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1 Introduction

Ever since the first isolation of a porphyrin from blood — hematoporphyrin (originally
named cruentine) by J. L. W. Thudichun in 1867,['-2] this unique Zetra-pyrrole-macrocycle has
captivated researchers from all over the world in its spell. Already in 1955 a conference
devoted entirely to porphyrins, founded by a Ciba Foundation Symposium, was convened.
Since that time, porphyrins have not lost any of their fascination which is expressed in the
multitudinous publications every year on porphyrin chemistry. The foundation of its own
journal the Journal of Porphyrins and Phthalocycanies (JPP) in 1997 and the formation of The
Soctety of Porphyrins and Phthalocyanines (SPP) in 2000 corroborated the great impact of this
research topic.

Porphyrins and especially metalloporpyhrins are highly aromatic and stable compounds
playing a key role in numerous biological and technical processes like oxygen transport in
blood, photosynthesis, catalytic conversions mediated by cytochrome, charge transfer in
photovoltaic elements, or chemical sensing.[] Hereby, special focus lies on the metal centers
with four-fold coordination by the tetra-pyrrole-macrocycle, as they form the active site for
attachment of axial ligands. Of highest biological importance amongst porphyrinoids
occurring in nature is surely &eme b, the red blood pigment (Figure 1-1). The iron center in
heme b reversibly binds small gas molecules during the respiratory action. Its first isolation
was achieved from crystallization of blood by L. Teichmann.[*] Not less in significance are
chlorophyll a, the green pigment involved in plant photosynthesis and wvitamin B, the red
pigment essential for numerous biochemically important rearrangement reactions, like cell
division or hematosis. In 1914 R. Willstitterl?] succeeded in the isolation of chlorophyll a and
was honored only one year later with the Nobel Prize in Chemistry 1915 "for his researches on
plant pigments, especially chlorophyll”. The Nobel Prize in Chemistry 1930 was awarded to
H. Fischer "for his researches into the constitution of haemin and chlorophyll and especially for his
synthests of haemin". R. B. Woodward established the total syntheses of chlorophyll a in 1960L6-
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81 and wvitamin B in 1972.097 The numerous biological functions of porphyrins and
metalloporphyrins have stimulated a plethora of investigations and today they certainly
represent one of the most extensively studied of all known nitrogen-containing macrocycles.

Of special interest herein, are syntheses of artificial porphyrins and porphyrin derivatives

which are able to mimic the biological activity.

vitamin B4,

Figure 1-1: Examples of porphyrins in nature: heme b, chlorophyll a and vitamin By,.

The pioneering discovery of isomeric porphyrin, the porphycene, by E. Vogel,['° has
revolutionized the porphyrinoid chemistry. A great variety of porphyrins and porphyrin
derivatives have become accessible ever since, including calixpyrroles,[''] contracted,[!'?
expanded,['*-1*]  heteroatom-exchangedl!>16] and inverted porphyrinoids.L'7-18]  The
elongation of the m—system with fused polycyclic aromatic rings on the periphery of the
macrocyclic core results in highly conjugated porphyrins.[19-21] Fully conjugated porphyrins
are attractive materials for nonlinear opticsf?2-23] or as photosensitizers for photodynamic
therapy.l?*] Edged fused porphyrins can also result in conjugated oligoporphyrins which are
promising as molecular wires and molecular switches.[29?8] The replacement of pyrrole
units in the porphyrin core with other aromatic rings have revealed unusual physical

properties relating to cyclic conjugation, magnetic features, redox potential and
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metal-binding behavior.[15-16. 297 In this class heterol® 15161~ carbal?¢-11- and N-confusedt!"
18] porphyrins with one or more pyrrole units exchanged are the most prominent members.
Although, the list of examples is long and could be indefinitely extended, most of these
porphyrinoids have been synthesized by the classical acid-catalyzed condensation of pyrroles
and aldehydes (or their equivalents).[?2-33] Nowadays, modern chemistry including a toolbox
full with new synthetic protocols have entered into the laboratories and allow more efficient
preparation of novel porphyrinoids with new properties to be explored. Therefore, we and
others are keen to design novel porphyrinoids constructed using contemporary synthetic

protocols.[34-56]







