coupling to install the pyridine rings for coordination, but
it has a few drawbacks. Firstly, it is longer than the small and rigid 4,4'-bipyridine structure,
and secondly, it has no predefined orientation for implementation into the SURMOF, which
might result in the azobenzene rings moving in opposite directions when shifting from the
closed to the open state. The usage of non-centrosymmetric-based linkers could circumvent

this issue since the orientation of linkers in the material could be controlled.

The synthesis of non-centrosymmetric dipyridylbenzenes was started with 2-amino-4-
bromophenol (24). This starting material should enable a cross-coupling with a first
pyridine moiety before the alcohol functional group of 25 could be converted to the
triflate 26, a pseudohalide that could subsequently be used as an electrophile in a second

cross-coupling reaction.
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However, the first C-C coupling reaction with unsubstituted 4-pyridylboronic acid (8) was
unsuccessful; switching the starting material from the amine24 to 2-nitro-4-
bromophenol (27) did not give any product 28 (Scheme 6). The reasons for this failure may
include unsuitable or harsh conditions, or the intolerance of the alcohol and nitrogen

functional groups.

F
Ej\s//
OH O// o
OH 4-pyridineboronic acid R R
Pd(PPhs),
Cs,CO3
/// > —_— >
DMF/H,0 (4:1) = | _ ‘
Br 120 °C, 46 h \N \N
R= . 24 R= NH, 25 R= NH, 26
NO, 27 NO, 28

Scheme 6. Attempted synthesis of aryl triflate for second cross-coupling reaction.

Halogenides used in the SUZUKI-MIYAURA cross-coupling can vary in reactivity. The oxidative
addition is often the rate-determining step. The reactivity of the halogenide is influenced by
the halogenide substituent and generally decreases in the following order: I > OTf > Br >

Cl.116

Instead of transforming the alcohol into a pseudohalogenide after the first cross-coupling, it
was attempted to use halogens' different reactivity to address only one of two possible
binding sites selectively. The synthesis was based on the commercially available 4-bromo-1-
iodo-2-nitrobenzene (29), and the initial cross-coupling with 4-pyridylboronic acid (8) gave
30 in a yield of 66%. Conditions were mild, as it was tried to address the iodine position to
react selectively. Mass spectrometry only showed the ion peaks [M (81Br)]* at m/z 280 and
[M (7°Br)]* at m/z 278 with the characteristic bromine pattern. Furthermore, the mass of the
iodine-containing side product with m/z 326 was not observed. In a subsequent cross-
coupling with the resulting bromine to reach the final bipyridinephenyl linker, the
temperature was increased to 100 °C, as no conversion was observed at 80 °C, and finally 31
could be obtained in a good yield of 59% considering the deactivation of starting materials.
The yield of the amine 32 was almost quantitative (98%) after reducing 31 in a pressure
reactor with hydrogen at a pressure of 50 bar. The final azo coupling reaction was based on

the BAEYER-MILLS reaction (or MILLS reaction) between aniline and a nitroso aryl, which was
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discovered in the late 18th century.122.123 [nstead of acetic acid as part of the solvent system,
which did not yield the desired molecule, pyridine and toluene were used. Finally, the
AzoF2BiPyB linker 33 was successfully obtained in a yield of 69%, or 26%, over all four steps
(Scheme 7).

N
(2,6-difluoropyridin-4-yl) | N
4-pyridineboronic acid N\ boronic acid _—
Pd(OAc), | Pd,(dba)z « CHCI;
NO, K,CO4 = PCy; K3PO, NO,
THF/H,0 (2:1) NO2 1 4-dioxane/H,O (3:7)
80°C,18h 100 °C, 6 h
Br _
Br X |
F” 'N” °F
31

Y

29 30
66% 59%
N N
» »
= =
Pd/C, H, NH, nitrosobenzene N\\N/©
DCM/MeOH (2:1) pyridine/toluene (1:1)
50 bar 60 °C, 5 days
21°C,5h = =
< <
F N F F N F
32 AzoF2BiPyB 33
98% 69%

Scheme 7. Synthesis of the AzoF2BiPyB 33 in four steps based on the starting material 4-bromo-1-iodo-2-
nitrobenzene (29).

Two different approaches were tried in synthesizing short azobenzene-containing
4,4'-bipyridines. In the first approach, the MILLS reaction was conducted first, followed by
the completion of the bipyridine in the subsequent step. The cross-coupling was conducted

first in the second approach, followed by the azo coupling (Scheme 8).
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Scheme 8. Two different strategies towards the AzoBiPys 39 and 40 were conducted.

The azo coupling of 4-bromo-3-aminopyridine (34) proved difficult, and under standard
conditions with an acetic acid/toluene (1:1) solvent mixture, the product could not be
detected via HPLC after three days. Instead, a MILLS reaction with tetramethylammonium
hydroxide in pyridine was successful, but 35 was only obtained in a yield of 8%.
Nevertheless, 35 was cross-coupled with 4-pyridylboronic acid (8), and the formation of a
new species was monitored via TLC. However, due to the azo group, which might have
changed its constitution during flash-column chromatography, the purification failed, and

this synthesis strategy was not pursued further.

An initial cross-coupling of 4-bromo-3-aminopyridine (34) with similar conditions to those
that were applied in the synthesis of AzoF2BiPyB 33, using Pdz(dba)s CHCl3 and
tricyclohexyl phosphine as the catalytic system, gave 3-amino-4,4'-bipyridine (36) in a fair
yield of 54%.

For the cross-coupling to get the methylated amine 37, the respective boronic ester 38 had
to be synthesized first. This MIYAURA reaction was done with 4-bromo-2,6-
dimethylpyridine (6), bis(pinacolato)diboron (Bzpinz), Pd(0Ac)z, PCys and KOAc at 110 °C
in 1,4-dioxane. After 18 hours, the reaction was finished, indicated by TLC, and the crude
was filtered through a plug of Celite. Flash-column chromatography was unsuccessful in
purifying the boronic ester 38. Instead, it was noticed that the solid crystallized on the side
of the round-bottom flask, indicating sublimation. As the sublimation took place at 21 °C, a

sublimation apparatus had to be connected to a flow cooler, cooling an ethylene glycol/water



Main Section 37

mixture to -10°C. By lowering the pressure using a vacuum pump, 38 could be obtained in a

64% yield as a colorless solid (Figure 19).

Figure 19. Sublimation of crude 38 in a sublimation apparatus under reduced pressure. The blue liquid is the cooling
mixture being pumped through the apparatus.

The subsequent cross-coupling of 38 with 4-bromo-3-aminopyridine (34) gave 37 in a yield
of 46%, slightly lower than for the coupling of unsubstituted 36.

Surprisingly, in contrast to the preceding MILLS reaction on a pyridine, the azo couplings
proceeded in very good yields of 82% and 93% for 39, respectively, 40 after only a few hours

of reaction time (Scheme 9).

NI
B(OH), B
A A
| o
— —
HsC” N7 “CHs
8 38 N N
N N
Br Pd,(dba); *CHClg | _ nitrosobenzene | J_.N
Ao NHz PCy; KsPO, NH, TMAH N \©
N 1,4-dioxane/H,0 (7:3) | A pyridine | N
° 7 - - ° 7
34 17.5h,90 °C R N R 5-6h,24-80°C R N R
R= H 36 54% R= H 39 82%

CH; 37 46% CH; 40 93%

Scheme 9. Synthesis AzoBiPy 39 and AzoMe2BiPy 40 in two steps.
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Figure 20. The azobenzene-containing linker AzoMe2BiPy 40 was investigated by 1H NMR. The E-isomer (top) refers to the
dark state. The PSS could be determined after irradiation with light at A = 365 nm for 30 minutes, where a mixture of E- and
Z-isomer was observed (bottom).

AzoMe2BiPy 40 was further characterized to verify its sensitivity to light. A 42 mM solution
of 40 in deuterated methanol was prepared and measured using 1H NMR. The sample was
irradiated with a 10W LED light source at a wavelength of A = 365 nm for 30, 60, 90, and

120 minutes and the measurements were taken again. Additionally, the dark state was
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measured for comparison. The spectra showed new peaks which could be assigned to the Z-
isomer of 40, as evidenced by the shift of the CH3 singlet at dcus, z-isomer = 2.52 ppm to the
singlet of the E-isomer at dcus, E-isomer = 2.60 ppm (Figure 20). The photo steady state (PSS)
was reached after 30 minutes, as determined by the lack of significant change in the Z-/E-
ratio as determined by the integration of the methyl peaks. The PSS for 40 was determined
to be 63% of the E-isomer when irradiated at A =365 nm in deuterated methanol. The
switching was also confirmed by HPLC analysis. A 0.50 mM solution of 40 in ACN reached
the PSS after about 5 minutes upon irradiation (Figure 21). A slow thermal back-reaction to
the E-isomer could be observed over time by the gently sloping curve due to the
experimental setup. The samples were irradiated for different time intervals and then
measured by HPLC. Because the measurements took about 25 minutes each, the sample
taken after 30 minutes was standing in the vial holder of the HPLC for about five hours,

during which some of the Z-isomers had already thermally switched back.

80 1 I I I | I 1
= ~ 30
= B | = |
54 " u" - - !
1 1/ 25
E 70 = I‘I n E\
£ | -20 £
D 654 | Ny N D
< " | N ‘ N d:
E 50 ‘; N’ @ . N* - 15 £
w | | i N
g o 1| H,C” N7 “CH, HsC” “N” “CH, L 10 g
< . <
50 - -5
o . &
g ™~ -
45 = -0
I | I I | I 1
0 5 10 15 20 25 30
Time (min)

Figure 21. Diagram of the peak area corresponding to the E- and Z-isomer of 40 analyzed by HPLC after the samples were
irradiated for different time intervals.



40 Main Section

UV /vis spectra of 40 show the characteristic decrease in the absorption of the maximum of
the PSS state compared to the dark state. The strong absorption in the dark state (trans-
configuration) around A = 328 nm results from m—n* transitions. The cis-isomers of the PSS
state absorb more light at the local maximum of A = 436 nm due to n— 7* transitions (Figure

22).
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Figure 22. UV /vis-spectra of 40 in the dark state and PSS. The absorption was normalized. The wavelength of 365 nm is
shown as a vertical straight line in the spectra.
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3.1.1.5 Protection Strategy and Synthesis of SURMOF Linkers

To synthesize SHG SURMOF networks, non-centrosymmetric 4,4'-bipyridines must be
constituted to enable a controlled material self-assembly. As the 4,4'-bipyridine is linear and
ditopic, modifying it to favor the coordination of one nitrogen and/or making the
coordination of one nitrogen more difficult would result in a predefined orientation during
SURMOF growth under suitable conditions. This principle is explained in Figure 23, where
the bipyridine should coordinate first on the green side. Therefore, all pyridine rings with
the residue “X” would be facing toward the direction of the origin of the material.

S

Impede
coordination

N
S
=
Non-centrosymmetric
— 4.,4'-bipyridine
-
N

Facilitate
coordination

~_ 7

Figure 23. Schematic drawing of a non-centrosymmetric linker that can coordinate in principle on both nitrogen atoms.
Techniques must be modified to facilitate coordination (green) on one side and/or impede coordination on the other.
Residue “X” can be any atom except hydrogen.

Different approaches could be considered to achieve the desired properties. A chemical
protection/deprotection approach would be the most straightforward strategy. However,
during SURMOF synthesis, many reagents may interfere with the coordination of the
unprotected pyridine and/or destroy existing SURMOF layers. Pyridine nitrogen is not a
common target for protection/deprotection methods, as this approach originated from
amino acid synthesis, which does not naturally feature pyridine scaffolds. Therefore,
protocols for the deprotection of directly N-attached protecting groups would have to be
investigated. During my master's thesis, it was demonstrated that despite mild "SURMOF-
friendly" deprotection protocols, SURMOF growth was disturbed.!> Since the SURMOFs were
prepared LBL, any defects in the structure may affect the next layers and continue

throughout the SURMOF synthesis. Containing many defects, the reproducibility and
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properties of the SURMOF may change. Because the chemical protection/deprotection
strategy for SURMOF growth showed these disadvantages, this approach was not further

investigated in this thesis.

In contrast to chemical deprotection, photocleavable protecting groups can remove the
protection group during SURMOF synthesis by irradiating it with light, eliminating the need
for potentially interfering deprotection reagents. This not only saves chemicals and reduces
the number of steps in the SURMOF synthesis process, but also can enable the 3D printing of
SURMOFs by selectively deprotecting certain parts of one layer. Many designs for
photocleavable protecting groups (PPGs) are available in organic synthesis. The PPG chosen
must have an excitation wavelength outside the linker molecules' excitation range. As
4,4'-bipyridine absorbs light below around 280 nm, the PPG should have an excitation
maximum above 320 nm. Therefore, coumarin-based PPGs 41 and 42, as well as the
6-nitroveratryloxycarbonyl (NVOC, 43) were used. 43 has an absorption maximum of
around 350 nm in DMS0124, whereas that of the methoxy-substituted coumarin 41 has an
excitation maximum at 323 nm in EtOH25 and the diethylamino-substituted coumarin 42
has an excitation maximum at 390 nm in waterl26. These mentioned PPGs fit the

requirements and should be attached to a 4,4'-bipyridine (Figure 24).

Photocleavable Protection Groups:

O _ClI

Y
Br (0]

/@\& -
R 0" "0 OMe

OMe

R=-OMe 41 43
-NEt, 42

Figure 24. Suitable PPGs for the protection of the 4,4'-bipyridines: Coumarin PGs 41 and 42 and ortho-nitrobenzene-based
NVOC-Cl 43.

Methoxy coumarin 41 was readily available, while diethylamino coumarin 42 had to be
prepared in four steps (Scheme 10). The synthesis was originally developed by SCHONLEBER
et al, who started the synthesis from commercially available 44. Subsequently, they
synthesized the aldehyde 45 using the Riley oxidation.l?” This step was tedious in
purification, low yielding, and used very toxic selenium dioxide. WEINRICH et al. improved

upon this synthesis by substituting the reaction with two consecutive steps.128
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When the synthesis was carried out, the improved route via the enamine was chosen. The
formylation was achieved through the construction of enamine 46 using DMF-DMA, and the
enamine was then converted to aldehyde 45 through oxidative cleavage with sodium
periodate. The yield over two steps was 48%, comparable to the yield obtained with
selenium dioxide.l2? Reduction to the alcohol 47 and subsequent bromination gave

coumarin 4-2.

NM92
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m DMF-DMA NalO,
o —_— N > X
DMF, 153 °C THF/H,0 (1:1
Et,N 0" o 17 h Et,N 070,y °0290(min) Et,N 0" o
a4 46 45
99% 48%
OH Br
a) MsCl, Et3N
NaBH, DCM, 0 °C, 2h
- X o AN
THF b) LiBr, THF
0-21°C,17h  EbLN 0" o 21°C,25h Et,N o~ ~o
47 42
75% 77%

Scheme 10. Synthesis of diethylamino substituted coumarin PG 42 in four steps after a procedure of WEINRICH et al.128

The synthesis of 2-methanol-4,4'-bipyridine 19 and the preparation of the PPGs 41-43 were
successful. Next, the addition of the PPGs to the bipyridine was tried to get the desired PPG-

bipyridine conjugates.

The reaction of NVOC-Cl 43 with bipyridine alcohol 19 in dry toluene did not yield the
desired product. However, when the same reaction was conducted in dry dichloromethane
with the addition of 4 A molar sieves, the final PPG linker 48 could be obtained in a good
yield of 59% (Scheme 11).
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Scheme 11. Synthesis of NVOC-bipyridine conjugate 48.

Coupling of the coumarin PGs went smoothly under the same conditions but with an
additional 3.00 equiv of 2,6-di-tert-butylpyridine and yielded OMe-coumarin-bipyridine
conjugate 49 and NEtz-coumarin-bipyridine conjugate 50 in good yields of 78%,
respectively 62% (Scheme 12). The steric base was added to minimize coordination of the

silver salt to the bipyridine's nitrogen.

N
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Scheme 12. Coumarin-bipyridine conjugates 49 and 50 were synthesized with the addition of 2,6-di-tert-butylpyridine.

The linker components have been successfully prepared at this point in the project. The next
steps include the investigation of the cleavage reaction in the solution. After the deprotection

conditions are sufficiently analyzed, SURMOF thin films can be prepared.
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3.1.1.6 Photocleavage of PPG-bipyridine Conjugates

This chapter discusses the deprotection reaction of previously synthesized photocleavable
bipyridine linkers in solution. The measurements were partly carried out by BENEDIKT
SAPOTTA (AG WOLL, IFG). The results are left for publication in this thesis and presented as an

excerpt in this work (Figure 27).

Before SURMOF materials could be tested with the photocleavable linkers, the general
deprotection upon irradiation with a suitable light source was tested. The photocleavage of
the NVOC linker 48 was investigated first via HPLC chromatography and UV /vis absorption

spectroscopy.

hv
EtOH, 21 °C, time |
OoN

OMe
48 OMe

Scheme 13. The photocleavage reaction of the NVOC PG from 48.
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Figure 25. HPLC chromatogram of a mixture of 48 and 19. The peak area at t = 13.8 min corresponds to 48, and the peak at
t =3.4 min corresponds to 2-methanol-4,4'-bipyridine 19.
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For the HPLC analysis, 48 and 19 were analyzed separately to determine the retention time
of the starting material and the expected 2-methanol- 4,4'-bipyridine 19 (Scheme 13 and
Figure 25). The sample was dissolved in EtOH and irradiated with 4 x 8W LED light sources
for defined time intervals, and an aliquot was taken after each period. It was then analyzed
by HPLC, and the peak area corresponding to starting material and product was integrated
and plotted in a diagram (Figure 26). It can be observed that while the integral of NVOC-
bipyridine conjugate 48 vanishes, the integral of deprotected 19 increases, indicating that
the photocleavage reaction proceeded successfully. To substantiate these findings, further

UV /vis measurements of NVOC-bipyridine linker solution were carried out.
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Figure 26. Deprotection of 48 was investigated by HPLC analysis after 0, 45, 120, and 1200 min. While the area of 48

decreased with time, the area of 19 increased roughly the same amount. The samples were irradiated with 4 x 8W LED
light sources in a LuzcHEM photoreactor at A = 350 nm.

The general experimental setup is shown in Figure 27, A); the ethanolic solution of 48 was
irradiated with a light source whose power intensity could be ramped up to 50W. The light
source was characterized by a peak wavelength of 368 nm at a corresponding full width at
half maximum (FWHM) of 9 nm. Figure 27, B) depicts the UV /vis absorbance spectrum. The

purple line shows the absorbance of the pristine linker 48 dissolved in ethanol. A maximum
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absorption of around 345 nm could be observed, which correlates to that of the crude NVOC
protecting group, which has a maximum absorption of around 350 nm in DMSO, referring to
the literature.’?# The maximum of 48 completely vanished when irradiated for a few
minutes, which indicates a decay of the photocleavable PG. The absorbance of nitroso side
product 51 should weakly absorb around 410 nm and below 300 nm; however, because of

unspecific absorption in this area, the formation could not be proven.124
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Figure 27. Photocleavage of NVOC-bipyridine linker 48 upon irradiation with 50W UV-A light of the wavelength A=365 nm.
A) general setup of photocleavage reaction, irradiation of the linker solution. B) UV absorbance of raw and irradiated linker
solutions in ethanol. A power level of 10% corresponds to a flux density of roughly 10-20 mW/cm? received by the linker
solution, which increases to 100% intensity corresponds to 100-200 mW/cm? at 100% power level.

In conclusion, successful photocleavage of the novel linker 48 was carried out and
investigated, which is a prerequisite for the photochemical SURMOF deprotection. In the
next chapters, this work focuses on the preparation and characterization of the bipyridine

linkers.
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3.1.2 SURMOF Preparation and Characterization

The synthesis and characterization of the individual linkers were shown in the previous
chapters. The following chapter will discuss the preparation of SURMOFs with these linkers
and the characterization of the network structures. It was divided into two sections; the first
describes the SURMOF synthesis with photocleavable linkers, and the second is focused on

SURMOFs with unprotected non-centrosymmetric bipyridine linkers.

3.1.2.1 SURMOF Preparation with PPG-linker Conjugate

This chapter discusses using previously prepared photocleavable bipyridine linkers (as
described in Chapter 3.1.1.5) in synthesizing SURMOFs. I have been provided with
unpublished data on QCM measurements of the photocleavable linker 48 by BENEDIKT
SAPOTTA (AG WOLL, IFG), which are included in this chapter to discuss the potential of the
SURMOF linkers used (Figure 28).

To synthesize the SURMOFs, we used a LBL method in a fluidic cell on a self-assembled
monolayer functionalized gold (Au) substrate. First, we functionalized the Au substrate with
a MUD-terminated self-assembled monolayer. Then, we added a copper acetate solution in
ethanol, followed by an ethanolic solution of BPDC and bipyridine. By repeating the process
of adding metal and linker solutions, it is possible to control the thickness of the thin film.
The reaction was carried out using automated pumps, and between each injection step, we
rinsed the wafers with ethanol to remove any residual unreacted metal/linker or by-

products.

For the photocleavable linker 48, the synthesis was carried out on Si-OH terminated QCM
sensor crystals. After each linker/metal solution cycle, the mass increase was computed
from the shift in resonance frequency using the SAUERBREY equation.12? Therefore, tracking
the linker/mass ratio during the synthesis was possible. In the first experiment, a Cu-BPY-
BPDC pillar-layered SURMOF was grown using only unsubstituted 4,4'-bipyridine for
75 cycles as a reference (Figure 28, a) and b)). In the second experiment, 40 cycles with
4,4'-bipyridine were grown, then the photocleavable linker 48 was used for 10 cycles, and
finally, 9 cycles were added with unsubstituted 4,4'-bipyridine (Figure 28, c) and d)). The
steady increase in the linker and metal mass, with a linker/metal mass ratio of

approximately 2.0 after the first few layers, suggests that the SURMOF grew evenly. The
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presence of the Cu-BPY-BPDC SURMOF structure on the QCM sensor surface could be
confirmed by recording out-of-plane XRD with distinctive signals (Figure 28, b)).