2 State of the Art

2.1 Porphyrins

Porphyrins have received their denotation deduced from the Greek word for
purple, porphura. Due to their biological importance in nature and their vivid colors
porphyrins have been named the “pigments of life”.[3] Porphyrins consist of four pyrrole-
type subunits joined together at their a carbon atoms vza methine bridges (=CH-), resulting
in two pyrrole (NH) and two pyrrolenine (=N) units (Figure 2-1). The structure of the cyclic
tetrapyrrole was first suggested by W. Kiisterl®”] in 1912 and subsequent investigations

proved the ¢rans NH-tautomer as the most stable form (Figure 2-1).

Rt B
pyrrole |

'Y -F— meso-position
- a

pyrrolenine .
1

Figure 2-1: The trans NH-tautomer of porphyrin and its 18 mr-electron aromatic pathway (indicated
in blue).

The aromaticity of porphyrins is unique and arises from the diatropic ring current
distributed over the cyclic scaffold. Porphyrins obey the Hiickel rulel?s-59] for aromaticity
possessing 4n+2 m-electrons delocalized over the macrocyclic core. However, porphyrins can
also be interpreted as multiple-bridged aromatic di-aza[ 18Jannulene systems,*°] due to
their similarity to [187]Jannuelene.[*!]

Porphyrins and their derivatives are highly colored, absorbing strongly in the visible region
(Figure 2-2a). The most intense absorption band near 400 nm was named after its discoverer

J.-L. Soret.[*2] Less intense bands in the long-wavelength region between 500-800 nm are
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generally called Q-bands. Both, the Soret and the Q-bands arise from the porphyrin core-
centered m-m* transition and can be explained by the four-orbital modelZ+-**1 According to
this theory, the two degenerated highest occupied molecular orbitals (HOMOs) are of aiy
and agu symmetry, and the two degenerated lowest unoccupied molecular orbitals (LUMOs)
are of e, symmetry (Figure 2-2b). The four orbitals are m and n* orbitals and the two major
absorbances arise from the coupling of the two transitions between those orbitals. The
weaker absorbance of the Q-bands is the result of the destructive interference of the

transition dipoles.[#5]

Soret Band
_ g () ———
S
E
£
=
i\ 3, (1) —
w Q-Bands a, (T[) i
| | porphyrin orbitals
400 600
wavelength (nm)
a b
Figure 2-2: a: Schematic illustration of a typical UV-vis absorption spectrum of a porphyrin; b:

Molecular orbital diagram for porphyrin (four-orbital model).

The chemical shifts in the proton NMR spectrum of porphyrins are characteristic and
strongly influenced by the aromatic ring current. The signals for the outer protons are
shifted to lower fields, whereas the signals of the inner NH-protons are resonating at high
field (- 4 ppm) as a consequence of the macrocyclic aromaticity.[%]

Beside the unique optical properties, the most striking feature of porphyrins is undoubtedly

the ability to complex almost any transition metal ion in its cavity (Figure 2-3).[%6]

Figure 2-3: Metalloporphyrin.
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In this regard, porphyrins are rigid chelating ligands which force the transition metal ion
into its macrocyclic plane. Upon metalation with metal(II) ions a dianonic species is formed
due to deprotonation of the porphyrin ring. The metal center accepts the lone-pair-electrons
of the nitrogen atoms, while electrons of the metal ion are donated to the ligand, forming
delocalized m-bonds allowing delocalization of the m-electrons.

Based on their UV-vis properties, a distinction is drawn between regular metalloporphyrins
containing closed-shell metal ion (d° or d'°) and the /ypsoporphyrins with d™ (m = 6-9)
metals where the dr (dx; and dy,, Figure 2-4) orbitals are filled.[*7] For metals with partially
occupied dr orbitals (d™, m = 1-5) the resulting (d-type) Ayper spectra are more complex due
to extensive mixing of the metal dr orbitals and the LUMO of the porphyrin.