The photocleavable linker experiment showed a sudden increase in the linker/metal mass
ratio (Figure 28, c)), followed by a steep decline to the original ratio of around 2.4. This
suggests that the structure continued to grow despite using the protected linkers. This could
be due to either insufficient steric hindrance of the protecting groups or the formation and
growth of the competing Cu-BPDC SURMOF 2 structure, which does not require the BPY
pillar molecule.130 Given the identical lattice spacing, the Cu-BPY-BPDC pillar-layer structure
grown in [100] orientation cannot be differentiated from the Cu-BPDC SURMOF 2 structure
by the out-of-plane XRD method. As the [100] peak is present in both Figure 28 b) and d), it
cannot be ruled out that the sample produced might be a mixture of the Cu-BPY-BPDC pillar-
layer structure and the Cu-BPDC SURMOF-2 crystalline phase. The growth of the SURMOF-2
crystalline phase is not expected to be influenced by the protected bipyridine linkers.
Additionally, the signal-to-noise ratio for the protected SURMOF is much lower compared to
the first experiment. This could be either due to interference of the protected linkers with
existing SURMOF layers or the result of the deposition of XRD-amorphous layers with linkers
on top of the crystalline SURMOF.
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Figure 28. Results from the QCM experiment with linker 48. a) mass increase and linker/metal mass ratio of the experiment
using only unfunctionalized 4,4’-bipyridine. b) out-of-plane XRD of SURMOF without the photocleavable linker. ¢) mass
increase and linker/metal mass ratio of the experiment using 4,4'-bipyridine and the photocleavable linker 48. d) out-of-
plane XRD of SURMOF with the photocleavable linker 48.
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In conclusion, further experimentation is necessary to evaluate the effectiveness of
protected linkers in synthesizing SURMOFs. One possible approach to assess the efficiency
of the protection provided by the novel linkers is to use monotopic linkers as a "blocking"
end layer in place of protected linkers, with 4-phenyl pyridine as a suitable candidate for this
experiment. Subsequently, the XRD and metal/linker mass ratio can be compared to our
measured values. Additionally, it would be beneficial to conduct photoprotection
experiments on SURMOFs further, to understand the properties and behavior of these

materials.

3.1.2.2 SURMOF Preparation with Unprotected Non-centrosymmetric
4,4'-Bipyridines

In the following chapter, some previously synthesized non-centrosymmetric
4,4'-bipyridines (refer to chapter 3.1.1.2) were used to prepare SURMOFs. Parts of the
following chapter have been published in Advanced Materials (WILEY-VCH): “Avoiding the
Center-Symmetry Trap: Programmed Assembly of Dipolar Precursors into Porous,
Crystalline Molecular Thin Films” by NEFEDOV et al, in which the synthesis and
characterization of the SURMOFs were carried out.!31 The co-authors prepared and
characterized the SURMOFs, and investigated their non-centrosymmetric properties. Since
the results are original to the respective contributions from the collaborators, they are

presented as an excerpt in this chapter (Figure 29).

Non-centrosymmetric solids lack spatial inversion symmetry and have various interesting
properties, such as piezoelectricity and nonlinear optical effects, including SHG. While a
small number of inorganic non-centrosymmetric materials occur naturally, artificial
inorganic non-centrosymmetric compounds can be synthesized through advanced
deposition techniques for thin films and coatings, which allow for the assembly of
asymmetric (dipolar) subunits into non-centrosymmetric structures. In organic materials,
chiral compounds can obtain non-centrosymmetric structures, but electrostatic forces often
prevent the formation of macroscopic electric fields in dipolar building blocks. As a result,
methods for creating non-centrosymmetric structures from asymmetric, achiral organic
compounds are scarce. Previous attempts to create non-centrosymmetric SURMOFs with the

LBL technique have not been successful due to the center-symmetry trap, which results in
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the quenching of macroscopic electrostatic fields and prevents the formation of non-

centrosymmetric structures.132

While using chemical and photoremovable protecting groups proved challenging, a more
straightforward approach, without the need for protection/deprotection steps, was
developed to create SURMOFs with non-linear optical properties. In contrast to the
protection strategy, which “forces” the coordination of one nitrogen of the bipyridine before
the second coordination and propagation of the SURMOF growth, our strategy relied on the
dipolar linkers holding different binding energies towards the metal clusters. Therefore, the
functional groups in this study create a dipole moment, make the bipyridine asymmetric,
and induce a charge redistribution that makes the two nitrogen atoms distinguishable
concerning metal coordination. Of course, this approach requires a broad range of available

linkers, which were prepared during the work of this thesis (chapter 3.1.1.2).

The SURMOF synthesis was attempted using 2,6-difluoro- (3) and 2,6-dimethyl-4,4'-
bipyridine (2). Initial measurements showed that it was impossible to grow crystalline
SURMOF structures with fluorinated linker 3, which may be due to the electron withdrawing
effect of the fluorine atoms, which could decrease the electron density and prevent the
nitrogen from coordinating strongly enough with the metal node in the MOF. When 2 was
used, crystalline SURMOF structures could be obtained, as shown by in-plane and out-of-
plane XRD measurements (Figure 29, c)), which fit with the calculated values. As a reference,
a SURMOF with non-functionalized 4,4'-bipyridine was grown. The general structure of the

SURMOF is shown in Figure 29, a) and b).

It also investigated which side of the linker coordinates first with the metal node. DFT
calculations showed that binding the copper paddlewheel complex to the non-functionalized
side had a binding energy of 758 meV, while binding to the dipole side had a binding energy
of 700 meV. Two major factors contribute to the orientation of the bipyridine in the SURMOF:
the difference in electron density at the nitrogens and the steric hindrance of the methyl
groups. Therefore, it can be concluded that the steric hindrance of the paddlewheel

complex's carboxylates dominates the dipoles' orientation.

The non-centrosymmetric nature of the structure was confirmed by measuring the built-in
electric field of the SURMOF using XPS core level shifts of Br marker atoms (Figure 29, d)
and e)) and SHG spectroscopy of both SURMOFs (Figure 29, f)). In the SHG spectra, a strong
SHG signal for the asymmetric SURMOF can be observed, while the symmetric SURMOF does
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not show a pronounced SHG signal. To measure the core level binding energies of both
SURMOFs, a top layer of tetrabromoterephthalic acid was added in the last step of the LBL
synthesis. The XPS core level binding energy of the Br 3d signal for the symmetric SURMOF
is 72.5 eV, while the asymmetric SURMOF showed a Br 3d signal that was shifted 0.9 eV to
higher energies (Figure 29, d)).

However, it was found that the experimental binding energies were substantially lower than
expected from simulations. It was concluded that the up/down ratio of the dipoles in the
asymmetric SURMOF amounts to 1.07, meaning that 52% have an upward orientation and
48% have a downward orientation. This may be due to dipoles randomly binding with the
substituted end first or dipoles re-orienting after synthesis while still in contact with the
solvent, as the electrostatic interaction and the entropic effects favor a net charge

distribution of 0.
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Figure 29. a) A schematic illustration of a non-centrosymmetric pillared-layer SURMOF design using the asymmetric
pillar 2. b) Structure of Cu(BPDC)(Me2-BPY) oriented along the [001] direction. ¢) Simulated (light blue curve) as well as
experimental in-plane (IP) and out-of-plane (OP) XRD patterns of asymmetric (Asym) Cu(BPDC)(Me2-BPY) and symmetric
(Sym) Cu(BPDC)(BPY) SURMOFs. d) Shift in electrostatic energy for a Cu(BPDC)(Me2BPY) thin film containing three polar
Me2BPY apical linker layers. The scale is aligned relative to the vacuum energy below the thin film and is specified relative
to the overall change in the vacuum level (VL, calculated as -0.82 eV). e) XPS data recorded for symmetric Cu(BPDC)(BPY)
(green circles) and asymmetric Cu(BPDC) (Me2-BPY) (red circles) SURMOFs of 150 nm thickness. Both SURMOFs are
coated with a Br4-BDC-containing layer on top. The Gaussian fit of Au 4f5/2 and Br 3d peaks with the corresponding
background is shown with black lines. f) SHG spectra of the asymmetric Cu(BPDC)(Me2-BPY) and symmetric
Cu(BPDC)(BPY) SURMOF were recorded with an excitation wavelength (Aex) of 1064 nm, reproduced from [131] with
permission from WILEY-VCH.
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It was the first time non-linear optical effects were shown in SURMOFs with organic non-
centrosymmetric linkers. While there is still room for improvement in the manufacturing of
the SURMOFs and the general strategy, a wide range of bipyridine linker molecules can

contribute to realizing asymmetric SURMOFs with even higher electrostatic potential shifts.

3.2 Synthesis and Characterization of Fluorinated HINA

Derivatives

This thesis was not solely focused on synthesizing non-centrosymmetric bipyridine
derivatives for materials but also on synthesizing fluorinated HINA derivatives. The
significance of HINA as a small fluorophore was already discussed in the introduction
(chapter 1.4.2). Firstly, the synthesis strategy will be described and discussed. Secondly, the

derivatives will be photophysical characterized and discussed.

3.2.1 Synthesis of Fluorinated HINA Derivatives

A retrosynthetic analysis of the fluorinated HINA derivative can be started by installing the
aldehyde through a lithiation reaction with the addition of N,N-dimethylformamide to the
lithiated species (Scheme 14). To prevent the alcohol group from deprotonating during
lithiation, it is necessary to protect this functional group. Converting the alcohol functional
group to the methoxyethoxymethyl ether (MEM) not only protects the alcohol but also
directs the lithiation to the ortho position. The directed ortho metalation (DoM) directs the
lithium species via a complex-induced proximity effect, based on the hetero-atom
coordination of the protecting group, into the ortho position relative to the protecting group
(Scheme 16, top). The fluorinated pyridinols are commercially available, so the three
regioisomeric fluorinated HINA derivatives should be synthesized in three consecutive

reactions each.

O _H Os_H
%/OH %/OMEM (\/OMEM (\/OH
N//\F N}F N//\F N//\F

Scheme 14. Retrosynthetic analysis of fluorinated HINA derivatives.
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To install the MEM protecting group, the chlorinated protecting group MEM-Cl was stirred
with the fluorinated pyridinols 52-54 in dry tetrahydrofuran overnight. The protection

proceeded smoothly, with good yields ranging from 64 - 77% for 55-57 (Scheme 15).

~OH  KOfBu, MEM-CI - OMEM
| - - | =L
ZF dry THF ~F

0-->21°C,17h N

2-F-3-OH 52 2-F-3-OMEM 55 69%
3-F-5-OH 53 3-F-5-OMEM 56 77%
2-F-5-OH 54 2-F-5-OMEM 57 64%

Scheme 15. Protection of the alcohol with the MEM protecting group yielded 55-57.

Lithiation of the MEM ether was first tried with 3-F-5-OMEM 56. N-BuLi was used in dry
tetrahydrofuran at -78 °C to activate the 4-position of the pyridine. After 60 minutes, an
excess of N,N-dimethylformamide was added and quenched with sat. ag. ammonium
chloride solution. In a 1H NMR analysis of the crude after extraction, the desired aldehyde
was visible as a doublet at 6 = 10.44 ppm. However, it seemed quite impure, and the 1°F NMR
indicated that more than three fluorinated species were obtained. After flash-column
chromatography on silica in dichloromethane /methanol, it was impossible to get the desired

aldehyde 3-F-4-CHO-5-OMEM 58.

Initially, it was thought that the directing effect of the protecting group did not result in the
regioselective formylation on the 4-position. Therefore, different DoM protecting groups
were used, including methoxymethyl ether (MOM), 2-(trimethylsilyl)ethoxymethyl ether
(SEM), benzyloxymethyl ether (BOM), N,N-diethylcarbamoyl ether, 2-tetrahydropyranyl
(THP). While the protection of the pyridinols worked out with all the beforementioned

protecting groups, the subsequent formylation was unsuccessful.

Therefore, the focus was placed again on purifying the MEM-protected aldehyde 58, which
was observed in the crude reaction mixture. An automated chromatography machine with
an ELSD (evaporative light scattering detector) and fluorescence detector was used instead
of manual flash-column chromatography. This had two advantages: first, the purification
could be completed faster with higher pressure, which shortened the contact time of the
aldehyde with acidic silica gel. Second, the column size could be reduced by about 50%

because the detector works in real-time and only collects the fraction containing a detectable
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compound. With these improvements, it was possible to isolate 3-F-4-CHO-5-OMEM 58 in a
19% yield using a mixture of CH/ethyl acetate (20:1 — 3:2).

Since prolonged contact times of the aldehydes with silica could make purification more
difficult, a much more polar solvent mixture of dichloromethane with 1% to 5% methanol
for the purification of 2-F-4-CHO-3-OMEM 59 was used, as the polar solvent would result in
a shorter contact time of the aldehyde with silica. This allowed for the purification of 59 in a

near-quantitative yield of 99%.

For the separation of 2-F-4-CHO-5-OMEM 60, a diol-bonded silica column was used as the
stationary phase, which enabled the aldehyde 60 to be obtained in a near-quantitative yield
0f 99% using a solvent mixture of CH/ethyl acetate (1:0 to 0:1) (Scheme 16, bottom).

DoM exemplary shown on 2-F-3-OMEM 55

H3C_O.‘/\‘

19
(\/EOMEM nBuLi ho
NPNF dry THF N
-78 °C, 60 min
55
O _H
1) nBulLi, dry THF
(\/OMEM -78 °C, 60 min | X OMEM
~_ ’ -
N 2) N,N-dimethylformamide N
dry THF, -78 °C, 15 min
2-F-3-OMEM 55 2-F-4-CHO-3-OMEM 59 99%
3-F-5-OMEM 56 3-F-4-CHO-5-OMEM 58 19%
2-F-5-OMEM 57 2-F-4-CHO-5-OMEM 60 99%

Scheme 16. Top: DoM of 55 shown with the MEM protecting group. Bottom: Formylation reaction of the ethers 55-57 to
yield the aldehydes 58-60.

The deprotection reaction was expected to run smoothly under acidic conditions. When the
deprotection of 58 was done with HCI in tetrahydrofuran, the deprotected species could not
be observed. Instead, an inseparable mixture of many fluorinated species, indicated by

19F NMR, was obtained.

The pyridine ring is extremely electron-deficient due to the nature of the pyridine and the
electron withdrawing substituents. This can facilitate the formation and stabilize the hydrate
form of the aldehyde. Usually, aldehyde hydrates can form under acidic conditions by adding

a water molecule to the aldehyde resulting in a diol. The two forms exist in equilibrium, but
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the aldehyde form is usually favored. However, electron withdrawing substituents stabilize
the hydrate form, which causes 2,2,2-trichloroaldehyde to react readily with water to the

chloral hydrate.

Therefore, the deprotection was attempted using water-free TFA in dry dichloromethane.
This yielded solely the aldehyde form 61 observed in the crude 'H NMR. A flash-column
chromatography on diol-bonded silica gave the desired aldehyde. However, it was not
possible to remove all the aliphatic impurities. Furthermore, the aldehyde formed the

hydrate form during purification resulting in drastically reduced yields.

To circumvent the hydrate formation, it was tried to stir the protected aldehyde 59 with
acidic p-toluenesulfonic acid (PTSA) and trimethyl orthoformate (TMO) in dry
1,2-dimethoxyethane (DME). However, methanol is formed during the water scavenging of
TMO in this reaction. The presence of methanol formed a dimethyl acetal 62, a protected

form of the HINA 61 as indicated by 1H NMR (Scheme 17).

Os_H O _H
HCI
F%/OMEM b F | A OH
_ THF _

\/

N 50 °C,3 h N
59 61
GHs GHs
0w H 0_O Oy _H
PTSA, TMO TFA
F_\_OMEM o> F A\ OMEM o> F A OH
| DME | DCM |
N 21°C,2h N 21 °C,15 min N
59 62 61
not isolated 5%, 2 steps

Scheme 17. The successful synthesis of 3-F-5-OH HINA 61 via the dimethyl acetal 62.

Theoretically, it should be possible to deprotect the alcohol and the acetal functional groups
simultaneously using acidic conditions. Hence, the deprotection with TFA in dry
dichloromethane was done. In the 1H NMR of the crude, the aldehyde 61 and some minor
impurities were detected. Because in the 1°F NMR, only one fluorinated species could be
observed, it was expected that the impurities were of another kind than the fluorinated
HINA 61. During the purification, flash-column chromatography should be avoided. The
HINAs should be water-soluble when being protonated at the nitrogen under acidic

conditions or deprotonated at the alcohol under basic conditions. Therefore, the TFA acidic
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solution from the reaction was extracted with ethyl acetate to remove any side products.
Afterward, the aqueous solution was made basic by adding 1 M NaOH solution until
pH =10-11 was reached. It was extracted with ethyl acetate again. Subsequently, it was
possible to extract the highly fluorescent HINA derivative 61 at pH = 4-5 with a mixture of
dichloromethane/iPrOH (4:1).

Figure 30. Successful extraction of the fluorinated HINA derivatives could be observed by irradiation with UV light.

By checking the organic phase for fluorescence when irradiated with a UV lamp at
A =365 nm, it was possible to determine if the product could be extracted (Figure 30). The
organic solvent was removed under reduced pressure, during which it was found that the
small HINA derivative was quite volatile. After the residual solvent was removed, only 5% of
61 could be obtained (Scheme 17). Furthermore, even though the molecule was stored

under an argon atmosphere at -18 °C, the compound decomposed within a few days.

During the synthesis of 2-F-3-OH HINA 63, the previously installed dimethyl acetal 64 could
not be cleaved by treatment with TFA in dichloromethane, and the dimethyl acetal 65 was

obtained. (Scheme 18).
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Scheme 18. Synthesis of 2-F-3-OH HINA 63 was not achieved during the deprotection reaction; the dimethyl acetal could

not be removed.

Instead of the aldehyde signal, which was expected with a chemical shift of around § = 9.0-

10.5 ppm, the acetal proton 4-CCH(OCH3)2 could be observed at § = 5.58 ppm (Figure 31).
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Figure 31.1H NMR of dimethyl acetal 65.
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Additional tests of the deprotection reaction of 65 could not be done in the scope of this
work, and it was impossible to characterize this compound due to its instability fully. Further
experimentation would be necessary to confirm that the dimethyl acetal functional group of
65 cannot be cleaved with TFA in dichloromethane. It could also be possible that the desired
HINA 63 was formed but could not be isolated because of its good water solubility or quick

degradation.

Lastly, the deprotection of 2-F-5-OH HINA 65 was attempted directly with TFA in dry
dichloromethane from the protected aldehyde 60. It was possible to isolate the desired
compound 66 in a yield of 31% (Scheme 19).

0 H 0 F
TFA
OH
N OMEM - | X
| DCM _
F N/ 21 °C,15 min F” 'N
60 66

31%

Scheme 19. Direct synthesis of HINA 66.

While it was worked on the deprotection and extraction of the fluorinated HINA derivatives,
the synthesis with a TBDMS PG was done in parallel (Scheme 20). This protecting group was

chosen as it can be easily cleaved by fluoride reagents under mild conditions.

TBDMS-CI 1) nBuLi, dry THF Q

| - OH 1H-imidazole N /ETOTBDMS -78 °C, 60 min . HJ?ETOTBDMS
= N,N-dimethylformamide F = 2) N,N-dimethylformamide E “

F7ON T N I : N
54 21°C,2h 67 dry THF, -78 °C, 15 min 68
65% 3%
o
TBAF, AcOH | N OH
R
° bz
THF, 23°C, 1h F7ON
69

46%

Scheme 20. Synthesis of 2-F-3-CHO nicotinaldehyde 69.

The PG was introduced with TBDMS-CI in the presence of imidazole and gave the protected

alcohol 67 in a yield of 65%. The formylation reaction was done using the beforementioned
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conditions and only gave 3% of an aldehyde-containing derivative after purification on silica.
IH NMR analysis showed the typical aldehyde proton singlet at 6 = 10.23 ppm. However, a
2Jcr coupling constant between the quaternary carbon next to the aldehyde to the fluorine
atom of 25.1 Hz indicated the formation of protected 2-fluoro-5-hydroxynicotinaldehyde
(68) (Figure 32). If the aldehyde functional group would be on the 4-position, then a 3Jcr
coupling constant should be around 8 Hz, whereas 2Jcr coupling constants are commonly

around 20 Hz, according to the literature.133
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Figure 32. Cutout of the 13C NMR spectrum of 68. C-F coupling is depicted in red.

It was then deprotected using TBAF in an acetic acid/dichloromethane mixture, and 69
could be obtained in a 43% yield. The mass showed the expected [M]* peak at m/z 141. The
two derivatives differ from the chemical shift. In the nicotinaldehyde 69, a 4Jun coupling with
a coupling constant of 3.2 Hz can be observed. The structure could further be verified by
13C NMR. Only H-F couplings can be observed in the spectrum of HINA 66, indicating a long

distance between the protons in the para position to each other (Figure 33).
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Figure 33. 1H NMR analysis of nicotinaldehyde 69 (top) and isonicotinaldehyde 66 (bottom). H-F coupling is depicted in
red, and H-H coupling is depicted in blue.

After some nicotinaldehydes were successfully synthesized, they were analyzed by UV //vis

and fluorescence spectroscopy to characterize their potential as fluorophores.
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3.2.2 UV /vis- and Fluorescence Spectroscopy of Nicotinaldehydes

This chapter contains unpublished data on UV /vis measurements of nicotinaldehydes. The
measurements were prepared by Rui KANG (AG Biedermann, INT). The results are left for

publication in this thesis and presented as an excerpt in this work (Figure 34 and Figure 35).