- dxz dvz (dn)
Ay d, Tt system
porphyrin metal metal porphyrin
a b
Figure 2-4: a: Simplified molecular orbital diagram for metalloporphyrins. Interaction between

metal d;; and 1 porphyrin orbitals occurs for h¥Psoporphyrins; b: The d,; metal orbital
overlap with the 1 sytem of the porphyrin ring.[4

In the first category of regular porphyrins, the low energy metal orbitals have only little
effect on the porphyrin © to n* energy gap, whereas in Aypsopophyrins a significant metal dx
to porphyrin m* orbital interaction occurs (Figure 2-4a). This is also denoted as metal to
ligand backbonding (Figure 2-4b), and results in an increased © to ©* energy gap along with
an hypsochromic shift in the absoption spectra for metalloporphyrins compared to their
ligands.

The vivid colors of the metalloporphyrins are therefore, unlike most transition metal
complexes, due to absorption within the porphyrin arising also from porphyrin-centered
n-n*-transition. Generally, metalloporphyrins exhibit two Q-bands instead of four for the

free ligands, due to the increase of symmetry of the porphyrin core (Do) upon metalation
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(Dan). The orbital mixing also results in the decrease of fluorescence yield (florescence
quenching).

Metalloporhyrins can be obtained by refluxing the corresponding porphyrin with a metal
salt. Hereby, usually metal(IT)acetates and solvents like chloroform, acetic acidC*$1 or
dimetylformamidC*] (DMF) are used. DMF has the advantage that it is a uniformly good
solvent for both, the ligand and the metal salt.[*97 The HCI produced in the reaction escapes
at the reflux temperature of the solvent. The product crystalizes either by cooling or
addition of water or methanol. Metal ions which prefer octahedral geometry usually

complete the coordination by neutral donor ligands, such as solvent molecules.

21.1 Syntheses of Porphyrins

Plenty of synthetic protocols can be found for porphyrins, and therefore only the most
common are descried in the following. The most famous synthesis for porphyrins is surely
the RothemundC%0-51J reaction. It describes the one-pot condensation of pyrrole (2-2) and a
simple aldehyde (eg. 2-1) to form meso-tetrasubstituted porphyrins like meso-
tetraphenylporphyrin 2-8 (commonly abbreviated TPP or H,TPP, Scheme 2-1). This
method however requires high temperatures, long reaction times and results in low yields.
Therefore, improvements by Alder and Longo achieved acid-catalyzed reaction conditions
avoiding high temperatures and resulting in reasonable yields.[?27 When Lewis acids such as

BFs are used, the reaction is named the Lindsey-type Rothemund reaction.C5%]

Ph
H
JL N Ph
—_—
Ph” “H | o Ph
\)LOH
2-1 2-2
or BF; Ph
2-3 (TPP)

Scheme 2-1:  Rothemund reaction without acid and the acid-catalyzed Alder-Longo-Rothemund
reaction or Lindsey-type Rothemund reaction, respectively.

For the synthesis of unsymmetrical meso-unsubsituted porphyrins, such as 2-6, the “2+2”

MacDonald condensation has been successfully applied (Scheme 2-2).L5%1 It denotes the

condensation of dipyrrylmethanes (2-4) and diformyldipyrrylmethanes (2-5) in the presence
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of an acid catalyst. It is worth mentioning, that this reaction is a key step in the total

synthesis of heme b and chlorophyll a.

HO,C CO,H
HO,C COH
N e
HO,Y \NH HN-Z/ oM
i HI, AcOH HO,C COH
_—
i Oy MeO,C,
CO,Me
MeOZC
MeO,C
2-6

Scheme 2-2: MacDonald “2+2” method.