The previously synthesized 3-F-5-OH 61 and 2-F-5-OH 66 HINAs, as well as the 2-F-3-CHO
nicotinaldehyde 69, should be tested for their photophysical properties. Unfortunately, 3-F-
5-0OH 61 did not show the absorbance of a HINA derivative, and when another 1H NMR was
measured, it was found that the compound had already degraded and was not stable enough
for further measurements. Therefore, the characterizations were carried out only with 66

and 69 and non-fluorinated HINA for comparison.

0,30 -
0,25 0.1 N NaOH
| — HINA
— 2F-3CHO nicotinaldehyde
0,20 A — 2F-5-OH HINA
2 0,15
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Figure 34. UV/vis absorbance spectroscopy of non-fluorinated HINA, 2-F-3-CHO 69 and 2-F-5-OH HINA 66.

From the UV /vis absorbance spectrum in an aqueous NaOH solution, it can be observed that
the native HINA and 66 with absorbance maxima at A = 385 nm and A = 401 nm show a very
similar absorbance profile when compared to that of nicotinaldehyde 69 with a maximum

absorbance at A =364 nm and with another local maximum at A =312 nm, which is not
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present in the absorbance spectra of the HINA derivatives (Figure 34). Compared to the non-

fluorinated HINA, the fluorinated derivative 66 shows a redshift of 16 nm.

Fluorescence measurements of 2-F-5-OH 66 and nicotinaldehyde 69 were done in different
solvents with an excitation wavelength of Aex = 420 nm, respectively Aex = 380 nm. For the
fluorinated HINA 66, an emission maximum of around 550 nm could be observed, which is
about 25nm red-shifted compared to the non-fluorinated HINA (Figure 35).1
Nicotinaldehyde 69 did not show strong fluorescence properties, and the emission strongly

depended on the solvent used.
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Figure 35. Emission spectroscopy of 66 in different solvents (excitation wavelength Aex = 420 nm).

In summary, it can be said that 2-F-5-OH 66 showed the desired redshift of 25 nm in
fluorescence when compared to the small native HINA fluorophore. As expected, the
regioisomeric 3-CHO nicotinaldehyde 69 did not exhibit strong emissive properties,
probably due to the location of the aldehyde functional group. Despite the promising
properties of fluorinated HINA derivatives, it can be said that the instability of the
compounds and the elaborate synthesis prevent their applicability for biological

applications. However, for specific purposes requiring small, strong-emissive,
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pH-dependent fluorophores that can emit above 500 nm, HINA and fluorinated derivatives

thereof are promising candidates.
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4 Summary and Outlook

The following work was structured into two main parts. The first part presented
contributions towards non-linear optical SURMOFs by investigating the synthesis and use of
tailor-made linear linker molecules based on 4,4'-bipyridines. Different protection strategies
of the SURMOF linkers had to be considered to create a net dipole moment in the resulting
thin film structures. Furthermore, advances toward 3D-printable SURMOF structures were
investigated. In the second part, the synthesis of fluorinated HINA derivatives, promising

small fluorophores, was done, and the scaffolds were photophysical characterized.

4.1 Synthesis of Non-centrosymmetric 4,4'-Bipyridines for

SURMOF Preparation

For the preparation and investigation of SURMOF structures with a net dipole moment, non-

centrosymmetric 4,4'-bipyridines were synthesized in this work.

First, the synthesis of 4,4'-bipyridines using C-C cross-coupling reactions was investigated.
While very good yields using a SUZUKI-MIYAURA cross-coupling have already been published,
electron withdrawing substituents generally resulted in low yields. Therefore, conditions
were improved, and the yield of 2,6-difluoro-4,4'-bipyridine (3) with two electron
withdrawing fluorine substituents could be significantly improved to 84% on a gram-scale
using the Pdz(dba)s «CHCI3 catalyst in a 1,4-dioxane/water solvent system. Subsequently, a
variety of 4,4'-bipyridine-based non-centrosymmetric linkers were synthesized, having
electron donating and withdrawing substituents attached to all four available positions of
the pyridyl ring. Using the improved conditions, good to excellent yields ranging from 68-
99% were obtained (Scheme 21, for further details, see Figure 17). The synthesis of
electron donating (push) and electron withdrawing (pull) substituents on the different
pyridyl rings resulting in a greater dipole moment of the linker, was not possible. Further
investigations and optimizations must be made to fine-tune the resulting dipole moment of

the linker.
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Scheme 21. Synthesis of a diverse set of non-centrosymmetric 4,4'-bipyridines using optimized Suzuki-MIiYAURA conditions.

Next, added functionality should be incorporated into the linkers. For the attachment of a
PPG, 2-methanol-4,4'-bipyridine (2) was synthesized in a direct fashion using
(4-bromopyridin-2-yl)methanol (20), and the respective 4-pyridylboronic acid (8). A HECK
cross-coupling was employed to synthesize the alkene-containing linker 22, which could be
used to post-synthetically modify thin film structures by cross-linking the organic linkers via

a [2+2] cycloaddition (Figure 36).
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Figure 36. Synthesis of linkers with added functionalities that could be used to alter SURMOF structures post-synthetically.

In the further course of this work, non-centrosymmetric bipyridine-based linkers containing
the azo-benzene functional group for photoinduced isomerization were synthesized. A
synthesis route via an aryl triflate toward the synthesis of AzoF2BiPyB 33 was unsuccessful.
However, by selectively addressing iodine during the SUZUKI-MIYAURA cross-coupling in the
presence of a bromine atom, it was possible to synthesize 33 in four steps with an overall
yield of 26%. Additionally, the shorter methyl-substituted AzoMe2BiPy 40 and the
unsubstituted AzoBiPy 39 could be synthesized. The sensitivity to light of 40 was
investigated by 1H NMR, HPLC, and UV /vis measurements, and the PSS was determined to
be 63% when irradiated with UV light with A = 365 nm.
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On the way to SURMOFs with non-linear optical properties, different protection strategies
for the SURMOF linkers were discussed. Different PPGs were considered, and three
bipyridine-PPG conjugates were synthesized, of which two linkers used PPGs based on
coumarins (41 and 42), and the last linker, 43, was based on the NVOC PPG. The
deprotection reaction of 43 was investigated in more detail using 1H NMR, HPLC, and UV /vis.
The results proved the cleavability of the PPG around 350-365 nm. Subsequently, SURMOF
experiments using a QCM were carried out, and a mass increase analyzed the structures
during the synthesis and out-of-plane XRD measurements. However, more experimentation

is necessary to conclude the novel linkers' effectiveness safely.

Next, SURMOFs were grown with unprotected non-centrosymmetric linkers. The net dipole
moment should be achieved by the different binding energies of the pyridyl nitrogens
towards the metal clusters resulting from substitutions with electron withdrawing or
donating groups on the pyridines. It was unsuccessful in preparing crystalline SURMOFs
with 2,6-difluoro-4,4'-bipyridine (3); however, using the methyl-substituted correspondent
2, SURMOFs could be grown, and the structures were further characterized. The crystalline
nature of the resulting SURMOFs was confirmed through X-ray measurements. SHG
spectroscopy showed a strong SHG signal for the asymmetric SURMOF, whereas when a
SURMOF using unsubstituted bipyridine linkers was compared, no SHG signal could be
observed. Subsequently, XPS core level shifts of Br marker atoms were measured and
showed a built-in electric field of the asymmetric SURMOF. It was the first time non-linear
optical effects could be shown in a SURMOF material using organic non-centrosymmetric
linkers. However, it was also found that there is no perfect orientation of the linkers in the
SURMOF, meaning that further advances are necessary to make competitive SHG SURMOFs
in the future. An even more versatile linker design with push-/pull-functional groups based
on molecules that have been calculated computationally could maximize the amount of

perfectly oriented non-centrosymmetric linkers.



68 Summary and Outlook

4.2 Synthesis and Characterization of Fluorinated HINA

Derivatives

Based on recently published results that showed the potential of HINA as a small and potent
fluorophore, it was decided to red-shift the absorbance and fluorescence properties by

preparing fluorinated derivatives.

The synthesis was started with fluorinated hydroxypyridines (52-54), and the aldehydes
should be obtained via the protection with DoM protecting groups. While it was possible to
synthesize all three possible MEM-protected and formylated regioisomers (58-60), the
deprotection and isolation of the fluorinated HINAs was difficult to achieve due to good
water-solubility, volatility, and quick decomposition of the final products. 2-F-5-OH 66 and
3-F-5-0H 61 could be successfully prepared and were photophysical characterized (Figure
37). In parallel, nicotinaldehyde 2-F-3-CHO 69 was synthesized using a non-DoM PG. The
different regioisomers were characterized, and the structure was discussed using 1H and

I3C NMR spectroscopy.
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Figure 37 Synthesis of two fluorinated HINAs 66 and 61 was successful. For the 2-F-3-OH derivative, only the dimethyl
ester 65 was obtained. When a non-DoM PG was used during the synthesis, 69 was obtained.

During the photophysical characterization, it was found that 61 was not stable enough for
testing. Therefore, native HINA, 2-F-3-CHO 66, and 2-F-3-CHO 69 were measured and
compared. The fluorinated HINA 66 showed a redshift in the absorption maximum of 16 nm
compared to the non-fluorinated correspondent. Furthermore, the fluorescence maximum
was also shifted by 25 nm when comparing the two fluorophores. In contrast, 2-F-3-CHO 69
did not show the characteristics of the HINA derivatives when comparing the absorbance

profiles.

In summary, a feasible synthesis route toward fluorinated HINA derivatives was shown.

However, mostly low yields were obtained. Critical steps include the purification of
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protected aldehydes and the extraction of the fluorinated HINA derivatives. Additionally, the
volatility and instability of the compounds make the synthesis more difficult. Therefore,
additional synthesis efforts must be made before these derivatives can be used for imaging

applications.
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5 Experimental Section

5.1 General Remarks

Materials and Methods

The starting materials, solvents, and reagents were purchased from ABCR, ACROS, ALFA AESAR,
APOLLO SCIENTIFIC, CARBOLUTION, CHEMPUR, FLUKA, FLUOROCHEM, MERCK, RIEDEL-DE HAEN, SIGMA
ALDRICH, STREM, TCI, or THERMO FISHER SCIENTIFIc and used without further purification unless

stated otherwise.

Solvents of technical quality were purified with the MBRAUN solvent purification system MB

SPS5 (acetonitrile, dichloromethane, diethyl ether, tetrahydrofuran, and toluene).

Solvents of p.a. quality were purchased from AcCRos, FISHER SCIENTIFIC, SIGMA ALDRICH, ROTH, or
RIEDEL-DE HAEN and were used without further purification. Other solvents were obtained
from commercial suppliers: dry N,N-dimethylformamide (SiGMA ALDRICH, <0.005% water),
dry 1,4-dioxane (SIGMA ALDRICH, <0.005% water), dry ethanol (SIGMA ALDRICH, <0.005%
water), dry methanol (SiGMA ALDRICH, <0.005% water), dry methylene chloride (SiGmMA

ALDRICH, <0.005% water), 1,2-dimethoxyethane (SiGMA ALDRICH, <0.005% water).
Oxygen-free solvents were obtained by freeze-pump-thaw (three cycles) technique.

Air- and moisture-sensitive reactions were carried out under an argon atmosphere in oven-

dried glassware using standard Schlenk techniques.
A BERGHOF BR100 pressure reactor was used for reaction setups under high pressure.

Flat-bottom crimp neck vials from CHROMAGLOBE with aluminum crimp caps were used for

certain reactions.

Liquids were added with a stainless-steel cannula, and solids were added in a powdered

shape.

Reactions at low temperatures were cooled using flat dewars produced by ISOTHERM

(Karlsruhe) with water/ice or isopropanol/dry ice mixtures.
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Solvents were evaporated under reduced pressure at 40 °C using a rotary evaporator. For

solvent mixtures, each solvent was measured volumetrically.

Flash column chromatography was done using MERCK silica 60 (0.040 x 0.063 mm, 230-400
mesh ASTM) and quartz sand (glowed and purified with hydrochloric acid). Automated flash
column chromatography was performed using a BucHi PURE C-815 FLASH with UV and ELSD
detector. FlashPure EcoFlex Silica cartridges from BUcHI in sizes 4 g to 120 g were used for
normal-phase chromatography. The diol-modified columns used were PF-30DIOL columns

in the sizes F0004-F0030 from INTERCHIM.

For the photocleavage reactions with LED UV light (350 nm, 8 x 8W), an LZC-ICH2
photoreactor from LUZCHEM was used. For the isomerization experiments, sample irradiation
was done with a 10 W LED from LED ENGIN with an emission maximum of 365 nm. During
the irradiation, the samples were placed in a metal cooling block that maintained a constant

temperature of 22 + 2 °C.

Analytical Balance

The analytical weight balance AB204 of METTLER TOLEDO with an accuracy of 0.1 mg was

used.

Reaction Monitoring

The reactions were monitored by thin-layer chromatography (TLC) using silica-coated
aluminum plates (MERCcK, silica 60, F254). UV active compounds were detected with a UV

lamp at 254 nm and 365 nm excitation.

Melting point

Melting points were detected on an OptiMelt MPA100 device from STANFORD RESEARCH

SYSTEM.
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Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were recorded on a BRUKER Avance 400 NMR instrument at 400 MHz for
1H NMR, 101 MHz for 13C NMR, and 376 MHz for 1°F NMR, or a BRUKER Avance 500 NMR
instrument at 500 MHz for 1H NMR, 126 MHz for 13C NMR, and 470 MHz for 1°F NMR.

The NMR spectra were recorded at room temperature in deuterated solvents acquired from
EURISOTOP, SIGMA ALDRICH, or DEUTERO. Chemical shifts § were expressed in parts per million

[ppm] and referenced to:
di-chloroform (CDCI3): 7.26 ppm for 'H and 77.16 ppm for 13C
ds-methanol (CD30D): 3.31 ppm for 'H and 49.00 ppm for 13C
dsz-acetonitrile (CD3CN): 1.94 ppm for 1H and 118.26 ppm for 13C

For the characterization of centrosymmetric signals, the signal’s median point was chosen
for multiplets in the signal range. The following abbreviations were used to describe the
proton splitting pattern: d = doublet, t = triplet, m = multiplet, dd = doublet of the doublet,
ddd = doublet of doublet of the doublet, dt = doublet of the triplet, q = quartet. Absolute
values of the coupling constants “J” are given in Hertz [Hz] in absolute value and decreasing
order. Signals of the 13C spectrum were assigned by phase-edited heteronuclear single
quantum coherence (HSQC). For assignments of complex structures, heteronuclear multiple

bond correlation (HMBC) was measured and analyzed.

Infrared Spectroscopy (IR)

For solids, IR spectra were recorded on a BRUKER IFS 88 using ATR (attenuated total
reflection). All spectroscopy samples were analyzed at room temperature. The position of
the absorption is given in wave numbers U [cml] and was measured in the range from

3600 cm! to 500 cm-.

Characterization of the absorption bands was done in dependence on the absorption
strength with the following abbreviations: vs. (very strong, 0-9%), s (strong, 10-39%), m
(medium, 40-69%), w (weak, 70-89%), vw (very weak, 90-100%).
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Mass Spectrometry (MS)

Electron ionization (EI) experiments were conducted using a FINNIGAN, MAT 90 (70 eV)
instrument, with 3-nitrobenzyl alcohol (3-NBA) as matrix and reference for high resolution.
For the interpretation of the mass spectra, the molecular ion [M]*, peaks of pseudo
molecules, such as [M + H]*, and characteristic fragments are indicated as mass per charge
ratio (m/z) and their intensity given in percent, relative to the main peak (100%). In the case

of the high-resolution MS, the tolerated error is +5 ppm of the molecular mass.

ESI experiments were recorded on a Q-Exactive (Orbitrap) mass spectrometer (THERMO
FISHER SCIENTIFIC) equipped with a HESI II probe to record high resolution. The tolerated
error is 5 ppm of the molecular mass. The spectra were interpreted by molecular peaks
[M]*, peaks of protonated molecules [M+H]* and characteristic fragment peaks and indicated

with their mass-to-charge ratio (m/z).
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5.2 Characterization of Compounds

5.2.1 Bipyridines
2-Methyl-4,4'-bipyridine (1)

4-bromo-2-methylpyridine (500 mg, 291 mmol, 1.00 equiv),

N
| h 4-pyridylboronic acid (429 mg, 3.49 mmol, 1.20 equiv), potassium
=
phosphate (1.23 g, 5.81 mmol, 2.00 equiv), tricyclohexylphosphane
= (81.5 mg, 291 umol, 10 mol%) and tris(dibenzylideneacetone)dipalladium

\N CHj, chloroform (150 mg, 145 pumol, 5 mol%) were combined with a degassed
mixture of 1,4-dioxane (14.0 mL) and water (6.00 mL). After stirring for

17.5h at 90 °C, the mixture was cooled to 21 °C, extracted with dichloromethane, and washed
with water and brine. The combined organic phase was dried over sodium sulfate and
filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using dichloromethane with 2% to 5%
methanol to yield the title compound (681 mg, 4.00 mmol, 99% yield) was obtained as a

yellow solid.
m.p.: 91 °C
Re=0.26 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CD2Clz, ppm) & = 8.72-8.67 (m, 2H, 2'- and 6'-CH), 8.58 (dd, J = 5.2, 0.8
Hz, 1H, 6-CH), 7.58-7.49 (m, 2H, 3'- and 5'-CH), 7.41 (s, 1H, 3-CH), 7.35 (dd, ] = 5.2, 2.0 Hz,
1H, 5-CH), 2.61 (s, 3H, CHs3).

13C NMR (126 MHz, CD2Clz, ppm) & = 160.0 (2-Cq), 151.0 (2'- and 6'-CH, 2C), 150.3 (6-CH),
146.1 (4'-Cq), 146.0 (4-Cq), 121.8 (3'- and 5'-CH, 2C), 121.2 (3-CH), 118.8 (5-CH), 24.7 (CH3).

IR (ATR, cm1) ¥ = 3026 (m), 2979 (w), 2972 (w), 2963 (w), 2919 (m), 2884 (w), 2850 (w),
1592 (vs), 1536 (m), 1473 (m), 1459 (w), 1445 (m), 1419 (w), 1412 (w), 1392 (s), 1370 (w),
1290 (w), 1217 (w), 1211 (w), 986 (s), 858 (m), 815 (vs), 618 (vs), 601 (m), 552 (m), 528
(vs), 448 (s), 401 (vs).

MS (EI, 70 eV) m/z (%) = 171 (10) [M+H]*, 170 (100) [M]*, 169 (9) [M-H]*.

HRMS (EI, [M]*, C11H10N2) calcd.: 170.0838, found: 170.0838.
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3-Methyl-4,4'-bipyridine (15)

N 4-bromo-3-methylpyridine hydrochloride (834 mg, 4.00 mmol, 1.00 equiv),

| /\ 4-pyridylboronic acid (590 mg, 4.80 mmol, 1.20 equiv), potassium phosphate
(2.55 g, 12.0 mmol, 3.00 equiv), tricyclohexylphosphane (112 mg, 401 ymol,

= CHs 10 mol%) and tris(dibenzylideneacetone)dipalladium chloroform (207 mg,
\N | 200 pumol, 5 mol%) were combined with a degassed mixture of 1,4-dioxane

(14.0 mL) and water (6.00 mL). After stirring for 17.5 h at 90 °C, the mixture was cooled to
21 °C, extracted with dichloromethane, and washed with water and brine. The combined
organic phase was dried over sodium sulfate and filtered, and the solvent was removed
under reduced pressure. The crude product was purified via flash-chromatography on silica
gel using dichloromethane with 2% to 5% methanol to yield the title compound (674 mg,

3.96 mmol, 99% yield) was obtained as an orange solid.
m.p.: 89 °C
Re=0.33 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CD2Clz, ppm) & = 8.70-8.64 (m, 2H, 2'- and 6'-CH), 8.52 (s, 1H, 2-CH), 8.48
(d,] = 4.9 Hz, 1H, 6-CH), 7.29-7.24 (m, 2H, 3'- and 5'-CH), 7.14 (d, ] = 4.9 Hz, 1H, 5-CH), 2.27
(s, 3H, CH3).

13C NMR (126 MHz, CD2Clz, ppm) & = 152.0 (2-CH), 150.4 (2'- and 6'-CH, 2C), 148.0 (6-CH),
147.2 (4'-Cq), 146.7 (4-Cq), 130.6 (3-Cq), 123.8 (3'- and 5'-CH, 2C), 123.6 (5-CH), 17.2 (CH3).

IR (ATR, cm-1) ¥ = 2922 (m), 2849 (w), 1585 (s), 1557 (w), 1537 (w), 1480 (m), 1446 (m),
1407 (vs), 1378 (m), 1303 (w), 1215 (w), 1159 (m), 1079 (w), 1057 (w), 1040 (w), 989 (m),
856 (w), 829 (vs), 813 (s), 759 (w), 751 (w), 734 (w), 626 (s), 581 (vs), 534 (vs), 494 (w),
479 (w), 475 (w), 443 (w), 433 (m), 409 (w), 394 (m).

MS (EI, 70 eV) m/z (%) = 171 (13) [M+H]*, 170 (100) [M]*, 169 (53) [M-H]*, 168 (7), 143
(31), 142 (17), 141 (5), 117 (5), 115 (12), 89 (5).