The most versatile approach for the synthesis of meso-unsubsituted porphyrins though, is the
“3+1” method as formulated by Broadhurst in 1971.05%1 It is a variation of the “2+2”
MacDonald approach and describes the condensation of any dialdehyde (2-7) with readily
available tripyrranes (Scheme 2-3). Although, tripyrrane itself is very unstable it can be
generated n situ from the corresponding dicarboxylic acid (2-8). Dicarboxylic acids easily
decarboxylate upon treatment with acids. Albeit the “3 +1” approach has been ignored for
over more than two decades it was proven to be the method of choice for the synthesis of a

variety of porphyrin analogs.[3!]

2-9
Scheme 2-3: The “3+1” method.

The latter described syntheses for porphyrins are based on the mono-, di- or tripyrrolic
precursors. Further syntheses for porphyrins include e.g. ring-closure reactions of linear
tetrapyrroles or transformations of natural prefabricated porphyrins such as protoporhyrin-
dimethyl-ester or hematoporphyrin, both derived from /&eme b.C76]

The chemical reactivity of porphyrins are closely related to those of aromatic hydrocarbons,
therefore reductions, oxidations, electrophilic substitutions, cycloadditions, rearrangements
or transition metal induced substitutions and dimerizations can also be used to transform

porphyrins into new porphyrin derivatives.[?]
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2.1.2 Modified Porphyrins

The main motivation to study artificial porphyrins is to control the porphyrin physico-
chemical properties.[? %3] Nowadays, a great variety of core modified porphyrins can be
found in the literature, including calixpyrroles,C''J contracted'?] or expandedl5”! porphyrins
but also heterol? 15-161- carbal®0-51]- and N-confused[!'7-'8] porphyrins. The latter describe
porphyrinoids with four heterocyclic rings which are connected in such a way that the
porphyrin scaffold (porphyrin-like conjunction) is preserved. Today, chemists are able to
exchange one or more pyrrolic units in the porphyrin skeleton, just like puzzle pieces in a

Jigsaw resulting in a whole zoo of core-modified porphyrins (Figure 2-5).

= X=C,0,S,Se, Te

o0 9

Figure 2-5: Schematic illustration of the porphyrin skeleton as a macrocyclic jigsaw with one piece
exchanged. Possible building blocks resulting in hetero® **®. carba®**!- and N-
confused™*® core-modified porphyrins.

The replacement of one or more pyrrole units in the porphyrin core results primarily in the

control and tuning of the electronic properties. For example, heteroatom substituted

porphyrins (2-10) exhibit quite different optical and metal-binding properties compared to
regular porphyrins, caused by the introduction of chalcogenide atoms, such as O, S, Se or Te

(Figure 2-6). They form stable complexes in unusual oxidation statest?®] and large red shifts

of the Soret and Q-bands in the visible spectrum are observed.['%] Additionally, the chemical

properties are affected, e.g. an oxygen causes a pronounced electronic effect in the
macrocyclic system due to its electronegativity and a sulfur atom perturbs the planar
structure due to its steric bulkiness. Meso-unsubstituted heteroporphyrins are accessible
through the “3+1” method and have first been reported by Broadhurst.[?% 591 On the
contrary, for meso-tetraaryl heteroporphyrins the “3+1” method is not suitable and mostly

Lindsey conditions are used.L?%]
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X=0, S, (Se, Te)

2-10 2-11a

Figure 2-6: Heteroporphyrin  2-10, cross-conjugated Azuliporphyrin 2-11a and its dipolar
resonance structure 2-11b.

Azuliporphyrins (2-11a), members of the carbaporphyrins, exhibit only borderline
aromaticity which is indicated by the absence of defined Soret bands in the UV-vis spectra
(Figure 2-6).060611 The azuelene unit causes cross-conjugation in the system, which
describes the interruption of the strict alternation of single and double bonds by two
consecutive single bonds at each cross-conjugated point (Figure 2-6). Anyhow, the proton
NMR spectrum gives evidence of the existence of a weak diatropic ring current with the
internal CH appearing at & = +1.5 ppm. This shift was attributed to the combination of the
18m-electron aromaticity and the external tropylium character (Figure 2-6, 2-11b).[6%]
Meso-unsubsituted azuliporphyrins are accessible by the “3+1” method,[%?] whereas
meso-tetraarylazuliporphyrins are readily available under Lindsey-type Rothemund reaction
conditions.[53, 60]

[f six-membered rings like benzene or pyridine are incorporated into the porphyrin skeleton,
macrocyclic aromaticity can only take place if the six member rings are finessed to give up
their resonance stabilization energy.[6-6*] Hybrid structures where pyridine rings take the
place of a pyrrole unit are called pyriporpyhrin. For the synthesis of pyriporphyrinf6] 2-12

and oxipyriporphyrin66-651 2-18 the “3+1” protocol has been successfully applied (Figure

2-7).
9 < o
212 213
Figure 2-7: Pyriporphyrin®®® 2-12 and oxipyriporphyrin 2-13.°%%

Compared to oxipyriporphyrin 2-18 where porphyrin-like aromaticity could be proven by

NMR and UV-vis spectroscopy, the pyriporphyrin 2-12 does not possess a diamagnetic ring
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current. The 18m-electron macrocyclic aromaticity can only be achieved by the loss of the
resonance stabilization energy of the pyridine ring.[5%] Furthermore, pyriporphyrins suffer
from instability due to the surrounding meso-carbons at the pyridine moiety.[69-70]

The incorporation of benzene-fused pyrroles like carbazoles into the porphyrinic skeleton
offers amongst others, the possibility to extend the n-conjugation. Carbazole-based
materials have highly emissive and electron-conducting properties and offer good chemical
stabilities.L7!-72]  Furthermore, they show excellent compatibilities with various
transformations such as polymerizations and metal-catalyzed cross-coupling reactions.[7%]
Despite these characteristics, only few examples of carbazole-based porphyrinoids have been
reported to date, which usually require different synthetic protocols than those for classical

porphyrin syntheses described earlier (cf. chapter 2.1.1).

CO . C) ()
R () 9

2-14 2-15

Figure 2-8: Picenoporphyrin”7® 2-14 and calix[4]pyrrole[2]carbazole 2-15.7"

Smith et al. reported the synthesis of a highly m-extended porphyrin (2-14) with fused
benzene rings on one side of the tetrapyrrole macrocycle.L7#] This was achieved by
Bergmanl™] aromatization of nickel-containing vicinal dialkynylporphyrin. The resulting
compound 2-14 comprises a benzo-fused carbazole and was named “picenoporphyrin” in
analoga with its [ 5 ]phenancene structure.l7]

Although not being a porphyrin but rather an expanded calixpyrrole, Sessler’s
calix[ 4 ]pyrrole[27]carbazole 2-15 is a nice synthetic example where two of the four acetone
derived dimethylmethylene bridging subunits are replaced by carbazoles.L77] A palladium
catalyzed Stille-type[®°] cross-coupling reaction was used to attach pyrroles to the
carbazoles. The pyrrole units were then reacted in an acid catalyzed condensation with
acetone to close the macrocycle.

Very recently, Osuka et al. reported the carbazole-containing porphyrinoids 2-16 and 2-17
which were constructed by a multiple annulation strategy (Figure 2-9). By this, the authors
were able to exchange two pyrrole units by carbazole resulting in porphyrinoid 2-16. It has

to be mentioned that the remaining pyrroles in 2-16 are substituted at the nitrogens and
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thus do not serve for further coordination reactions. The authors claim that the deprotection

of the pyrrolic nitrogen was unsuccessful.

Ya'a®
§ o~ § o~ o~ 2

2-16 2-17 2-18

Figure 2-9: Carbazole-containing  porphyrinoids 2-16 and 2-17 and core-modified
porphyrin 2-18.%

Furthermore, they were able to replace the remaining pyrroles by thiophenes affording

compound 2-17. Both carbazole-containing porphyrinoids, 2-16 and 2-17, do not possess

porphyrin-like aromaticity. Anyhow, thiophene-containing porphyrinoid 2-17 could be

oxidized to core-modified porphyrin 2-18 which displays a remarkably intensified and

red-shifted absorption spectrum that reaches the near infrared region as a result of its

distinct aromaticity and expanded network.