HRMS (EI, [M]*, C11H10N2) calcd.: 170.0838, found: 170.0840.
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2,6-Dimethyl-4-pyridin-4-ylpyridine (2)

N 4-bromo-2,6-dimethylpyridine (501 mg, 2.69 mmol, 1.00 equiv),
N
| P 4-pyridylboronic acid (397 mg, 3.23 mmol, 1.20 equiv), potassium
phosphate (1.14 g, 5.39 mmol, 2.00 equiv), tricyclohexylphosphane
=

| (75.5 mg, 269 umol, 10 mol%) and tris(dibenzylideneacetone)-
H5C \N CH; dipalladium chloroform (139 mg, 134 ymol, 5 mol%) were combined
with a degassed mixture of 1,4-dioxane (7.00 mL) and water (3.00 mL). After stirring for
17.5h at 90 °C, the mixture was cooled to 21 °C, extracted with dichloromethane, and washed
with water and brine. The combined organic phase was dried over sodium sulfate and
filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using dichloromethane with 2% to 5%
methanol to yield the title compound (496 mg, 2.69 mmol, quant.) as an orange hygroscopic

solid.
m.p.: 56 °C
Re=0.27 (dichloromethane 5% methanol)

1H NMR (500 MHz, CDCls, ppm) & = 8.73-8.67 (m, 2H, 2'- and 6'-CH), 7.53-7.47 (m, 2H, 3'-
and 5'-CH), 7.19 (s, 2H, 3- and 5-CH), 2.61 (s, 6H, 2- and 6-CHs).

13C NMR (126 MHz, CDCls, ppm) & = 158.9 (2- and 6-Cg), 150.7 (2'- and 6'-CH), 146.3-146.3
(4- and 4'-Cq), 121.6 (3'- and 5'-CH), 118.2 (3- and 5-CH), 24.8 (2- and 6-CH3).

IR (ATR, cm-1) ¥ = 3027 (w), 2980 (w), 2921 (m), 2851 (w), 1595 (vs), 1572 (s), 1541 (vs),
1395 (s), 1215 (m), 989 (m), 819 (vs), 647 (vs), 561 (s), 459 (s).

MS (EL 70 eV) m/z (%) = 185 (15) [M+H]*, 184 (100) [M]*, 183 (6) [M-H]", 168 (4), 142 (4),
115 (6).

HRMS (EI, [M]*, C12H12N2) calcd.: 184.0995, found: 184.0995.
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2-Fluoro-4,4'-bipyridine (13)

N\ 2-fluoro-4-iodopyridine (1.11 g, 5.00 mmol, 1.00 equiv), 4-pyridylboronic acid

| _ (738 mg, 6.00 mmol, 1.20 equiv), tris(dibenzylidenacetone)dipalladium
chloroform (25.9 mg, 25.0 umol, 5 mol%), tricyclohexylphosphane (16.8 mg,

= | 60.0 umol, 12 mol%) and potassium phosphate (2.12 g, 10.0 mmol, 2.00 equiv)
F N were combined with a degassed mixture of 1,4-dioxane (12.0 mL) and water
(5.00 mL). After stirring for 16 h at 110 °C, the mixture was cooled to 21 °C, extracted with
ethyl acetate, and washed with water and brine. The combined organic phase was dried over
sodium sulfate and filtered, and the solvent was removed under reduced pressure. The crude
product was purified via flash-chromatography on silica gel using dichloromethane with 5%

methanol to yield the title compound (779 mg, 4.47 mmol, 89% yield) as a colorless solid.
m.p.: 212 °C
Re=0.45 (dichloromethane + 5% methanol)

1H NMR (400 MHz, CDCls, ppm) 6 = 8.79-8.73 (m, 2H), 8.35 (d, ] = 5.3 Hz, 1H), 7.55-7.49 (m,
2H), 7.43 (ddd, /= 5.2,1.7,] = 1.7 Hz, 1H), 7.19-7.14 (m, 1H).

13C NMR (101 MHz, CDCl3, ppm) 6 = 164.7 (d, ] = 239.4 Hz), 151.4 (d, ] = 8.0 Hz), 151.0 (2C),
148.8 (d, J = 15.3 Hz), 144.5 (d, ] = 3.3 Hz), 121.5 (2C), 119.5 (d, J = 4.2 Hz), 107.6 (d, ] =
38.5 Hz).

19F NMR (376 MHz, CDCls, ppm) & = -66.8 (2-CF).

IR (ATR, cm1) v = 3070 (w), 3044 (w), 3023 (w), 2965 (w), 2945 (w), 2927 (w), 2887 (w),
2863 (w), 1619 (w), 1609 (w), 1596 (vs), 1574 (w), 1537 (m), 1475 (m), 1417 (w), 1398
(vs), 1346 (w), 1336 (w), 1317 (m), 1289 (w), 1247 (w), 1221 (w), 1200 (s), 1126 (w), 1096
(w), 1078 (w), 1058 (w), 990 (m), 966 (w), 894 (s), 857 (m), 815 (vs), 737 (m), 667 (w), 640
(w), 616 (vs), 558 (s), 535 (vs), 497 (w), 482 (w), 469 (w), 439 (vs), 381 (w).

MS (EL, 70 eV), m/z (%): 293 (17), 281 (29), 262 (34), 243 (28), 231 (31), 181 (58), 175 (11)
[M+H]*, 174 (100) [M]*, 173 (25), 162 (5), 147 (8), 134 (6), 131 (14), 121 (6).

HRMS (EI, [M]*, C10H7N2F) calcd.: 174.0588, found: 174.0589.



78 Experimental Section

2-Trifluoromethyl-4,4'-bipyridine (14)

4-iodopyridine (471 mg, 2.30 mmol, 1.00 equiv), 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-2-(trifluoromethyl)pyridine (691 mg, 2.53 mmol,
1.10 equiv), potassium carbonate (795 mg, 5.75 mmol, 2.50 equiv),
triphenylphosphine (60.3 mg, 230 umol, 10 mol%) and palladium(II) acetate

A 7N/

F5C (25.8 mg, 115 umol, 5 mol%) were combined with a degassed mixture of
tetrahydrofuran (10.0 mL) and water (2.00 mL). After stirring for 20 h at 70 °C, the mixture
was cooled to 21 °C, extracted with dichloromethane, and washed with water and brine. The
combined organic phase was dried over sodium sulfate and filtered, and the solvent was
removed under reduced pressure. The crude product was purified via flash-chromatography
on silica gel using dichloromethane with 2% to 10% methanol to yield the title compound

(434 mg, 1.93 mmol, 84% yield) as a colorless solid.
m.p.: 86 °C
Rf=0.08 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCls, ppm) 6 = 8.84 (d, / = 5.1 Hz, 1H, 6-CH), 8.80-8.75 (m, 2H, 2'- and
6'-CH), 7.90 (d, ] = 1.7 Hz, 1H, 3-CH), 7.72 (dd, ] = 5.1, 1.7 Hz, 1H, 5-CH), 7.57-7.53 (d, ] = 4.6
Hz, 2H, 3'- and 5'-CH).

13C NMR (126 MHz, CDCls, ppm) & = 151.1 (d, ] = 5.9 Hz, 2C, 2'- and 6'-CH), 149.5 (q, ] = 34.9
Hz, 2-Cq-CF3), 147.6 (4-Cy), 144.3 (4'-Cq), 132.7 (d, ] = 104.0 Hz), 124.2 (5-CH), 121.5 (2C, 3'-
and 5'-CH), 121.5 (q, ] = 274.5 Hz, 2-CCF3), 118.5 (q, ] = 2.8 Hz, 3-CH).

19F NMR (376 MHz, CDCl3, ppm) & = -68.0 (2-CF3).

IR (ATR, cm™1) ¥ = 3210 (w), 3197 (w), 3163 (w), 3098 (w), 3085 (w), 3061 (w), 3044 (w),
2951 (w), 2922 (w), 2866 (w), 1741 (vw), 1595 (m), 1540 (w), 1426 (m), 1409 (m), 1341
(m), 1327 (s), 1305 (w), 1269 (m), 1237 (w), 1224 (m), 1186 (vs), 1120 (vs), 1109 (vs), 1086
(vs), 1054 (vs), 1028 (m), 987 (m), 969 (w), 905 (m), 873 (m), 850 (w), 836 (m), 819 (vs),
755 (w), 745 (m), 721 (m), 696 (m), 686 (vs), 654 (m), 613 (vs), 584 (m), 552 (m), 540 (s),
518 (vs), 462 (w), 433 (w), 418 (m), 402 (w).

MS (EI, 70 eV) m/z (%) = 225 (11) [M+H]*, 224 (100) [M]*, 223 (3) [M-H]*, 205 (3), 203 (4),
156 (3), 155 (25), 128 (4), 102 (4), 101 (3), 51 (3).

HRMS (EI, [M]*, C11H7N2 F3) caled.: 224.0556, found: 224.0555.
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2,6-Difluoro-4,4'-bipyridine (3)15

2,6-Difluoro-4-iodopyridine  (1.10 g 456 mmol, 1.00 equiv),
4-pyridylboronic acid (673 mg, 5.48 mmol, 1.20 equiv), potassium carbonate
(1.94 g, 9.13 mmol, 2.00 equiv), tricyclohexylphosphane (128 mg, 456 ymol,

10 mol%) and tris(dibenzylideneacetone)dipalladium chloroform (236 mg,

N N S

F N F 228 pmol, 5mol%) were combined with a degassed mixture of
tetrahydrofuran (20.0 mL) and water (4.00 mL). After stirring for 18 h at 90 °C, the mixture
was cooled to 21 °C, extracted with dichloromethane, and washed with water and brine. The
combined organic phase was dried over sodium sulfate and filtered, and the solvent was
removed under reduced pressure. The crude product was purified via flash-chromatography
on silica gel using dichloromethane with 2% to 5% methanol to yield the title compound

(736 mg, 3.83 mmol, 84% yield) as a colorless solid.
m.p.: 205 °C
Re=0.54 (chloroform/acetone/methanol/NHs, 150:40:9:1)

1H NMR (500 MHz, CDCls, ppm) & = 8.69-8.66 (m, 2H, 2'- and 6'-CH), 7.52-7.47 (m, 2H, 3-
and 5-CH), 7.04 (s, 2H, 3- and 5-CH).

13C NMR (126 MHz, CDCl3, ppm) & = 162.4 (dd, ] = 248 Hz, ] = 15.8 Hz, 2C, 2- and 6-CF), 155.4
(dd, J = 8.0 Hz, 4'-Cq), 150.5 (2C, 2'-CH and 6'-CH), 144.0 (dd, J = 3.2 Hz, 4-Cy), 121.6 (2C, 3'-
CH and 5'-CH), 104.5-104.1 (m, 2C, 3- and 5- CH).

19F NMR (376 MHz, CDCl3, ppm) & = -66.8 (2- and 6-CF).

IR (ATR, cm-1) ¥ = 3072, 3027, 2959, 2922, 2898, 2851, 1945, 1625, 1598, 1575, 1551, 1531,
1506, 1439, 1425, 1404, 1361, 1336, 1266, 1220, 1210, 1128, 1078, 1027, 992, 967, 877,
822, 650, 642, 608, 551, 479.

MS (EL 70 eV) m/z (%) =193 (12%) [M+H]*, 192 (100%) [M]*, 191 (23%) [M-H]*, 190
(31%), 181 (17%), 162 (16%).

HRMS (EI, [M]*, C10H6F2N2) calcd.: 192.0499, found: 192.0500.
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2,6-Dichloro-4,4'-bipyridine (16)

N 2,6-dichloro-4-iodopyridine (500 mg, 1.83 mmol, 1.00 equiv),

N

| _ 4-pyridylboronic acid (270 mg, 2.20 mmol, 1.20 equiv), tricyclohexyl-
phosphane (61.4 mg, 219 umol, 12 mol%), potassium phosphate (775 mg,

Z | 3.65 mmol, 2.00 equiv) and tris(dibenzylideneacetone)dipalladium

Cl \N Cl chloroform (18.9 mg, 18.3 umol, 10 mol%) were combined with a
degassed mixture of 1,4-dioxane (8.00 mL) and water (3.00 mL). After stirring for 18 h at 90
°C, the mixture was cooled to 21 °C, extracted with dichloromethane, and washed with water
and brine. The combined organic phase was dried over sodium sulfate and filtered, and the
solvent was removed under reduced pressure. The crude product was purified via automatic

flash-chromatography on silica gel using dichloromethane with 1% to 11% methanol to yield

the title compound (305 mg, 1.36 mmol, 74%) as a yellow solid.
m.p.: 184 °C
Re=0.52 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCls3, ppm) 6 = 8.81-8.75 (m, 2H, 2'- and 6'-CH), 7.50 (s, 2H, 3- and 5-
CH), 7.49-7.47 (m, 2H, 3'- and 5'-CH).

13C NMR (126 MHz, CDCls, ppm) & = 151.7 (2- and 6-Cq), 151.2 (4-Cq), 151.2 (2'- and 6'-CH),
143.2 (4'-Cq), 121.4 (3- and 5-CH), 121.0 (3'- and 5'-CH).

IR (ATR, cm-1) ¥ =3041 (v-C-H, w), 2928 (w), 1943 (vw), 1578 (vs), 1519 (s), 1366 (vs), 1171
(s), 1125 (s), 982 (w), 881 (w), 809 (vs), 628 (vs), 547 (m), 462 (w), 432 (m).

MS (EL 70 eV, 20 °C, %) m/z = 228 (11) [M (37Cl2)]*, 227 (7), 226 (62) [M (37CI35CI)]*, 225
(12), 224 (100) [M (35Cl2)] +, 191 (15) [M-CI]+, 190 (6), 189 (44) [M-Cl]*, 127 (16), 126 (9),
51 (13).

HRMS (EI, [M]*, C10H6N23>Cl2) calcd.: 223.9903, found: 223.9904.
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3,5-Dichloro-4,4'-bipyridine (17)

N 3,5-dichloro-4-iodopyridine (500 mg, 1.83 mmol, 1.00 equiv),

| /\ 4-pyridylboronicacid (270 mg, 2.19 mmol, 1.20 equiv), tris(dibenzylidene-

cl cl acetone)dipalladium chloroform (94.8 mg, 91.6 umol, 5 mol%),
= | tricyclohexylphosphane (61.7 mg, 220 ymol, 12 mol%) and potassium

\N carbonate (776 mg, 3.65 mmol, 2.00 equiv) were combined with a

degassed mixture of 1,4-dioxane (8.00 mL) and water (3.00 mL). After stirring for 18 h at
90 °C, the mixture was cooled to 21 °C, extracted with dichloromethane, and washed with
water and brine. The combined organic phase was dried over sodium sulfate and filtered,
and the solvent was removed under reduced pressure. The crude product was purified via
flash-chromatography on silica gel using dichloromethane with 2% to 5% methanol to yield

the title compound (284 mg, 1.26 mmol, 69% yield) as yellow crystals.
m.p.: 109 °C
Re=0.60 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) 6 = 8.80-8.77 (m, 2H, 2'- and 6'-CH), 8.62 (s, 2H, 2- and 6-
CH), 7.24-7.21 (m, 2H, 3'- and 5'-CH).

13C NMR (126 MHz, CDCl3, ppm) & = 150.3 (2C, 2'- and 6'-Cy), 148.0 (2C, 2- and 6-Cq), 144.0
(4-Cq), 141.8 (4'-Cq), 131.2 (2C, 3- and 5- Cq), 123.6 (2C, 3' and 5'-CH).

IR (ATR, cm-1) ¥ = 3070 (vw), 3026 (vw), 2925 (w), 2850 (w), 1963 (vw), 1868 (vw), 1817
(w), 1718 (vw), 1601 (w), 1544 (m), 1412 (m), 1401 (m), 1384 (s), 1218 (s), 1205 (s), 884
(m), 800 (vs), 748 (s), 632 (s), 581 (vs).

MS (EI 70 eV) m/z (%) = 228 (10) [M (3Cl2)]*, 227 (6), 226 (59) [M (37CI35C)]*, 225 (12),
224 (100) [M (35Cl2)]*, 191 (6) [M-Cl]*, 189 (20) [M-C]*, 162 (8), 153 (12), 127 (9), 126 (9),
99 (11), 74 (11), 51 (7).

HRMS (EI, [M]*, C10H6N23°Cl2) calcd.: 223.9903, found: 223.9902.
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4-(Pyridin-4-yl)quinoline (18)

N\ 4-bromoquinoline (500 mg, 2.88 mmol, 1.00 equiv), 4-pyridylboronic acid

| P (355 mg, 2.88 mmol, 1.20 equiv), tris(dibenzylideneacetone)dipalladium
chloroform (149 mg, 144 umol, 5mol% equiv), tricyclohexylphosphane

= | (80.9mg, 288 pmol, 0.100 equiv) and potassium carbonate (1.02 g,
\N 4.81 mmol, 2.00 equiv) were combined with a degassed mixture of

1,4-dioxane (7.00 mL) and water (3.00 mL). After stirring for 18 h at 90 °C, the mixture was
cooled to 21 °C, extracted with dichloromethane, and washed with water and brine. The
combined organic phase was dried over sodium sulfate and filtered, and the solvent was
removed under reduced pressure. The crude product was purified via flash-chromatography
on silica gel using dichloromethane with 2% to 5% methanol to yield the title compound

(448 mg, 2.17 mmol, 90% yield) as a yellow hygroscopic solid.

m.p.: 88 °C

Re=0.29 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) & = 8.98 (d, J = 4.4 Hz, 1H, CH), 8.82-8.75 (m, 2H, CH), 8.20
(d,J = 8.4 Hz, 1H, CH), 7.81 (dd, ] = 8.4, 1.8 Hz, 1H, CH), 7.76 (ddd, ] = 8.4, 6.9, 1.4 Hz, 1H, CH),

7.54 (ddd, ] = 8.4, 6.9 Hz, 1.4 Hz, 1H, CH), 7.46-7.41 (m, 2H, CH), 7.32 (d, ] = 4.3 Hz, 1H, CH).

The spectrum contains traces of grease.

13C NMR (126 MHz, CDCls, ppm) & = 150.3 (2C, 2P,6P-CH), 150.1 (1C, 2-CH), 148.8 (1C, 8a-
Cq), 146.0 (1C, 4Pv-Cg), 145.6 (1C, 4-Cq), 130.3 (1C, 8-CH), 129.9 (1C, 7-CH), 127.4 (1C, 6-CH),
125.9 (1C, 4a-Cy), 125.1 (1C, 5-CH), 124.4 (2C, 37,5P-CH), 121.1 (1C, 3-CH). The spectrum

contains traces of grease.

IR (ATR, cm-1) v = 3068 (w), 3031 (w), 2999 (w), 2925 (w), 2850 (w), 1935 (vw), 1581 (s),
1407 (m), 833 (s), 815 (s), 776 (vs), 609 (vs), 568 (vs), 414 (s).

MS (EI, 70 eV) m/z (%) = 207 (13) [M+H]*, 206 (100) [M]*, 205 (65) [M-H]*, 179 (7), 178
(11), 152 (5), 151 (11), 58 (6).

HRMS (EI, [M]*, C14H10N2) calcd.: 206.0838, found: 206.0839.
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[4,4'-Bipyridin]-2-ylmethanol (19)

N\ (4-Bromopyridin-2-yl)methanol (230 mg, 1.22 mmol, 1.00 equiv),
| _ 4-pyridylboronic acid (226 mg, 1.83 mmol, 1.50 equiv), 4 M aqueous
solution of sodium carbonate (972 mg, 9.17 mmol, 7.50 equiv) and

= | tetrakis(triphenylphosphane)palladium(0) (141 mg, 122 pymol, 10 mol%)
\N OH were combined with degassed 1,2-dimethoxyethane (5.00 mL). After

stirring for 20 h at 100 °C, the reaction mixture was cooled to 21 °C, extracted with ethyl
acetate, and washed with water and brine. The combined organic phase was dried over
sodium sulfate and filtered, and the solvent was removed under reduced pressure. The crude
product was purified via flash-chromatography on silica gel using dichloromethane with 5%

methanol to yield the title compound (158 mg, 851 umol, 70% yield) as a colorless solid.
m.p.: 91 °C
Re= 0.35 (cyclohexane/ethyl acetate, 1:1)

1H NMR (400 MHz, CDCl3, ppm) & = 8.78-8.71 (m, 2H, 2'- and 6'-CH), 8.68 (dd, ] = 5.2, 0.9 Hz,
1H, 6-CH), 7.56-7.53 (m, 2H, 3'- and 5'-CH), 7.53-7.51 (m, 1H, 3-CH), 7.47-7.43 (m, 1H, 5-
CH), 4.87 (s, 2H, CH2), 3.62 (s, 1H, OH).

13C NMR (101 MHz, CDCl3, ppm) & = 160.5 (2-Cg), 150.9 (2C, 2'- and 6'-CH), 149.6 (6-CH),
146.6 (4-Cq), 145.7 (4'-Cq), 121.6 (2C, 3'- and 5'-CH), 120.4 (5-CH), 118.3 (3-CH), 64.5 (CHz).

IR (ATR, cm1) ¥ = 3123 (m), 3047 (m), 3030 (m), 2969 (w), 2945 (w), 2919 (w), 2866 (w),
2829 (m), 2825 (m), 2715 (w), 2645 (w), 2639 (w), 1608 (w), 1592 (vs), 1567 (m), 1536 (s),
1499 (w), 1479 (w), 1442 (w), 1421 (w), 1401 (vs), 1364 (s), 1332 (w), 1303 (m), 1241 (w),
1215 (w), 1207 (w), 1118 (w), 1078 (w), 1065 (w), 1033 (vs), 1006 (m), 989 (m), 973 (m),
912 (m), 877 (w), 863 (m), 822 (vs), 745 (s), 732 (s), 674 (w), 660 (w), 618 (vs), 575 (vs),
540 (vs), 518 (m), 463 (vs), 428 (w), 405 (m), 382 (w).