9t S,

OO (J

2-19 2-20

Figure 2-10: Carbazole-indolo-based porphyrinoids 2-19 and 2-20.%%

Recently, Yoshioka supplemented the class of benzo-fused porphyrinoids by compounds
2-19 and 2-20 (Figure 2-10), containing both carbazole and indolone moieties.[81 Hereby,
metal-mediated syntheses were used for the construction of the macrocyclic core of
porphyrinoid 2-19. The subsequent oxidation afforded then compound 2-20 possessing a
diamagnetic ring current. While porphyrinoid 2-19 exhibits absorption primary in the

UV-vis region, the spectrum of compound 2-20 is extended to the visible region.

The electronic structure of porphyrins is not only susceptible to core variations but also to

peripheral functional modifications, such as the introduction of m-conjugated segments
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resulting in m-extended porphyrins.?] Considerable attention has been given to the fusion of
porphyrins and creating expanded m-systems with multi-metal sites.[32-*] For instance,
one-dimensional fused oligoporphyrins are expected to be good conducting molecular wires,
due to their ability to transfer electronic charge over macroscopically large distances.2¢]
Besides meso-meso ethyne-bridged™>1 or meso-meso butadiyne-bridged®¢] porphyrin arrays,
directly fused porphyrins provide especially strong m-conjugation.t37-591 These planar, sheet-
like structures are among the most promising scaffolds as advanced materials for
applications such as photodynamic therapy,l**] non-linear opticsf*] or organic
semiconductors.[90]

The synthesis of meso—meso linked diporphyrins (2-28) can be achieved by the Agl-promoted
oxidation of 5,15-diaryl substituted Zn(II) porphyrins (2-21) and the subsequent oxidative
fusion reaction with DDQ/Sc(OTt)s (Figure 2-11).091]

31

| f 3 !
Ar" % J » C . ) } . i
Ar " » A ’ - Ar Ar

2-21

-

Figure 2-11:  Synthesis of meso-meso linked diporphyrin 2-23. Conditions: i Ag'; ii DDQ/Sc(OTf)3.l?

By this method a variety of porphyrins with free meso- and S-positions can be converted into
directly linked porphyrin arrays with exceptionally large m-delocalization and strong

red-shifted absorption bands.[91, 95-95]
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Scheme 2-4: Meso-meso linked porphyrin tape 2-24. Conditions: ii DDQ/Sc(OTf)3.1%*

For example, Osuka et al. showed that the bathochromic shift increases with the number of

porphyrin moiety resulting in very low energy gaps (Scheme 2-4).09] As an extreme case,




they were able to synthesize porphyrin tapes up to a 12-mer (2-24, Scheme 2-4) with an
energy gap of only 0.19 eV.

Two-dimensional n-expanded tapelike porphyrin oligomers are challenging due to chemical
instability and extremely poor solubility and have rarely been studied. Triple and tetrameric
tused porphyrin can be achieved by applying the same synthetic approach described for

linear olioporphyrin arrays and were first described by Osuka (Scheme 2-5).054 971

Ar 2-26
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(84, 97]

Scheme 2-5: L- and square-shaped porphyrin tapes. Conditions: iAg'; il DDQ/Sc(OTf),.

Whereas the triple fused L-shaped porphyrin sheet 2-26 exhibits similar electronic and
aromatic properties as the related linear trimer porphyrin tape (2-24 with n = 1), the
square-shaped porphyrin sheet 2-28 provides unique features ascribed to its central
cyclooctatetraene (COT) segment. The COT is forced to be planar induced by the fused
porphyrins and shows a paratropic ring current above the COT core evidenced by the
downfield shifts of the guest proton coordinated to the square-shaped sheet.