MS (EL 70 eV) m/z (%) = 281 (12), 269 (17), 231 (15), 219 (22), 187 (11) [M+H]",
186 (86) [M]*, 185 (100) [M-H]*, 181 (27), 169 (31), 157 (41), 156 (21), 155 (26), 131 (27),
119 (27), 100 (6), 77 (6), 69 (85), 51 (6).

HRMS (EI, [M]*, C11H10N20) calcd.: 186.0788, found: 186.0786.
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2,6-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (38)

w 4-Bromo-2,6-dimethyl-pyridine (1.00 g, 5.37 mmol, 1.00 equiv), B2Pin2

(1.50 g, 5.91 mmol, 1.10 equiv), palladium(II) acetate (60.3 mg,

269 umol, 5 mol% equiv), tricyclohexylphosphane (151 mg, 537 umol,

| N 10 mol%) and potassium acetate (1.32 g, 13.4 mmol, 2.50 equiv) were

HsC N CHj combined with degassed 1,4-dioxane (20.0 ml). After stirring for 18 h

at 110 °C, the mixture was cooled to 21 °C and filtered through a short

plug of Celite® with dichloromethane. The solvent was removed under reduced pressure,

and the crude was redissolved in chloroform. It was washed with water, dried over sodium

sulfate, and suspended over activated charcoal (2.0 g) for two hours. It was filtered, and the

solvent was removed under reduced pressure. The crude product was purified via

sublimation at 0.100 mbar and 65 °C to yield the title compound (804 mg, 3.45 mmol, 64%
yield) as white hygroscopic crystals.

Re=0.14 (dichloromethane/methanol, 4:1)

1H NMR (500 MHz, CDCls, ppm) 6 = 7.30 (s, 2H, 3- and 5-CH), 2.52 (s, 6H, 2- and 6-CH3), 1.34
(s, 12H, 4 x CH3).

13C NMR (126 MHz, CDCls, ppm) 6 = 157.2 (2C, 2- and 6-Cq), 125.4 (2C, 3- and 5-CH), 84.5
(2C, 2 x Cq(CH3)2), 25.0 (4C, 4 x CH3), 24.3 (2C, 2- and 6-CH3). 4-Cqis not visible due to boron.

IR (ATR, cm-1) ¥ = 3048 (vw), 2978 (m), 2928 (w), 1632 (w), 1548 (w), 1519 (w), 1473 (w),
1452 (w), 1390 (vs), 1371 (vs), 1358 (vs), 1322 (vs), 1249 (s), 1213 (m), 1163 (m), 1142
(vs), 1116 (vs), 1007 (w), 983 (w), 963 (m), 891 (m), 871 (w), 849 (vs), 734 (m), 694 (w),
674 (vs), 578 (w), 562 (w), 523 (w), 449 (w), 414 (w).

MS (EL 70 eV) m/z (%) =234 (10), 233 (70) [M(!!B) +H]*, 232 (18) [M(1!B)]*, 231 (8)
[M(1°B)]*, 218 (33), 217 (8), 181 (41), 176 (8), 148 (13), 147 (100), 134 (33), 133 (37), 132
(11), 131 (43), 129 (13), 119 (8), 100 (9), 69 (78), 59 (14), 58 (13).

HRMS (EI, [M]*, C13H2002N11B) calcd.: 233.1582, found: 233.1581.
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2',6'-Dimethyl-[4,4'-bipyridin]-3-amine (37)
4-bromopyridin-3-amine (215 mg, 1.24 mmol, 1.00 equiv),
2,6-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
NH, (38) (348 mg, 1.49 mmol, 1.20 equiv), potassium phosphate (527 mg,
2.48 mmol, 2.00 equiv), tricyclohexylphosphane (34.8 mg, 124 ymol,

A N S

H;C
(64.2 mg, 62.0 umol, 5 mol%) were combined with a degassed mixture of 1,4-dioxane

CH, 10 mol%) and tris(dibenzylideneacetone)dipalladium chloroform

(5.00 mL) and water (2.10 mL). After stirring for 17.5 h at 90 °C, the mixture was cooled to
21 °C, extracted with dichloromethane, and washed with water and brine. The combined
organic phase was dried over sodium sulfate and filtered, and the solvent was removed
under reduced pressure. The crude product was purified via flash-chromatography on silica
gel using dichloromethane with 2% to 5% methanol to yield the title compound (115 mg,
577 umol, 46% yield) as an orange solid.

m.p.: 168 °C
Re¢= 0.24 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) & = 8.18 (s, 1H, 2-CH), 8.08 (d, ] = 4.9 Hz, 1H, 6-CH), 7.06 (s,
2H, 3'- and 5'-CH), 7.00 (d, ] = 4.9 Hz, 1H, 5-CH), 3.80 (s, 2H, NH2), 2.59 (s, 6H, 2'- and 6'-CH).

13C NMR (126 MHz, CDCl3, ppm) 6 = 159.0 (2C, 2'- and 6'-Cy), 145.6 (Cq), 140.4 (6-CH), 139.5
(Cq), 138.6 (2-CH), 131.2, 123.6 (5-CH), 119.7 (2C, 3'- and 5'-CH), 24.8 (2C, 2'- and 6'-CHs3).

IR (ATR, cm-1) V = 3336 (m), 3160 (s), 2921 (w), 2850 (w), 1738 (vw), 1656 (w), 1608 (s),
1588 (s), 1565 (vs), 1541 (s), 1500 (m), 1422 (vs), 1400 (vs), 1374 (m), 1324 (s), 1295 (m),
1238 (s), 1220 (s), 1064 (s), 1028 (m), 870 (m), 815 (vs), 759 (m), 735 (m), 664 (m), 653
(vs), 626 (s), 596 (m), 572 (s), 551 (s), 540 (vs), 518 (s), 480 (s), 463 (m), 449 (s), 409 (m),
394 (m).

MS (EL 70 eV) m/z (%) = 200 (14) [M+H]*, 199 (100) [M]*, 198 (15) [M-H]*, 184 (10), 169
(5), 158 (6), 157 (8), 69 (13).

HRMS (EI, [M]*, C12H13N3) calcd.: 199.1104, found: 199.1104.
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(E)-2,6-dimethyl-3'-(phenyldiazenyl)-4,4'-bipyridine (40)

N 2',6'-dimethyl-[4,4'-bipyridin]-3-amine  (37) (73.0 mg,

| N 366 umol, 1.00 equiv) was combined with pyridine (1.00 mL),

N \© and tetramethylammonium hydroxide (1.07 g 1.07 mlL,
- | 2.93 mmol, 8.00 equiv) solution was added. It was heated up to
H,C N CH, 80 °C, and a solution of nitrosobenzene (58.9 mg, 57.7 uL,
550 umol, 1.50 equiv) in pyridine (1.50 mL) was slowly added over 60 minutes via a syringe
pump. After stirring for another 4 hours at 80 °C it was extracted with ethyl acetate and
washed with water and brine. The combined organic phase was dried over sodium sulfate
and filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using dichloromethane with 2% to 6%

methanol in darkness to yield the title compound (98.4 mg, 341 umol, 93% yield) as a purple

solid.
m.p.: 143 °C
Re=0.33 (dichloromethane + 5% methanol)

1TH NMR (500 MHz, CDCl3, ppm) 6 = 8.90 (s, 1H, 2'-CH), 8.75 (d, / = 5.1 Hz, 1H, 6'-CH), 7.85-
7.78 (m, 2H, 2 x phenyl-CH), 7.53-7.49 (m, 3H, 3 x phenyl-CH), 7.48 (d, ] = 5.1 Hz, 1H, 5'-CH),
7.09 (s, 2H, 3- and 5-CH), 2.60 (s, 6H, 2 x CH3).

13C NMR (126 MHz, CDCls, ppm) 6§ = 157.8 (2C, 2- and 6-Cy), 152.8 (phenyl-Cy), 151.4 (6'-CH),
144.8, 144.7 (2C), 138.8 (2'-CH), 132.1 (phenyl-CH), 129.4 (2C, 2 x phenyl-CH), 124.1 (5'-
CH), 123.5 (2C, 2 x phenyl-CH), 121.7 (2C, 3- and 5-CH), 24.7 (2C, 2- and 6-CHs).

IR (ATR, cm1) v = 3036 (w), 3004 (w), 2918 (w), 1606 (w), 1582 (s), 1568 (m), 1536 (s),
1489 (w), 1468 (w), 1458 (w), 1445 (w), 1409 (w), 1390 (m), 1303 (w), 1227 (w), 1207 (w),
1186 (w), 1149 (w), 1055 (w), 1030 (w), 1021 (w), 999 (w), 980 (w), 933 (w), 873 (w), 837
(vs), 810 (w), 778 (m), 755 (vs), 731 (w), 690 (vs), 647 (s), 622 (w), 613 (w), 584 (m), 567
(m), 537 (vs), 514 (vs), 470 (m), 435 (w), 409 (w).

MS (EI, 70 eV) m/z (%) = 316 (8), 315 (10), 289 (21) [M+H]*, 288 (100) [M]*, 273 (24), 184
(7), 183 (35), 168 (13), 167 (10), 121 (14), 115 (7), 105 (39), 77 (87), 69 (12), 58 (9).

HRMS (EI, [M]*, C1sH16N4) calcd.: 288.1369, found: 288.1371.
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3-Amino-4,4'-bipyridine (36)

N\ 4-bromopyridin-3-amine (200 mg, 1.16 mmol, 1.00 equiv), 4-pyridylboronic
| P NH, acid (171 mg, 1.39 mmol, 1.20 equiv), potassium phosphate (490 mg, 2.31
_ mmol, 2.00 equiv), tricyclohexylphosphane (32.4 mg, 116 umol, 10 mol%)
o | and tris(dibenzylideneacetone)dipalladium chloroform (59.7 mg, 57.7 umol,
N

5 mol%) were combined with a degassed mixture of 1,4-dioxane (3.00 mL)
and water (1.30 mL). After stirring for 17.5 h at 90 °C, the mixture was cooled to 21 °C,
extracted with dichloromethane, and washed with water and brine. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via flash-chromatography on silica gel
using dichloromethane with 2% to 5% methanol to yield the title compound (107 mg, 626

umol, 54% yield) was obtained as an orange, hygroscopic solid.
Re=0.89 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCls, ppm) & = 8.77-8.71 (m, 2H, 2'- and 6'-CH), 8.19 (s, 1H, 2-CH), 8.10
(d,J = 4.9 Hz, 1H, 6-CH), 7.44-7.39 (m, 2H, 3'- and 5'-CH), 7.02 (d, ] = 4.9 Hz, 1H, 5-CH), 3.83
(s, 2H, NH2).

13C NMR (126 MHz, CDCls, ppm) 6 = 150.9 (2C, 2'- and 6'-Cq), 145.0 (Cy), 140.5 (6- CH), 139.4
(Cq), 138.8 (2-CH), 130.5 (Cq), 123.6 (5-CH), 123.3 (2C, 3'- and 5'-CH).

IR (ATR, cm-1) ¥ = 3381 (w), 3322 (w), 3163 (m), 3067 (w), 3058 (w), 3036 (w), 1942 (vw),
1655 (w), 1599 (w), 1585 (m), 1557 (s), 1534 (w), 1504 (w), 1479 (m), 1419 (m), 1404 (vs),
1333 (w), 1317 (m), 1296 (w), 1279 (w), 1238 (m), 1214 (w), 1061 (m), 1031 (w), 993 (w),
858 (w), 832 (w), 812 (vs), 744 (m), 735 (m), 673 (s), 660 (s), 626 (vs), 581 (vs), 530 (vs),
497 (s), 486 (s), 448 (s), 441 (s), 409 (m).

MS (EI, 70 eV) m/z (%) = 172 (13) [M+H]*, 171 (100) [M]+, 170 (24) [M-H]*, 144 (18), 143
(9), 117 (5), 116 (6), 89 (5).

HRMS (EI, [M]*, C10HoN3) calcd.: 206.0838, found: 206.0839.
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(E)-3-(phenyldiazenyl)-4,4'-bipyridine (39)
N 3-Amino-4,4'-bipyridine (36) (100 mg, 584 umol, 1.00 equiv) was
/\ N combined with pyridine (1.00 mL), and tetramethylammonium
N \© hydroxide (1.70 g, 1.70 mL, 4.67 mmol, 8.00 equiv) solution was
= | added. It was heated up to 80 °C, and a solution of nitrosobenzene
\N (93.8 mg, 92.0 uL, 876 umol, 1.50 equiv) in pyridine (1.50 mL) was
slowly added over 60 minutes via a syringe pump. After stirring for another 4 hours at 80 °C
it was extracted with ethyl acetate and washed with water and brine. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via flash-chromatography on silica gel

using dichloromethane with 3% to 5% methanol in darkness to yield the title compound

(125 mg, 480 umol, 82% yield) as a purple solid.

m.p.: 122 °C

Rf=0.29 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDClIs3, ppm) 6 = 8.93 (s, 1H, 2-CH), 8.79 (d, J = 5.1 Hz, 1H, 6-CH), 8.75-

8.72 (m, 2H, 2'- and 6'-CH), 7.84-7.79 (m, 2H, 3-ph- and 5-ph-CH), 7.53-7.48 (m, 4H, 5-CH
and 2-ph-, 4-pH- and 6-ph-CH), 7.45-7.42 (m, 2H, 3'- and 5'-CH).

13C NMR (126 MHz, CDCls, ppm) & = 152.7 (Cq), 151.6 (6-CH), 149.8 (2C, 2'- and 6'-CH), 144.5
(Cq), 144.2 (Cq), 144.2 (Cq), 139.0 (2-CH), 132.2 (4-pH-CH), 129.5 (2C, 2-ph- and 6-ph-CH),
125.0 (2C, 3'- and 5'-CH).), 124.0 (5-CH), 123.6 (2C, 3-ph- and 5-ph-CH).

IR (ATR, cm-1) ¥ = 3041 (w), 3014 (w), 1582 (s), 1530 (w), 1483 (w), 1468 (w), 1397 (m),
1190 (m), 1139 (m), 1062 (w), 1035 (w), 990 (w), 925 (w), 851 (w), 837 (m), 817 (vs), 772
(m), 752 (vs), 737 (s), 683 (vs), 615 (vs), 588 (m), 575 (s), 537 (vs), 497 (vs), 456 (w), 384
(m).

MS (El, 70 eV) m/z (%) = 261 (19) [M+H]*, 260 (100) [M]*, 259 (6) [M-H]", 231 (4), 156 (5),
155 (26), 128 (6), 105 (27), 101 (8), 78 (6), 77 (82), 75 (4), 51 (10).

HRMS (EI, [M]*, C16H12N4) calcd.: 260.1056, found: 260.1058.
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4-(4-Bromo-2-nitrophenyl)pyridine (30)
N 4-Bromo-1-iodo-2-nitrobenzene (328 mg, 1.00 mmol, 1.00 equiv),
| /\ 4-pyridylboronic acid (123 mg, 1.00 mmol, 1.00 equiv), potassium carbonate
(|)+ (276 mg, 2.00 mmol, 2.00 equiv), triphenylphosphine (26.2 mg, 100 ymol,
S0 10 mol%) and palladium(II) acetate (33.7 mg, 150 ymol, 15 mol%) were
combined with a degassed mixture of tetrahydrofuran (20.0 mL) and water
Br (10.0 ml). After stirring for 18h at 80 °C, the reaction mixture was cooled to
21 °C, extracted with dichloromethane, and washed with water and brine. The combined
organic phase was dried over sodium sulfate and filtered, and the solvent was removed
under reduced pressure. The crude product was purified via flash-chromatography on silica

gel using cyclohexane and ethyl acetate (20:1 to 0:1) to yield the title compound (184 mg,
659 umol, 66% yield) as a colorless solid.

m.p.: 158 °C
Re=0.17 (cyclohexane/ethyl acetate, 2:1)

1H NMR (400 MHz, CDCls, ppm) 6 = 8.74-8.63 (m, 2H, 2- and 6-CH), 8.13 (d, /= 2.0 Hz, 1H, 3-
ph-CH), 7.82 (dd,J = 8.2, 2.0 Hz, 1H, 5-ph-CH), 7.30 (d, /] = 8.2 Hz, 1H, 6-ph-CH), 7.23-7.19 (m,
2H, 3- and 5-CH).

13C NMR (101 MHz, CDCl3, ppm) & = 150.3 (2C, 3- and 5-CH), 149.0 (2-ph-Cq-NO2), 144.8 (4-
Cq), 136.1 (5-ph-CH), 133.0 (1-ph-Cy), 132.9 (6-ph-CH), 127.8 (3-ph-CH), 123.1 (4-ph-CBr),
122.7 (2C, 3- and 5-CH).

IR (ATR, cm-1) ¥ = 3031 (w), 2995 (w), 2966 (w), 2931 (w), 2854 (w), 1599 (m), 1520 (vs),
1472 (s), 1408 (s), 1353 (vs), 1327 (m), 1295 (m), 1268 (m), 1217 (s), 1152 (m), 1095 (m),
1069 (m), 1021 (w), 994 (m), 967 (w), 928 (s), 871 (s), 841 (m), 823 (m), 810 (vs), 768 (vs),
761 (vs), 720 (m), 674 (m), 666 (m), 642 (m), 603 (s), 555 (s), 526 (vs), 458 (w), 436 (vs),
415 (s), 388 (m).

MS (EI, 70 eV) m/z (%) = 281 (15) [M (81Br)+H], 280 (77) [M (81Br)]*, 278 (78) [M (7°Br)]*,
253 (14), 252 (100), 251 (22), 250 (94), 225 (24), 224 (15), 223 (31), 222 (14), 197 (15),
195 (21), 169 (14), 153 (17), 126 (42), 116 (21).

HRMS (EI, [M]*, C11H77°BrN202) calcd.: 277.9685, found: 277.9684.
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2,6-Difluoro-4-(3-nitro-4-(pyridin-4-yl) phenyl)pyridine (31)

N 4-(4-Bromo-2-nitrophenyl)pyridine (30) (278 mg, 996 umol, 1.00 equiv),

| /\ (2,6-difluoropyridin-4-yl)boronic acid (174 mg, 1.10 mmol, 1.10 equiv),

c|)+ potassium phosphate (423 mg, 199 mmol, 2.00 equiv)

N\\O tricyclohexylphosphane (33.5 mg, 120 umol, 12mol%) and
tris(dibenzylideneacetone)dipalladium chloroform (51.6 mg, 49.8 umol,

- 5mol%) were combined with a degassed mixture of 1,4-dioxane

- \N | - (3.00 mL) and water (7.00 mL). After stirring for 18 h at 100 °C, the

mixture was cooled to 21 °C, extracted with dichloromethane, and
washed with water and brine. The combined organic phase was dried over sodium sulfate
and filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using dichloromethane with 2% to 5%
methanol to yield the title compound (183 mg, 584 umol, 59% yield) as a yellow hygroscopic

solid.
m.p.: 204 °C
Re=0.32 (cyclohexane/ethyl acetate, 2:1)

1H NMR (500 MHz, CDCl3, ppm) § =8.73 (d, ] = 5.2 Hz, 2H, 2'- and 6'-CH), 8.23 (d, / = 1.9 Hz,
1H, 2-ph-CH), 7.93 (dd, J = 8.0, 1.9 Hz, 1H, 6-ph-CH), 7.60 (d, /] = 7.9 Hz, 1H, 5-ph-CH), 7.29-
7.27 (m, 2H, 3'- and 5'-CH), 7.11 (s, 2H, 3- and 5-CH).

13C NMR (126 MHz, CDCl3, ppm) & = 162.7 (dd, ] = 247.7, 16.1 Hz, 2C, 2- and 6-CF), 154.9 (dd,
J = 8.2 Hz, 4-Cq), 150.4 (2C, 2'- and 6'-CH), 149.3 (3-ph-Cq-NO2), 144.7 (4-Cq), 137.9 (dd,
J = 3.4 Hz, 1-ph-Cq), 135.6 (4-ph-Cq), 132.9 (5-ph-CH), 131.2 (6-ph-CH), 123.4 (2-ph-CH),
122.7 (2C, 3'- and 5'-CH), 105.4-103.5 (m, 2C, 3- and 5-CH).

19F NMR (471 MHz, CDCl3, ppm) 6 = -66.3 (2- and 6-CF).

IR (ATR, cm-1) ¥ = 3036 (w), 1618 (vs), 1596 (s), 1572 (w), 1555 (m), 1536 (vs), 1492 (w),
1462 (w), 1422 (vs), 1398 (w), 1375 (m), 1361 (vs), 1262 (w), 1218 (m), 1200 (w), 1163
(w), 1072 (w), 1030 (m), 997 (w), 936 (w), 895 (w), 877 (w), 864 (w), 851 (m), 833 (m), 823
(vs), 765 (m), 752 (s), 722 (w), 683 (w), 666 (w), 635 (w), 594 (w), 561 (w), 538 (w), 514
(m), 435 (w), 419 (w).

MS (EL 70 eV) m/z (%) = 319 (30), 313 (39) [M]*, 285 (44), 281 (18), 269 (36), 239 (19),
231 (23), 230 (27), 219 (46), 181 (27), 169 (55), 131 (29), 119 (33), 69 (100).
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HRMS (EI, [M]*, C16Ho02N3 F2) calcd.: 313.0657, found: 313.0655.

5-(2,6-difluoropyridin-4-yl)-2-(pyridin-4-yl) benzeneamine (32)

N 2,6-Difluoro-4-(3-nitro-4-(pyridin-4-yl)phenyl)pyridine (31) (507 mg,

| /\ 1.62 mmol, 1.00 equiv) was dissolved in a solution of dichloromethane

'TI (20.0 mL), and methanol (10.0 mL) and 10% palladium on charcoal

N\H (170 mg, 160 pmol, 10 mol%) was added. The reaction was stirred for

5 hours at 21 °C in the high-pressure reactor under an Hz atmosphere at

= a pressure of 50 bar. The crude product was filtered through a plug of

- \N | . Celite® with dichloromethane and methanol. The solvent was removed

under reduced pressure, and the crude product was purified via flash-
chromatography on silica gel using dichloromethane with 2% to 15% methanol to yield the

title compound (451 mg, 1.59 mmol, 98% yield) as a yellow solid.
m.p.: 135 °C
Re= 0.24 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) 6 = 8.75-8.69 (m, 2H, 2'- and 6'-CH), 7.46-7.42 (m, 2H, 3'-
and 5'-CH), 7.25 (d, 1H, J = 7.8 Hz, 5-ph-CH), 7.07 (dd, 1H, ] = 7.9, 1.8 Hz, 6-ph-CH), 7.02 (s,
2H, 3- and 5-CH), 7.00 (d, 1H, ] = 1.8 Hz, 2-ph-CH), 4.01 (br s, 2H, NHz).

13C NMR (126 MHz, CDCl3, ppm) & = 162.4 (dd, ] = 245.8, 16.4 Hz, 2C, 2- and 6-CF), 159.1 (dd,
J = 8.1, 4-Cq) 150.7 (2C, 2'- and 6'-CH), 146.6 (4-ph-Cq), 144.3 (3-ph-Cq-NH2), 137.8 (dd,
J=3.2 Hz, 1-ph-Cy), 131.2 (5-ph-CH), 126.2 (4'-Cq), 123.8 (2C, 3'- and 5'-CH), 117.5 (6-ph-
CH), 114.3 (2-ph-CH), 104.5-103.4 (m, 2C, 3- and 5-CH).

19F NMR (471 MHz, CDCI3, ppm) 6 = -68.5 (2- and 6-CF).

IR (ATR, cm-1) ¥ = 3353 (w), 3336 (w), 3330 (w), 3320 (w), 3216 (w), 1616 (vs), 1596 (vs),
1550 (vs), 1520 (m), 1462 (m), 1434 (m), 1398 (vs), 1361 (m), 1327 (m), 1310 (m), 1296
(s), 1266 (m), 1204 (s), 1187 (s), 1164 (m), 1119 (w), 1108 (w), 1091 (w), 1068 (w), 1026
(vs), 994 (s), 966 (m), 881 (w), 871 (m), 849 (vs), 833 (m), 802 (vs), 758 (s), 747 (s), 728
(vs), 718 (s), 698 (s), 671 (s), 652 (s), 643 (s), 616 (s), 588 (vs), 568 (vs), 541 (s), 533 (vs),
496 (s), 483 (s), 462 (vs), 432 (s), 416 (s), 409 (s), 399 (s), 388 (s), 382 (s), 375 (s).
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MS (EI, 70 eV) m/z (%) = 381 (6), 369 (6), 331 (6), 319 (11), 284 (19), 283 (100), 282 (20),
281 (9), 269 (14), 256 (11), 231 (11), 219 (20), 181 (16), 169 (28), 131 (16), 119 (20), 69
(62).

HRMS (EI, [M]*, C16H11F2N3) calcd.: 283.0916, found: 283.0917.

(E)-2,6-Difluoro-4-(3-(phenyldiazenyl)-4-(pyridin-4-yl)phenyl)pyridine (33)
5-(2,6-difluoropyridin-4-yl)-2-(pyridin-4-yl)benzeneamine
(32) (120 mg, 424 umol, 1.00 equiv) was combined with a
mixture of pyridine (5.00 mL) and toluene (5.00 mL) before
nitrosobenzene (90.7 mg, 89.0 uL, 847 umol, 2.00 equiv) was
added. It was heated up to 60 °C for 4 days before adding
more nitrosobenzene (90.7 mg, 89.0 uL, 847 umol,
2.00 equiv). After stirring for another 18 hours at 80 °C it

was extracted with ethyl acetate and washed with water and
brine. The combined organic phase was dried over sodium sulfate and filtered, and the
solvent was removed under reduced pressure. The crude product was purified via flash-
chromatography on silica gel using dichloromethane with 3% to 5% methanol in darkness

to yield the title compound (109 mg, 292 umol, 69% yield) as a purple solid.
m.p.: 182 °C
Re=0.38 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) 6 = 8.75-8.70 (m, 2H, 2'- and 6'-CH), 8.07 (d, 1H, J = 1.9 Hz,
2-ph-CH), 7.86-7.80 (m, 3H, 2'-ph-CH, 6'-ph-CH and 6-ph-CH), 7.74 (d, 1H, J = 8.0 Hz, 5-ph-
CH), 7.54-7.49 (m, 3H, 3'-ph-CH, 5'-ph-CH and 4'-ph-CH), 7.46-7.43 (m, 2H, 3'- and 5'-CH),
7.16 (s, 2H, 3- and 5-CH).

13C NMR (126 MHz, CDCls, ppm) 6 = 157.2 (), 125.4, 84.5, 25.0, 24.3.
19F NMR (471 MHz, CDCls, ppm) 6 = -67.7 (2- and 6-CF).

IR (ATR, cm1) ¥ = 3043 (w), 2924 (w), 1625 (vs), 1595 (vs), 1572 (m), 1555 (vs), 1536 (w),
1516 (w), 1489 (w), 1459 (m), 1446 (w), 1421 (vs), 1385 (s), 1366 (s), 1309 (w), 1283 (w),
1269 (w), 1254 (w), 1231 (w), 1194 (m), 1163 (w), 1150 (w), 1122 (w), 1071 (w), 1026 (vs),
994 (m), 975 (w), 919 (w), 888 (w), 861 (m), 847 (m), 806 (vs), 765 (m), 748 (vs), 732 (s),
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686 (vs), 656 (w), 640 (w), 628 (w), 591 (m), 565 (m), 538 (s), 499 (vs), 467 (w), 455 (w),
443 (w), 429 (w), 416 (m), 398 (w), 384 (w), 375 (w).

MS (El, 70 eV) m/z (%) = 481 (9), 431 (10), 381 (12), 373 (24), 372 (100), 371 (23), 369
(12), 331 (11), 319 (22), 281 (15), 269 (24), 268 (9), 267 (43), 239 (13), 231 (14), 219 (28),
181 (17), 169 (35), 131 (17), 119 (22), 105 (24), 77 (77), 69 (70), 58 (8).

HRMS (EI, [M]*, C22H14F2N4) calcd.: 372.1181, found: 372.1183.
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2,6-Dimethyl-4-(2-(pyridin-4-yl)vinyl)pyridine (22)

4-Vinylpyridine (158 mg, 160 uL, 1.50 mmol, 1.50 equiv), 4-bromo-
2,6-dimethyl-pyridine (186 mg, 1.00 mmol, 1.00 equiv), PEPPSI-IPr
catalyst (68.1 mg, 100 umol, 10 mol%), tetrabutylammonium bromide
(484 mg, 1.50 mmol, 1.50 equiv) and potassium carbonate (415 mg,
3.00 mmol, 3.00 equiv) were suspended in degassed water (3.00 mL).
CH, After stirring for 4 hours at 100 °C in a microwave reactor, the mixture
was cooled to 21 °C, extracted with ethyl acetate, and washed with
water and brine. The combined organic phase was dried over sodium sulfate and filtered,
and the solvent was removed under reduced pressure. The crude product was purified via
automated flash-chromatography on silica gel using dichloromethane with 1% to 10%

methanol to yield the title compound (126 mg, 598 umol, 60% yield) as a yellow solid.

1H NMR (500 MHz, CDCl3, ppm) 6 = 8.64-8.60 (m, 2H, 2'- and 6'-CH), 7.40-7.35 (m, 2H, 3'-
and 5'-CH), 7.17 (d, ] = 2.5 Hz, 2H, 2 x vinyl-CH), 7.08 (s, 2H, 3- and 5-CH), 2.56 (s, 6H, 2- and
6-CH3).

13C NMR (126 MHz, CDCls, ppm) &8 = 158.6 (2C, 2- and 6-CCHs), 150.5 (2C, 2'- and 6'-CH),
144.1 (4- or 4'-Cy), 143.8 (4- or 4'-Cq), 131.2 (vinyl-CH), 129.9 (vinyl-CH), 121.2 (2C, 3'- and
5'-CH), 118.0 (2C, 3- and 5-CH), 24.7 (2C, 2 x CH3).

IR (ATR, cm1) ¥ = 3068 (w), 3031 (w), 2999 (w), 2925 (w), 2850 (w), 1935 (vw), 1581 (s),
1407 (m), 833 (s), 815 (s), 776 (vs), 609 (vs), 568 (vs), 414 (s).

MS (EI, 70 eV) m/z (%) = 211 (16) [M+H]*, 210 (100) [M]*, 209 (32) [M-H]*, 195 (21), 168
(17).

HRMS (EI, [M]*, C14H14N2) calcd.: 210.1152, found: 210.1150.
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(E)-7-(Diethylamino)-4-[2-(dimethylamino)vinyl]-2H-chromen-2-one (46)128

NMe, To a stirred solution of 7-(diethylamino)-4-methyl-coumarin
AN (2.50 g, 10.8 mmol, 1.00 equiv) in dry N,N-dimethylformamide
X (75.0 mL), DMF-DMA (2.58 g, 2.88 mL, 21.6 mmol, 2.00 equiv) was
added. After stirring for 17h at 153 °C, the reaction mixture was
Et,N o 0O

cooled to 21 °C, extracted with dichloromethane, and washed with
sat. aq. sodium hydrogen carbonate solution and brine. The combined organic phase was
dried over sodium sulfate and filtered, and the solvent was removed under reduced
pressure. The crude title compound (3.07 g, 10.7 mmol, 99% yield) was obtained as a brown

solid, which proved pure without further purification.
m.p.: 178 °C
Rf=0.19 (dichloromethane)

1H NMR (500 MHz, CDCls, ppm) § = 7.52 (d, J = 9.0 Hz, 1H, 5-H), 7.21 (d, J = 13.0 Hz, 1H,
CHCHN), 6.54 (dd, ] = 9.0, 2.6 Hz, 1H, 6-H), 6.48 (d, ] = 2.6 Hz, 1H, 8-H), 5.84 (s, 1H, 3-H), 5.21
(d,] = 13.0 Hz, 1H, CHCHN), 3.39 (q,J = 7.1 Hz, 4H, 2 x CH2CH3), 2.98 (s, 6H, N(CH3)2), 1.19 (t,
J=7.1Hz, 6H, 2 x CH2CH3).

13C NMR (126 MHz, CDCls, ppm) 6 = 163.5, 156.5, 152.4, 150.2, 146.7, 124.9, 108.2, 108.0,
98.2,93.6, 87.6, 44.8, 12.6.

IR (ATR, cm1) ¥ = 2968 (m), 2927 (m), 2894 (m), 2870 (m), 2812 (w), 2673 (w), 1674 (s),
1604 (vs), 1565 (vs), 1513 (vs), 1418 (vs), 1404 (s), 1374 (vs), 1358 (vs), 1329 (vs), 1306
(vs), 1283 (vs), 1232 (vs), 1196 (vs), 1164 (s), 1139 (s), 1112 (vs), 1057 (vs), 1016 (vs), 977
(vs), 904 (vs), 832 (vs), 816 (vs), 792 (vs), 771 (vs), 734 (s), 713 (vs), 666 (s), 650 (s), 628
(vs), 613 (s), 584 (s), 503 (s), 475 (s), 436 (vs), 416 (s).

HRMS (ESI, [M+H]*, C17H23N202) calcd.: 287.1754, found: 287.1750.
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7-(Diethylamino)-2-oxo-2H-chromene-4-carbaldehyde (45)128

O-__H Sodium periodate (3.41 g, 15.9 mmol, 1.59 equiv) was added to a

solution of (E)-7-(Diethylamino)-4-[2-(dimethylamino)vinyl]-2H-

= chromen-2-one (46) (2.86 g, 9.99 mmol, 1.00 equiv) in a mixture of

Et;N o 0 tetrahydrofuran (25.0 mL) and water (25.0 mL). A cloudy red
precipitate immediately formed. After stirring for 90 min at 21 °C, the precipitate was
filtered off and washed with ethyl acetate. Sat. aq. sodium hydrogen carbonate solution was
added, and the aqueous layer was extracted with dichloromethane. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via flash-chromatography on silica gel

using a mixture of ethyl acetate/cyclohexane (1:1) to yield the title compound (1.17 g, 4.78

mmol, 48% yield) as a red solid.
m.p.: 141 °C
Re= 0.44 (dichloromethane + 10% methanol)

1H NMR (400 MHz, CDCls, ppm) & = 10.03 (s, 1H, CHO), 8.30 (d, / = 9.1 Hz, 1H, 5-H), 6.62 (dd,
J=9.2,2.7 Hz, 1H, 6-H), 6.52 (d, ] = 2.6 Hz, 1H, 8-H), 6.45 (s, 1H, 3-H), 3.43 (q, ] = 7.1 Hz, 4H,
2 x CH2CHs), 1.22 (t, ] = 7.1 Hz, 6H, 2 x CH2CH3).

13C NMR (126 MHz, CDCl3, ppm) 6 = 192.5, 161.9, 157.4, 151.0, 143.9, 127.0, 117.3, 109.5,
103.7,97.6, 44.8, 12.4.

IR (ATR, cm1) ¥ = 2973 (m), 2936 (m), 2900 (w), 2871 (w), 1724 (s), 1697 (vs), 1609 (vs),
1585 (vs), 1519 (vs), 1426 (vs), 1407 (vs), 1375 (vs), 1350 (vs), 1293 (s), 1266 (vs), 1225
(s), 1196 (vs), 1142 (vs), 1078 (vs), 1051 (vs), 1010 (s), 982 (s), 897 (s), 854 (vs), 833 (vs),
796 (vs), 775 (vs), 730 (s), 701 (s), 639 (vs), 543 (m), 509 (m), 470 (vs), 435 (vs), 392 (s).

HRMS (ESI, [M+H]*, C14H16NO3) calcd.: 246.1125, found: 246.1121.
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7-(Diethylamino)-4-(hydroxymethyl)-2H-chromen-2-one (47)128

HO 7-(Diethylamino)-2-oxo-2H-chromene-4-carbaldehyde (45)

(1.05g, 4.28 mmol, 1.00 equiv) was dissolved in dry

tetrahydrofuran (15.0 mL), and sodium borohydride (324 mg,

EtoN o O gs56 mmol, 2.00 equiv) was added at 0 °C, before and the mixture
was allowed to reach room temperature under vigorous stirring. After stirring for 3.5 h at
21 °C, sat. aq. sodium hydrogen carbonate solution was added, and the mixture was extracted
with dichloromethane. The combined organic phase was dried over sodium sulfate and
filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using a mixture of cyclohexane/ethyl acetate

(1:1) to yield the title compound (793 mg, 3.21 mmol, 75% yield) as a yellow solid.
m.p.: 91 °C
Re= 0.35 (dichloromethane + 10% methanol)

1H NMR (400 MHz, CDCls, ppm) 6 = 7.32 (d, J = 9.0 Hz, 1H, 5-H), 6.56 (dd, ] = 9.0, 2.6 Hz, 1H,
6-H), 6.51 (d, ] = 2.6 Hz, 1H, 8-H), 6.25 (t, ] = 1.4 Hz, 1H, 3-H), 4.83 (dd, ] = 5.7, 1.1 Hz, 2H,
CH20H), 3.41 (q,/ = 7.1 Hz, 4H, 2 x CH2CH3), 1.20 (t,] = 7.1 Hz, 6H, 2 x CH2CH3). The spectrum

contains traces of silicon grease.

13C NMR (101 MHz, CDCl3, ppm) 6 = 162.6, 156.4, 154.5, 150.7, 124.5, 108.7, 106.4, 105.7,
98.0, 61.2, 44.9, 12.6.

IR (ATR, cm1) ¥V = 3434 (m), 2970 (w), 2934 (w), 2897 (w), 1697 (s), 1677 (vs), 1616 (vs),
1601 (vs), 1588 (vs), 1524 (vs), 1441 (s), 1402 (vs), 1375 (m), 1351 (s), 1324 (vs), 1298 (s),
1278 (s), 1232 (s), 1198 (s), 1142 (s), 1086 (vs), 1024 (m), 1006 (m), 989 (m), 948 (w), 907
(w), 861 (w), 843 (s), 830 (vs), 795 (s), 748 (m), 708 (w), 666 (m), 642 (w), 567 (s), 531 (s),
506 (s), 470 (s), 435 (vs), 399 (s).

HRMS (ESI, [M+H]*, C1aH1sNO3) calcd.: 248.1281, found: 248.1278.
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4-(Bromomethyl)-7-(diethylamino)- 2H-chromen-2-one (42)134

Br 7-(Diethylamino)-4-(hydroxymethyl)-2H-chromen-2-one (47)

(700 mg, 2.83 mmol, 1.00 equiv) was combined with a mixture of

h dichloromethane (35.0 mL) and triethylamine (573 mg, 789 ulL,

Et:N 0" "O 5,66 mmol, 2.00 equiv). It was cooled to 0 °C before adding

methanesulfonyl chloride (486 mg, 329 pL, 4.25 mmol, 1.50 equiv).

After stirring for 2 h at 0 °C, it was quenched with cold sat. ag. sodium hydrogen carbonate
solution. It was washed with cold sat. aq. sodium hydrogen carbonate solution, the organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. It was suspended in tetrahydrofuran (30.0 mL) before adding lithium
bromide (983 mg, 11.3 mmol, 4.00 equiv). After stirring for 2 h at 21 °C, the solvent was
removed under reduced pressure. It was redissolved in dichloromethane and washed with
water and brine. The organic phase was dried over sodium sulfate and filtered, and the
solvent was removed under reduced pressure. The crude product was purified via flash-
chromatography on silica gel using a mixture of n-pentane/dichloromethane (1:1) to yield

the title compound (679 mg, 2.19 mmol, 77% yield) as a yellow solid.
m.p.: 126 °C
Re=0.19 (dichloromethane)

1H NMR (500 MHz, CDCl3, ppm) & = 7.49 (d, ] = 9.0 Hz, 1H, 5-H), 6.62 (dd, ] = 9.0, 2.6 Hz, 1H,
6-H), 6.51 (d, ] = 2.5 Hz, 1H, 8-H), 6.13 (s, 1H, 3-H), 4.40 (s, 2H, CH2Br), 3.42 (q,] = 7.1 Hz, 4H,
2 x CH2CHs), 1.21 (t, ] = 7.1 Hz, 6H, 2 x CH2CH3).

13C NMR (126 MHz, CDCl3, ppm) 6 = 161.9, 156.8, 151.0, 150.4, 125.5, 109.4, 108.8, 106.3,
98.0, 44.9, 27.3, 12.6.

IR (ATR, cm1) ¥ = 2979 (w), 2931 (w), 2915 (w), 2897 (w), 2864 (w), 2684 (w), 1698 (vs),
1613 (vs), 1596 (vs), 1526 (vs), 1487 (m), 1473 (w), 1448 (s), 1414 (vs), 1375 (s), 1350 (vs),
1336 (s), 1295 (m), 1269 (s), 1227 (vs), 1197 (s), 1170 (m), 1153 (s), 1125 (vs), 1094 (m),
1081 (s), 1051 (vs), 1014 (m), 984 (m), 942 (w), 931 (w), 904 (s), 884 (w), 849 (vs), 820
(vs), 803 (vs), 765 (m), 745 (m), 720 (s), 697 (m), 673 (w), 656 (m), 635 (s), 588 (vs), 552
(s), 538 (m), 524 (m), 503 (m), 449 (vs), 435 (vs), 407 (m), 381 (w).

HRMS (ESI, [M+H]*, C14H1779BrNOz) calcd.: 310.0437, found: 310.0434.



Experimental Section 99

[4,4'-Bipyridin]-2-ylmethyl (4,5-dimethoxy-2-nitrobenzyl) carbonate (48)

[4,4'-Bipyridin]-2-ylmethanol (19) (60.5 mg, 325 umol, 1.00 equiv)
was dissolved in dry dichloromethane (8.00 mL) containing 4 A molar
sieves. The mixture was cooled to 0 °C before silver(I) oxide (151 mg,
650 umol, 2.00 equiv) and NVOC-Cl (89.6 mg, 325 pmol, 1.00 equiv)
were added, and the mixture was allowed to reach room temperature

O\léo under vigorous stirring. After stirring for 20 h at 20 °C, the reaction
0 mixture was filtered through a plug of Celite® with dichloromethane
O,N and methanol. The solvent was removed under reduced pressure, and
the crude product was purified via flash-chromatography on silica gel

OMe  ysing dichloromethane with 3% to 5% methanol to yield the title

OMe compound (55.8 mg, 131 umol, 40% yield) as a yellow solid.

Re=0.44 (dichloromethane + 10% methanol)

1H NMR (400 MHz, CDCls, ppm) & = 8.75 (d, ] = 5.2 Hz, 2H, 2'- and 6'-CH), 8.72 (dd, ] = 5.1,
0.8 Hz, 1H, 6-CH), 7.73 (s, 1H, ph-CH), 7.63 (d, ] = 1.7 Hz, 1H, 3-CH), 7.57 - 7.52 (m, 2H, 3'-
and 5'-CH), 7.49 (dd, ] = 5.1, 1.8 Hz, 1H, 5-CH), 7.08 (s, 1H, ph-CH), 5.64 (s, 2H, 2-CCHz), 5.41
(s, 2H, CH2), 3.96 (d, ] = 1.6 Hz, 6H, 2 x CH3).

13C NMR (101 MHz, CDCl3, ppm) 6 = 156.2, 154.6, 153.9, 153.7, 150.8, 150.5, 148.5, 145.3,
139.8,132.4,126.3,121.5,121.0, 119.4, 111.0, 110.3, 108.3, 108.2, 70.0, 66.9, 56.5 (2C).

IR (ATR, cm-1) ¥ = 3094 (w), 3044 (w), 2975 (w), 2934 (w), 2857 (w), 1738 (m), 1707 (vs),
1698 (vs), 1619 (m), 1592 (vs), 1524 (vs), 1463 (m), 1429 (m), 1398 (s), 1337 (vs), 1268
(vs), 1232 (m), 1215 (s), 1197 (vs), 1147 (m), 1125 (vs), 1105 (s), 1065 (s), 1054 (vs), 1027
(w), 1010 (m), 989 (m), 960 (w), 945 (w), 878 (s), 861 (m), 839 (m), 815 (vs), 800 (s), 786
(m), 748 (m), 725 (w), 612 (s), 535 (w), 513 (m), 483 (w), 443 (w), 426 (w), 394 (w).

HRMS (ESI, [M+H]*, C21H20N307) calcd.: 426,1296, found: 426,1292.
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4-(([4,4'-Bipyridin]-2-ylmethoxy)methyl)-7-methoxy-2H-chromen-2-one (49)

[4,4'-Bipyridin]-2-ylmethanol (19) (60.0 mg, 322 umol,
1.00 equiv) was dissolved in dry dichloromethane (8.00 mlL)
containing 4 A molar sieves. The mixture was cooled to 0 °C before

silver(I) oxide (224 mg, 967 pumol, 3.00 equiv), 2,6-di-tert-

A 7N S

butylpyridine (185 mg, 209 uL, 967 pmol, 3.00 equiv) and

O 4-(bromomethyl)-7-methoxy- 2H-chromen-2-one (86.7 mg,
N 322 umol, 1.00 equiv) were added, and the mixture was allowed to
reach room temperature under vigorous stirring. After stirring for

MeO o0 48 h at 20 °C, the reaction mixture was filtered through a plug of
Celite® with dichloromethane and methanol. The solvent was removed under reduced
pressure, and the crude product was purified via flash-chromatography on silica gel using
dichloromethane with 5% methanol to yield the title compound (94.2 mg, 252 umol, 78%

yield) as a yellow solid.
Re=0.37 (dichloromethane + 10% methanol)

1H NMR (400 MHz, CDCl3, ppm) & = 8.78-8.72 (m, 2H, 2'- and 6'-CH), 8.70 (dd, J = 5.1, 0.9 Hz,
1H, 6-CH), 7.70 (d, ] = 1.8 Hz, 1H, 3-CH), 7.56-7.51 (m, 2H, 3'- and 5'-CH), 7.51-7.44 (m, 2H),
6.86-6.82 (m, 2H), 6.49 (d, ] = 1.4 Hz, 1H), 4.88 (s, 2H, 2-CCHz), 4.84 (d, ] = 1.4 Hz, 2H, OCH>),
3.87 (s, 3H, OCHs).

13C NMR (101 MHz, CDCls, ppm) & = 162.9, 161.3, 158.8, 155.8, 151.2, 150.9 (2C), 150.3,
145.6,124.9, 121.6 (2C), 120.7, 119.3,112.7, 111.2, 110.5, 101.2, 74.1, 68.9, 55.9.

IR (ATR, cm1) v = 3064 (w), 2921 (w), 2847 (w), 1713 (vs), 1612 (vs), 1592 (vs), 1537 (s),
1519 (m), 1465 (m), 1422 (s), 1401 (s), 1349 (s), 1334 (s), 1289 (vs), 1268 (s), 1213 (s),
1152 (vs), 1132 (vs), 1058 (s), 1033 (s), 1021 (s), 983 (vs), 841 (vs), 805 (vs), 730 (s), 701
(s), 613 (vs), 595 (s), 513 (s), 487 (vs), 448 (s), 436 (s).

HRMS (ESI, [M+H]*, C22H19N204) calcd.: 375.1340, found: 375.1335.
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4-(([4,4'-Bipyridin]-2-ylmethoxy)methyl)-7-(diethylamino)-2H-chromen-2-one (50)

[4,4'-Bipyridin]-2-ylmethanol (19) (60.0 mg, 322 umol,
1.00 equiv) was dissolved in dry dichloromethane (8.00 mL)
containing 4 A molar sieves. The mixture was cooled to 0 °C before
silver(I) oxide (224 mg, 967 umol, 3.00 equiv), 2,6-di-tert-
butylpyridine (185 mg, 209 uL, 967 umol, 3.00 equiv) and
O 4-(bromomethyl)-7-(diethylamino)- 2ZH-chromen-2-one (42) (99.9

A 72N

X mg, 322 upmol, 1.00 equiv) were added, and the mixture was

allowed to reach room temperature under vigorous stirring. After
ELN o0 stirring for 48 h at 20 °C, the reaction mixture was filtered through
a plug of Celite® with dichloromethane and methanol. The solvent was removed under
reduced pressure, and the crude product was purified via flash-chromatography on silica gel
using dichloromethane with 5% methanol to yield the title compound (83.0 mg, 200 ymol,

62% yield) as a yellow solid.
Re=0.38 (dichloromethane + 10% methanol)

1H NMR (400 MHz, CDCl3, ppm) & = 8.78-8.71 (m, 2H, 2'- and 6'-CH), 8.69 (dd, ] = 5.2, 0.8 Hz,
1H, 6-CH), 7.71 (d,] = 1.2 Hz, 1H, 3-CH), 7.56-7.50 (m, 2H, 3'- and 5'-CH), 7.46 (dd, /= 5.2, 1.8
Hz, 1H, 5-CH), 7.39 (d, ] = 9.0 Hz, 1H), 6.55 (dd, ] = 8.9, 2.6 Hz, 1H), 6.51 (d, ] = 2.6 Hz, 1H),
6.27 (d,] = 1.3 Hz, 1H), 4.86 (s, 2H, 2-CCHz), 4.79 (d, ] = 1.3 Hz, 2H, OCHz), 3.41 (q,] = 7.1 Hz,
4H, 2 x CH2), 1.20 (t, ] = 7.1 Hz, 6H, 2 x CH).

13C NMR (101 MHz, CDCls, ppm) 6 = 162.2, 159.1, 156.5, 151.4, 150.9 (2C), 150.7, 150.2,
146.6,145.6, 124.9, 121.6 (2C), 120.6, 119.2, 108.7, 107.1, 106.6, 98.0, 73.9, 69.1, 44.9 (2C),
12.6 (20).

IR (ATR, cm1) ¥ = 3094 (w), 3051 (w), 2975 (w), 2921 (w), 2851 (w), 1698 (vs), 1618 (s),
1601 (vs), 1591 (vs), 1526 (s), 1465 (m), 1426 (m), 1398 (m), 1353 (w), 1336 (vs), 1295
(w), 1269 (s), 1215 (w), 1196 (m), 1146 (w), 1125 (vs), 1103 (s), 1074 (m), 1052 (s), 1026
(w), 1010 (m), 989 (w), 878 (m), 861 (m), 837 (m), 815 (vs), 800 (s), 748 (w), 737 (w), 612
(s), 571 (w), 537 (w), 513 (m), 483 (m), 443 (w), 425 (w), 397 (w).

HRMS (ESI, [M+H]*, C2sH26N303) caled.: 416.1969, found: 416.1967.
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5.2.2 HINA derivatives

2-Fluoro-5-((2-methoxyethoxy)methoxy)pyridine (54)

N O\/O\/\O/CH3 To a stirred solution of 6-fluoropyridin-3-ol (3.00 g, 26.5
U mmol, 1.00 equiv) in dry tetrahydrofuran (50.0 mL) at

F N 0 °C was added potassium tert-butoxide (4.76 g, 42.4
mmol, 1.60 equiv) portion-wise. After stirring the reaction mixture for 30 min, 1-
(chloromethoxy)-2-methoxyethane (5.87 g, 5.38 mL, 42.4 mmol, 1.60 equiv) was added at 0
°C. The reaction slowly turned red-orange and a precipitate formed while the reaction
mixture was stirred overnight at 21 °C. The crude was extracted with ethyl acetate and
washed with water and brine. The combined organic phase was dried over sodium sulfate
and filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using a mixture of cyclohexane/ethyl acetate

(2:1 --> 0:1) to yield 2-fluoro-5-((2-methoxyethoxy)methoxy)pyridine (3.44 g, 17.1 mmol,
64% yield) as a light-yellow liquid.

Rf=0.41 (dichloromethane + 2% methanol)

1H NMR (500 MHz, CDCls, ppm) & = 7.98 (dd, ] = 3.1, 1.7 Hz, 1H, 6-CH), 7.50 (ddd, ] = 8.9, 6.5,
3.1 Hz, 1H, 4-CH), 6.85 (ddd, ] = 8.9, 3.5, 0.6 Hz, 1H, 3-CH), 5.24 (s, 2H, OCH:0), 3.85-3.81 (m,
2H, CH2-CH20CH3), 3.57-3.54 (m, 2H, CH2-OCHs), 3.37 (s, 3H, OCH3).

13C NMR (126 MHz, CDCl3, ppm) & = 158.6 (d, ] = 233.7 Hz, 2-CF), 151.7 (d, ] = 4.5 Hz, 5-C0),
135.7 (d, ] = 15.4 Hz, 6-CH), 129.4 (d, ] = 7.9 Hz, 4-CH), 109.6 (d, J = 40.2 Hz, 3-CH), 94.4
(OCH20), 71.5 (CH2-OCH3), 68.0 (CH2-CH20CH3), 59.1 (OCHs).

19F NMR (471 MHz, CDCls, ppm) & = -76.4 (2-CF).

IR (ATR, cm-1) ¥ = 2928 (w), 2919 (w), 2881 (w), 2820 (w), 1595 (w), 1480 (vs), 1417 (w),
1387 (m), 1368 (w), 1283 (w), 1224 (vs), 1201 (m), 1160 (m), 1101 (vs), 1018 (s), 979 (vs),
878 (w), 850 (s), 829 (s), 786 (w), 731 (s), 659 (w), 438 (w).

MS (EL 70 eV) m/z (%) = 201 (2) [M]+, 181 (16), 162 (2), 131 (17), 126 (11), 119 (3), 113
(3), 100 (4), 96 (10), 93 (2), 90 (4), 89 (92), 84 (4), 76 (3), 69 (35), 60 (3), 59 (100), 57 (4).

HRMS (EI, [M]*, CoH12FNO3) caled.: 202.0797, found: 202.0796.
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2-Fluoro-5-((2-methoxyethoxy)methoxy)isonicotinaldehyde (57)

To a  stirred solution of  2-fluoro-5-((2-

Os_H

/g\;j/o\/o\/\o/cﬂg methoxyethoxy)methoxy)pyridine (54) (246 mg,

| P 1.22 mmol, 1.00 equiv) in dry tetrahydrofuran

F N (4.00 mL) was added n-butyllithium (86.0 mg, 537 uL,
1.34 mmol, 2.50M, 1.10 equiv) dropwise at -78 °C. After stirring for 60 minutes at -78 °C,
N,N-dimethylformamide (134 mg, 142 uL, 1.83 mmol, 1.50 equiv) was added to the reaction
mixture, and it was stirred for 15 mins at -78 °C. Saturated ammonium chloride solution was
added dropwise to the reaction at -78 C, and the reaction was warmed-up to 21°C. The crude
was extracted with ethyl acetate and washed with water and brine. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via automated flash-chromatography on
diol-modified silica gel using a mixture of cyclohexane/ethyl acetate (1:0 --> 0:1) to yield 2-
fluoro-5-((2-methoxyethoxy)methoxy)isonicotinaldehyde (278 mg, 1.21 mmol, 99% yield)

as a colorless liquid.

Re=0.19 (dichloromethane + 2% methanol)

1H NMR (500 MHz, CD3CN, ppm) 6 = 10.38 (d, ] = 2.7 Hz, 1H, 4-CHO), 8.27 (d, ] = 1.8 Hz, 1H,
6-CH), 7.25 (d, / = 3.4 Hz, 1H, 3-CH), 5.43 (d, / = 15.6 Hz, 2H, OCH20), 3.86-3.83 (m, 2H, CH2-
CH20CHS3s), 3.51-3.49 (m, 2H, CH2-OCH3), 3.25 (s, 3H, OCHs).

13C NMR (126 MHz, CD3CN, ppm) 6 = 189.3 (d, J = 2.3 Hz, 4-CHO), 159.5 (d, J = 231.9 Hz, 2-
CF), 153.2 (d, ] = 4.6 Hz, 5-C0), 138.1 (d, / = 15.1 Hz, 4-CCHO), 136.6 (d, / = 6.7 Hz, 6-CH),
106.8 (d, ] = 41.8 Hz, 3-CH), 95.9 (OCH20), 72.1 (CH2-OCHs), 69.4 (CH2-CH20CH3s), 58.8
(OCH3).

19F NMR (471 MHz, CD3CN, ppm) 6 = -77.1 (2-CF).

IR (ATR, cm-1) V = 2975 (vw), 2928 (w), 2883 (w), 2822 (vw), 1698 (vs), 1578 (vw), 1476
(vs), 1388 (vs), 1293 (w), 1264 (w), 1237 (m), 1197 (s), 1162 (m), 1136 (m), 1106 (vs), 1027
(w), 960 (vs), 880 (w), 849 (w), 806 (w), 758 (vw), 730 (w), 626 (w), 492 (vw), 450 (w).
MS (EI, 70 eV) m/z (%) = 229 (1) [M]*, 155 (1), 154 (6), 141 (1), 126 (1), 112 (1), 111 (2),
96 (2),90 (3),89 (100),84 (1),76 (1), 69 (1), 60 (2), 59 (92), 58 (1),57 (2), 56 (1), 51 (1).

HRMS (EI, [M]*, C10H12FNO4) calcd.: 229.0745, found: 229.0743.



104 Experimental Section

2-Fluoro-5-hydroxyisonicotinaldehyde (66)

O~ _H To a stirred solution of  2-fluoro-5-((2-methoxyethoxy)-
OH methoxy)isonicotinaldehyde (57) (193 mg, 840 wumol, 1.00 equiv) in

| \/ dichloromethane (15.0 mL) was added 2,2,2-trifluoroacetic acid (7.45 g,

F N 5.00 mL, 65.3 mmol, 77.8 equiv). After stirring for 15 minutes at 21 °C, it

was extracted with ethyl acetate. Then 1 m aqueous NaOH solution was added until pH = 10-
11, extracted with ethyl acetate. Then 1 m aqueous HCI solution was added until pH 4-5. It
was extracted with a solution of dichloromethane/iPrOH (4:1), dried over sodium sulfate,
and filtered, and the solvent was carefully removed under reduced pressure while keeping
the temperature of the crude constantly at 20 °C with a water bath. The crude title compound
(37.2 mg, 264 umol, 31% yield) was obtained as a volatile light-yellow liquid, which proved

pure without further purification.

1H NMR (500 MHz, CD3CN, ppm) é = 10.10 (s, 1H, 4-CHO), 9.61 (s, 1H, 5-OH), 8.04 (d, /= 1.7
Hz, 1H, 6-CH), 7.31 (d, /] = 3.4 Hz, 1H, 3-CH). The spectrum contains traces of

dichloromethane, 2-propanol, and protected starting material.

19F NMR (471 MHz, CD3CN, ppm) 6 = -80.7 (2-CF).The spectrum contains traces of protected

starting material.

IR (ATR, cm-1) ¥ = 3186 (w), 3111 (w), 3064 (w), 2922 (s), 2873 (m), 2853 (m), 2745 (w),
2681 (w), 1680 (vs), 1622 (m), 1473 (vs), 1414 (vs), 1395 (vs), 1332 (s), 1273 (vs), 1256
(s), 1196 (vs), 1122 (vs), 1109 (vs), 1086 (s), 1040 (s), 989 (m), 966 (s), 871 (m), 832 (w),
822 (w), 799 (vs), 773 (m), 747 (m), 721 (m), 691 (s), 669 (m), 632 (m), 601 (w), 562 (w),
513 (w), 449 (w).

MS (EI, 70 eV) m/z (%) = 142 (5)[M+H]*, 141 (100)[M]*, 140 (8), 123 (4), 113 (6), 112 (9),
95 (4), 85 (5), 58 (5), 57 (8).

HRMS (EI, [M]*, CsH4FNO2) calcd.: 141.0221, found: 141.0221.
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3-Fluoro-5-((2-methoxyethoxy)methoxy)pyridine (56)

F N O\/O\/\O/CH3 To a stirred solution of 5-fluoropyridin-3-o0l (2.01 g, 17.8
U mmol, 1.00 equiv) in dry tetrahydrofuran (40.0 mL) at
N 0 °C was added potassium tert-butoxide (3.18 g, 28.3
mmol, 1.59 equiv) portion-wise. After stirring the reaction mixture for 30 min,
1-(chloromethoxy)-2-methoxyethane (3.92 g, 3.59 mL, 28.3 mmol, 1.59 equiv) was added at
0 °C. The reaction slowly turned red-orange and a precipitate formed while the reaction
mixture was stirred overnight at 21 °C. The crude was extracted with ethyl acetate and
washed with water and brine. The combined organic phase was dried over sodium sulfate
and filtered, and the solvent was removed under reduced pressure. The crude product was
purified via flash-chromatography on silica gel using a mixture of cyclohexane/ethyl acetate

(2:1 --> 0:1) to yield 3-fluoro-5-((2-methoxyethoxy)methoxy)pyridine (1.13 g, 5.63 mmol,
32% yield) as a light-yellow liquid.

Re=0.34 (dichloromethane + 5% methanol)

1H NMR (500 MHz, CDCl3, ppm) 6 = 8.25 (dd, J = 2.5, 1.1 Hz, 1H, 6-CH), 8.16 (d, ] = 2.4 Hz, 1H,
2-CH), 7.19 (dt, J = 10.2, 2.4 Hz, 1H, 4-CH), 5.30 (s, 2H, OCH:0), 3.86-3.81 (m, 2H, CHz-
CH20CHs), 3.59-3.53 (m, 2H, CH2-OCH3), 3.37 (s, 3H, OCH3).

13C NMR (126 MHz, CDCls, ppm) & = 159.8 (d, ] = 257.9 Hz, 3-CF), 154.4 (d, ] = 5.4 Hz, 5-C0),
135.7 (d, ] = 3.6 Hz, 6-CH), 131.4 (d, J = 23.1 Hz, 2-CH), 111.0 (d, ] = 21.0 Hz, 4-CH), 94.0
(OCH20), 71.6 (CH2-OCH3), 68.3 (CH2-CH20CH3), 59.2 (OCHs).

19F NMR (376 MHz, CDCls, ppm) 6 = -125.8 (3-CF).

IR (ATR, cm-1) ¥ = 2925 (w), 2878 (w), 2817 (w), 1596 (s), 1578 (s), 1462 (w), 1434 (vs),
1310 (w), 1275 (s), 1230 (w), 1170 (s), 1152 (vs), 1142 (vs), 1101 (vs), 1023 (vs), 994 (vs),
948 (s), 864 (s), 850 (m), 697 (s).

HRMS (ESI, [M+Na]*, CoH12FNO3Na) calcd.: 224.0693, found: 224.0691.
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3-Fluoro-5-((2-methoxyethoxy)methoxy)isonicotinaldehyde (58)

To a  stirred solution of  3-fluoro-5-((2-

Os_H
F\%/O\/O\/\O/CH3 methoxyethoxy)methoxy)pyridine (56) (400 mg,
| P 1.99 mmol, 1.00 equiv) in dry tetrahydrofuran
N (7.00 mL) was added n-butyllithium (140 mg, 875 uL,
2.19 mmol, 2.50M, 1.10 equiv) dropwise at -78 °C. After stirring for 60 minutes at -78 °C,
N,N-dimethylformamide (218 mg, 231 uL, 2.98 mmol, 1.50 equiv) was added to the reaction
mixture, and it was stirred for 15 mins at -78 °C. Saturated ammonium chloride solution was
added dropwise to the reaction at -78 C, and the reaction was warmed-up to 21°C. The crude
was extracted with ethyl acetate and washed with water and brine. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via automated flash-chromatography on
silica gel using a mixture of cyclohexane/ethyl acetate (20:1 to 3:2) to yield 3-fluoro-5-((2-
methoxyethoxy)methoxy)isonicotinaldehyde (85.2 mg, 372 umol, 19% yield) as a colorless
liquid.
1H NMR (500 MHz, CDCl3, ppm) 6 = 10.46 (s, 1H, 4-CHO), 8.58 (s, 1H, 6-CH), 8.32 (s, 1H, 2-
CH), 5.45 (s, 2H, OCH20), 3.91-3.87 (m, 2H, CH2-CH20CH3s), 3.58-3.54 (m, 2H, CH2-OCH3s),
3.36 (s, 3H, OCH3).

13C NMR (126 MHz, CDCls, ppm) & = 186.5 (s, 4-CHO), 156.9 (d, ] = 272.9 Hz, 3-CF), 153.4 (5-
€0),135.0 (d,/ = 5.0 Hz, 6-CH), 133.1 (d, ] = 23.6 Hz, 2-CH), 119.2 (d, ] = 7.5 Hz, 4-CCHO), 94.8
(OCH20), 71.5 (CH2-OCH3), 69.0 (CH2-CH20CH3), 59.2(0CHs).

19F NMR (471 MHz, CDCl3, ppm) 6 = -132.0 (3-CF).

IR (ATR, cm™1) V = 3074 (w), 2925 (w), 2894 (w), 2857 (w), 2822 (w), 1734 (w), 1701 (s),
1686 (s), 1611 (m), 1594 (s), 1548 (s), 1466 (vs), 1458 (vs), 1426 (vs), 1363 (s), 1282 (s),
1241 (vs), 1183 (vs), 1102 (vs), 1052 (vs), 1024 (vs), 982 (vs), 931 (vs), 849 (vs), 802 (vs),
717 (vs), 703 (vs), 554 (vs), 535 (vs), 528 (vs), 472 (vs), 446 (vs), 438 (vs), 425 (vs), 395
(vs), 375 (vs).

MS (EL 70 eV) m/z (%) = 229 (1), 174 (2), 155 (2), 154 (22), 142 (1), 141 (16), 140 (1), 126
(1), 124 (4), 123 (1), 113 (1), 112 (4), 111 (3), 109 (1), 97 (1), 96 (6), 95 (1), 90 (4), 89 (100),
86 (1), 85 (1), 83 (1), 76 (2), 69 (2), 68 (1), 60 (2), 59 (69), 58 (6), 57 (5), 56 (1).

HRMS (EI, [M]*, C1o0H12FNO4) calcd.: 229.0745, found: 229.0743.
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3-Fluoro-5-hydroxyisonicotinaldehyde (61)

O~ _H To a stirred solution of 3-fluoro-5-((2-

= N OH methoxyethoxy)methoxy)isonicotinaldehyde (58) (200 mg, 809 umol,
| P 1.00 equiv) in dichloromethane (15.0 mL) was added 2,2,2-trifluoroacetic

N acid (11.2 g, 7.50 mL, 97.9 mmol, 121 equiv). After stirring for 15 minutes

at 21 °C, it was extracted with ethyl acetate. Then 1 M aqueous NaOH solution was added
until pH = 10-11, extracted with ethyl acetate. Then 1 M aqueous HCI solution was added
until pH 4-5. It was extracted with a solution of dichloromethane/iPrOH (4:1), dried over
sodium sulfate, and filtered, and the solvent was carefully removed under reduced pressure
while keeping the temperature of the crude constantly at 20 °C with a water bath. The crude
title compound (5.30 mg, 37.6 umol, 5% yield) was obtained as a volatile colorless liquid,
which proved pure without further purification. It decomposed after a few days when kept

at -18 °C under an argon atmosphere.

1H NMR (500 MHz, CDzClz, ppm) & = 10.72 (br s, 1H, OH), 10.37 (s, 1H, CHO), 8.33 (s, 1H, 2-
CH), 8.18 (s, 1H, 6-CH).

13C NMR (126 MHz, CD2Clz, ppm) & = 193.0 (d, J = 8.1 Hz, 4-CHO), 158.9 (d, ] = 269.2 Hz, 3-
CF), 155.6 (5-C0), 138.7 (d, ] = 5.0 Hz, 6-CH), 129.1 (d, ] = 22.0 Hz, 2-CH), 113.8 (d, /= 10.1 Hz,
4-CCHO).

19F NMR (471 MHz, CD2Clz, ppm) & = -139.2 (3-CF).

IR (ATR, cm-1) ¥ = 3225 (s), 3189 (s), 2921 (s), 2854 (m), 1677 (m), 1623 (m), 1479 (vs),
1418 (vs), 1388 (vs), 1283 (s), 1272 (s), 1048 (s), 956 (vs), 798 (s).
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2-Fluoro-3-((2-methoxyethoxy)methoxy)pyridine (55)

N O\/O\/\O/CH3 To a stirred solution of 2-fluoropyridin-3-ol (1.00 g,
EI 8.84 mmol, 1.00 equiv) in dry tetrahydrofuran (20.0 mL) at

N F 0 °C was added potassium tert-butoxide (1.57 g, 14.0 mmol,
1.58 equiv) portion-wise. After stirring the reaction mixture for 30 min, 1-(chloromethoxy)-
2-methoxyethane (1.93 g, 1.77 mL, 14.0 mmol, 1.58 equiv) was added at 0 °C. The reaction
slowly turned red-orange and a precipitate formed while the reaction mixture was stirred
overnight at 23 °C. The crude was extracted with ethyl acetate and washed with water and
brine. The combined organic phase was dried over sodium sulfate and filtered, and the
solvent was removed under reduced pressure. The crude product was purified via flash-

chromatography on silica gel using a mixture of cyclohexane/ethyl acetate (2:1) to yield the

title compound (1.23 g, 6.11 mmol, 69% yield) as a light-yellow liquid.
Re= 0.47 (cyclohexane/ethyl acetate, 1:1)

1H NMR (500 MHz, CDClIs, ppm) 6 = 7.80 (dt, = 4.9, 1.7 Hz, 1H), 7.58 (ddd, J=9.9, 7.9, 1.6 Hz,
1H), 7.10 (ddd, J = 8.0, 4.9, 0.8 Hz, 1H), 5.32 (s, 2H), 3.89-3.83 (m, 2H), 3.56-3.53 (m, 3H),
3.35 (s, 3H). The spectrum contains traces of (2-methoxyethoxy)methanol and silicon

grease.

13C NMR (126 MHz, CDCl3, ppm) & = 154.4 (d, ] = 238.3 Hz, 2-CF), 140.4 (d, ] = 25.5 Hz, 3-C0),
139.1 (d, J = 13.3 Hz, 6-CH), 126.5 (d, ] = 4.0 Hz, 4-CH or 5-CH), 121.9 (d, ] = 4.4 Hz, 4-CH or
5-CH), 94.5 (OCH20), 71.5 (CH2-OCHz), 68.4 (CH2-CHz20CH3), 59.1 (OCH3). The spectrum

contains traces of (2-methoxyethoxy)methanol and silicon grease.
19F NMR (471 MHz, CDCl3, ppm) 6 = -84.0 (2-CF).

IR (ATR, cm-1) ¥ = 2928 (w), 2881 (w), 2820 (vw), 1605 (w), 1578 (w), 1453 (vs), 1414 (w),
1269 (m), 1244 (s), 1184 (s), 1099 (vs), 1027 (m), 967 (vs), 853 (m), 798 (s), 758 (m), 745
(s), 579 (w).

HRMS (ESI, [M+H]*, CoH13FNO3) calcd.: 202.0874, found: 202.0872.
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2-Fluoro-3-((2-methoxyethoxy)methoxy)isonicotinaldehyde (59)

O-~__H To a stirred solution of 2-fluoro-3-((2-
g\;io\/o\/\o/CH?’ methoxyethoxy)methoxy)pyridine (55) (800 mg,
| P 3.98 mmol, 1.00 equiv) in dry tetrahydrofuran (20.0 mL)
N F was added n-butyllithium (280 mg, 1.75 mL, 4.37 mmol,
2.50M, 1.10 equiv) dropwise at -78 °C. After stirring for 60 minutes at -78 °C, N,N-
dimethylformamide (436 mg, 462 uL, 5.96 mmol, 1.50 equiv) was added to the reaction
mixture, and it was stirred for 15 mins at -78 °C. Saturated ammonium chloride solution was
added dropwise to the reaction at -78 C, and the reaction was warmed-up to 21°C. The crude
was extracted with ethyl acetate and washed with water and brine. The combined organic
phase was dried over sodium sulfate and filtered, and the solvent was removed under
reduced pressure. The crude product was purified via automated flash-chromatography on
silica gel using a mixture of dichloromethane/methanol (dichloromethane + 1% methanol
- dichloromethane + 4% methanol) to yield 2-fluoro-3-((2-
methoxyethoxy)methoxy)isonicotinaldehyde (903 mg, 3.94 mmol, 99% yield) as a colorless
liquid.
1H NMR (500 MHz, CD3CN, ppm) 6 = 10.42 (d, J = 0.8 Hz, 1H, 4-CHO), 8.04 (ddd, J = 4.9, 1.7,
0.7 Hz, 1H, 6-CH), 7.54 (dd, ] = 4.9, 0.9 Hz, 1H, 5-CH), 5.38 (d, / = 1.1 Hz, 2H, OCH20), 3.88-
3.85 (m, 2H, CH2-CH20CH3s), 3.48-3.45 (m, 2H, CH2-OCH3), 3.23 (s, 3H, OCH3). The spectrum

contains traces of dichloromethane.

13C NMR (126 MHz, CDsCN, ppm) & = 189.4 (d, ] = 3.8 Hz, 4-CHO), 158.0 (d, ] = 239.4 Hz, 2-
CF), 142.3 (d, ] = 14.5 Hz, 6-CH), 141.9 (d, ] = 27.6 Hz, 3-COH), 139.2 (d, ] = 4.5 Hz, 4-CCHO),
119.8 (d,] = 4.9 Hz, 5-CH), 99.5 (d, ] = 6.4 Hz, 0CH20), 72.1 (CH2-OCHs), 70.5 (CH2-CH20CH3),
58.8 (OCH3).

19F NMR (471 MHz, CD3CN, ppm) 6 = -80.8 (2-CF).

IR (ATR, cm-1) ¥ = 2927 (w), 2883 (w), 2820 (vw), 1698 (vs), 1567 (w), 1432 (vs), 1407 (s),
1384 (s), 1368 (w), 1293 (w), 1242 (vs), 1201 (s), 1164 (m), 1140 (s), 1109 (vs), 1075 (vs),
1027 (w), 1001 (w), 966 (m), 922 (vs), 840 (s), 819 (m), 761 (w), 547 (w).

MS (EI, 70 eV) m/z (%) = 229 (15) [M]*, 201 (100), 89 (100), 59 (96).

HRMS (EI, [M]*, C10H12FNO4) calcd.: 229.0745, found: 229.0744.
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4-(Dimethoxymethyl)-2-fluoropyridin-3-ol (65)

CH; CH;  To a stirred solution of 2-fluoro-3-((2-methoxyethoxy)methoxy)isonicotin-
| |

0.0 aldehyde (59) (600 mg, 2.62 mmol, 1.00 equiv) in 1,2-dimethoxyethane (10.0

N OH mL) para-toluenesulfonic acid (90.2 mg, 524 ymol, 0.200 equiv) and trimethy]l

| _ orthoformate (2.78 g, 2.86 mL, 26.2 mmol, 10.0 equiv) was added, and it was
N F

stirred for 2 hours at 21 °C. The crude was extracted with ethyl acetate and
washed with water and brine. The combined organic phase was dried over sodium sulfate
and filtered, and the solvent was removed under reduced pressure. The crude was dissolved
in dry dichloromethane (20.0 mL), and 2,2,2-trifluoroacetic acid (14.9 g, 10.0 mL, 131 mmol],
49.9 equiv) was added. It was stirred for 15 minutes at 21 °C. It was extracted with ethyl
acetate. Then 1 m aqueous NaOH solution was added until pH = 10-11, extracted with ethyl
acetate. Then 1 m aqueous HCI solution was added until pH 4-5. It was extracted with a
solution of dichloromethane/iPrOH (4:1), dried over sodium sulfate, and filtered, and the
solvent was carefully removed under reduced pressure while keeping the temperature of
the crude constantly at 20 °C with a water bath. The title compound (131 mg, 698 umol, 27%

yield) was obtained as a volatile colorless liquid.

1H NMR (500 MHz, D20, ppm) & = 7.07 (dd, ] = 5.1, 1.4 Hz, 1H, 5-CH), 6.97 (d, ] = 5.1 Hz, 1H,
6-CH), 5.58 (s, 1H, 4-CH(OCH3)2), 3.32 (s, 6H, 2 x CH3).

13C NMR (126 MHz, D20, ppm) & = 151.5 (d, ] = 238.2 Hz, 2-CF), 143.3 (d, ] = 26.5 Hz, 3-COH
or 4-CCH(OCH3)2), 130.3 (d, ] = 9.6 Hz, 3-COH or 4-CCH(OCH3)2), 121.2 (d, ] = 11.8 Hz, 6-CH),
113.4 (4-CCH(OCH3)2, 94.2 (d, ] = 5.0 Hz, 5-CH), 49.0 (2C, 2 x OCH3).

19F NMR (471 MHz, D20, ppm) & = -91.0 (2-CF).

IR (ATR, cm-1) ¥ = 2953 (w), 2919 (m), 2850 (w), 1737 (w), 1672 (m), 1655 (m), 1626 (m),
1578 (w), 1561 (w), 1513 (w), 1439 (vs), 1417 (vs), 1364 (s), 1300 (s), 1239 (vs), 1208 (vs),
1096 (s), 1051 (s), 1023 (s), 950 (m), 833 (s), 738 (vs), 718 (vs), 646 (s), 609 (s), 588 (s),
550 (s), 537 (s), 523 (s), 507 (s), 438 (s), 429 (m).
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5-((Tert-butyldimethylsilyl)oxy)-2-fluoropyridine (67)

HsC CH,4 To a stirred solution of 6-fluoro-3-pyridinol (1.00 g, 8.84 mmol,

XN O\Si CH3; 1.00 equiv) and 1H-imidazole (1.20 g, 17.7 mmol, 2.00 equiv) in
/(j‘hd \CH3 N,N-dimethylformamide (20.0 mL), TBDMS-CI (1.47 g, 9.73 mmol,
1.10 equiv) was added. After stirring the reaction mixture for

2 hours at 21 °C, it was extracted with ethyl acetate and washed with water and brine. The
title compound (1.30 g, 5.72 mmol, 65% yield) was obtained as a colorless liquid. The crude

proved to be pure without further purification.

1H NMR (500 MHz, CDCls, ppm) § = 7.75 (dd, J = 3.1, 1.7 Hz, 1H, 6-CH), 7.23 (ddd, ] = 8.8, 6.6,
3.0 Hz, 1H, 3-CH), 6.80 (dd, J = 8.7, 3.6 Hz, 1H, 4-CH), 0.98 (s, 9H, SiC(CH3)3), 0.20 (s, 6H, 2 x
SiCH3).

13C NMR (126 MHz, CDCls, ppm) 6 = 158.2 (d, / = 233.0 Hz), 150.2 (d, ] = 4.4 Hz), 138.4 (d,
J=15.0 Hz), 132.4 (d, ] = 8.2 Hz), 109.6 (d, ] = 40.5 Hz), 25.7, 18.3, -4.4.
19F NMR (376 MHz, CDCls, ppm) & = -77.2 (2-CF).

IR (ATR, cm-1) ¥ = 2956 (w), 2931 (w), 2895 (vw), 2887 (vw), 2860 (w), 1588 (w), 1479 (vs),
1409 (vw), 1378 (m), 1364 (w), 1286 (m), 1255 (m), 1237 (vs), 1112 (w), 1089 (w), 1035
(w), 1017 (w), 1007 (w), 912 (s), 874 (w), 834 (vs), 781 (vs), 738 (w), 694 (m), 654 (vw),
636 (vw), 572 (vw), 487 (w), 460 (w), 439 (w), 395 (w).
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5-((Tert-butyldimethylsilyl)oxy)-2-fluoroisonicotinaldehyde (68)

0] To a stirred solution of 5-((tert-butyldimethylsilyl)oxy)-2-
H AN OTBDMS fluoropyridine (1.10 g 4.84 mmol, 1.00 equiv) in dry
. | N/ tetrahydrofuran (15.0 mL) was added n-butyllithium (341 mg,

2.13 mL, 5.32 mmol, 2.50M, 1.10 equiv) dropwise at -78 °C. After
stirring for 60 minutes at -78 °C, N,N-dimethylformamide (530 mg, 562 uL, 7.26 mmol, 1.49
equiv) was added to the reaction mixture, and it was stirred for 15 mins at -78 °C. Saturated
ammonium chloride solution was added dropwise to the reaction at -78 C, and the reaction
was warmed-up to 21°C. The crude was extracted with ethyl acetate and washed with water
and brine. The combined organic phase was dried over sodium sulfate and filtered, and the
solvent was removed under reduced pressure. The crude product was purified via
automated  flash-chromatography @ on  silica gel using a  mixture of
cyclohexane/dichloromethane (1% — 100% dichloromethane) to yield 5-((tert-
butyldimethylsilyl)oxy)-2-fluoroisonicotinaldehyde (35.5 mg, 139 pmol, 3% yield) as a

colorless liquid.

1H NMR (400 MHz, CDCls, ppm) & = 10.23 (s, 1H, 3-CHO), 7.99 (dd, ] = 3.3, 1.7 Hz, 1H, 6-CH),
7.66 (dd, ] = 7.5, 3.1 Hz, 1H, 4-CH), 0.98 (s, 9H, SiC(CH3)3), 0.22 (s, 6H, 2 x SiCH3).

13C NMR (101 MHz, CDCls, ppm) 6 = 186.6 (3-CHO), 158.6 (d, ] = 242.8 Hz, 2-CF), 151.1 (d,
J = 4.3 Hz, 5-C0), 144.9 (d, ] = 15.9 Hz, 6-CH), 128.7 (d, ] = 3.2 Hz, 4-CH), 118.2 (d, ] = 25.1 Hz,
3-CCHO), 25.6 (3C, SiC(CH3)3), 18.3 (SiC(CH3)3), -4.4 (2C, 2 x SiCH3).

19F NMR (376 MHz, CDCl3, ppm) & = -83.7 (2-CF).
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2-fluoro-5-hydroxynicotinaldehyde (69)

0] To a stirred solution of 5-((tert-butyldimethylsilyl)oxy)-2-
H AN OH fluoroisonicotinaldehyde (20.0 mg, 78.3 umol, 1.00 equiv) acetic acid
. | N/ (6.23 mg, 5.94 uL, 104 pmol, 1.00 equiv) in tetrahydrofuran (1.00 mL)

was added tetra-n-butylammonium fluoride (136 mg, 519 uL, 519 umol,
1.00M, 5.00 equiv). After stirring for 60 minutes at 23 °C, it was quenched with sat. aq.
ammonium chloride solution, extracted with ethyl acetate and washed with water and brine.
The combined organic phase was dried over sodium sulfate and filtered, and the solvent was
removed under reduced pressure. The crude product was purified via automated flash-
chromatography on silica gel using a mixture of cyclohexane/ethyl acetate (5% — 100%
ethyl acetate) to yield 2-fluoro-5-hydroxynicotinaldehyde (6.80 mg, 48.2 umol, 46% yield)

as a colorless solid.

1H NMR (500 MHz, CD2Clz, ppm) & = 10.22 (s, 1H, 3-CHO), 8.06 (d, J = 1.9 Hz, 1H), 7.72 (dd,
J=17.6,3.2 Hz, 1H).

Due to decomposition, recording a 13C NMR with clearly assignable signals was impossible.
19F NMR (376 MHz, CD2Cl2, ppm) & = -85.3 (2-CF).

IR (ATR, cm-1) V = 3044 (w), 2867 (w), 2764 (w), 2673 (w), 2636 (w), 2572 (w), 1704 (vs),
1594 (m), 1458 (vs), 1442 (vs), 1390 (vs), 1310 (m), 1296 (vs), 1234 (vs), 1205 (vs), 1133
(m), 1123 (m), 993 (m), 911 (vs), 820 (vs), 758 (vs), 745 (vs), 734 (vs), 633 (vs), 575 (m),
568 (s), 486 (m), 477 (m), 398 (m).

MS (EI, 70 eV) m/z (%) = 141 (100) [M]*, 140 (41) [M-H]J* 112 (32), 58 (10), 57 (15).

HRMS (EI, [M]*, CéH4FNO2) calcd.: 141.0226, found: 141.0227.
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6 List of Abbreviations

>o

Ac
aq.

atc

ATR

BD
BINOL
BIPY,BPY
BPDC
BTC

Bu

calcd.
CHCl3
CMMT

Cy

DABCO
dba
DE-bdc
DMSO
DoM
eg.
EDG

El
equiv
ESI

Et

etal

Micro

Angstrom

Acetyl

Aqueous
1,3,5,7-Adamantane
tetracarboxylate
Attenuated total reflection
Butanediol
1,1'-Bi-2-naphthol
4,4'-Bipyridine
Biphenyl-4,4'-dicarboxylic acid
1,3,5-Benzenetricarboxylate
Butyl

Calculated

Chloroform

9-Carboxy-10-(mercaptomethyl)

triptycene

Cyclohexyl

Debye
1,4-Diazabicyclo[2.2.2]octane
Dibenzylideneacetone
1,4-Benzenedicarboxylate
Dimethyl sulfoxide
Directed ortho metalation
lat. exempli gratia
Electron donating group
Electron impact
Equivalents

Electrospray ionization
Ethyl

lat. et alia

ELSD

EtOH
EWG

HINA
HPLC

HRMS

HSQC

Ipr
IR
LBL
LED
LPE

MHDA
min
mL
mmol
MOF
MS

MS
MUD
NH3
NHC

nm

Evaporative light scattering
detector

ethanol

Electron withdrawing group
Hours

Isonicotinic acid
High-performance liquid
chromatography
High-resolution mass
spectrometry
Heteronuclear single-quantum
coherence

Hertz

Isopropyl

Infrared

Layer-by-layer
Light-emitting diode
Liquid-phase epitaxy

Molar

Melting Point
Mass-to-charge ratio
16-Mecaptohexadecanoic acid
Minutes

Milliliter

Milimole

Metal-organic framework
Mass spectrometry
Molecular sieve
11-Mercaptoundecanol
Ammonia

N-Heterocyclic carbene

Nanometer
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NMR Nuclear magnetic resonance
NVOC 6-Nitroveratryloxycarbonyl
PEPPSI  Pyridine-
enhanced precatalyst preparation
stabilization and initiation

PG Protecting group

Ph Phenyl

PPG Photocleavable protecting group

PSS Photo steady state

ppm Parts per million

QCM Quartz crystal microbalance

ref. reference

Rf Retardation factor

SAM Self-assembled monolayer

sat. Saturated

SBU Secondary building unit

SHG Second-harmonic generation

SURMOF  Surface

T Temperature

t Time

t tert

TBAB Tetrabutylammonium bromide

TBDMS  tert-Butyldimethylsilyl

Tf Trifluoromethylsulfonyl

TFA Trifluoroacetic acid

TLC Thin layer chromatography

TMS Trimethylsilyl

TPMTA  4'-Carboxyterphenyl-4-
methanethiol

uv Ultraviolet

vis Visible

w Watt

XRD X-Ray diffraction

ZIF

Zeolitic imidazolate framework
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