Besides these extended porphyrin arrays for semiconducting applications, porphyrin
complexes have been recognized also to be promising candidates as alternatives to
platinum-based cathode catalysts for the oxygen reduction reaction (ORR) in a fuel cell.[9%]
Due to the significance for this work a brief introduction of fuel cell technology is given in
the following chapter along with the various types of novel non-precious metal catalysts for

the ORR.
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2.2 N4-macrocyclic metal complexes as catalysts for ORR

221 History and principle of a fuel cell

Sir William Robert Grove described already in 1839 the principle of a fuel cell,*°] and was
therefore named the pioneer of fuel cell technology (Figure 2-12). The Grove cell was an
early electric primary cell and consisted of a zinc anode in dilute sulfuric acid and a platinum
cathode in concentrated nitric acid, the two separated by a porous ceramic pot (Figure 2-12).
Almost no further research was done on this new technology until the NASA used a fuel cell
as a self-sustaining energy source for the Gemini Program. The Gemini Program was the
second human spaceflight which primarily tested equipment and procedures for the future
Apollo missions. Today, fuel cells are among the most promising technologies for the

transition to a hydrogen-based economy.

Sulfuric Acid Solution

Sir William Robert Grove, 1839

Figure 2-12: The pioneer of fuel cell technology Sir William Robert Grove and its Grove cell.

Fuel cells have already been applied in practice for transportation, portable uses and
stationary installations. For example, zero-emission fuel cell vehicles have environmental
and economic advantages, since they will have similar range and performance to cars with
internal combustion engines, but a significant reduction in carbon dioxide, a greenhouse gas.
Fuel cells can also compete with batteries and generators for portable use. Prototypes of
tuel cell powered mobile phones and laptops have already been exhibited at the World
Expo 2005 in Japan. Fuel cells can also provide electric power for homes and oftices. The
heat produced by the cell can be circulated just like in applications with conventional heating

systems. Some examples have been already applied to power hospitals and industrial plants.

A fuel cell generates electrical power by converting the chemical energy of a fuel into

electrical energy by an electrochemical reaction without combustion (Figure 2-13). Fuel
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cells typically utilize hydrogen as the fuel and oxygen (from air) as the oxidant. The reaction

results in electricity, water and heat.

oxygen feed Anode: 2H2 = 4H* + 4e”
Cathode; 0,+4H*+4e 2 2H,0
hydrogen feed
Overall reaction: 2H,+ 0, 2 2 H,0

Direct pathway (4-electron reduction reaction)

eee®  , .

0,+4H*

Parallel pathway (7-electron reduction reaction)

€. ee

0, +2 H ,0,+2HY — =352 H,0

Figure 2-13:  a: Schematic illustration of a fuel cell and b: the overall reduction reaction from
oxygen to water and the direct and parallel pathway at the cathode.

The basic cell consists of two electrodes, the anode and the cathode, separated by an
electrolyte membrane. Each of the electrodes is coated on one side with a catalyst (most
commonly platinum). The contact unit comprising electrolyte, catalyst and electrodes is
called membrane electrode assembly (MEA). Hydrogen fuel is fed into the anode while air
enters through the cathode. In the presence of the catalyst, the hydrogen molecule splits into
two protons and two electrons. The electrons flow through an external circuit creating an
electrical current. The protons are transported through the electrolyte membrane and
combine at the cathode with the electrons and oxygen from the air to form water and
generate heat as a by-product. Overall, oxygen is electrochemically reduced to water, hereby
two pathways are possible. Complete reduction (direct four-electron pathway) generates 2 eq
of water, whereas the partial reduction (parallel two-electron pathway) yields hydrogen
peroxide, a harmful by-product (Figure 2-13b).[1°0] Hydrogen peroxide can damage the
internal components of a fuel cell, therefore oxygen-reduction electrocatalysts are

engineered in such a way as to limit the amount of peroxide formed.




There are several different types of fuel cells but all work in the same general manner. The
most considered type is the polymeric-electrolyte-membrane fuel cell (PEMFC), which
contains platinum catalysts and most commonly Nafion (by DuPont) as an electrolyte
membrane. PEMFCs can start up fast and operate at near ambient temperatures. They have
been recognized as a potential future power source for zero-emission vehicles.[101-102]
Furthermore, the alkaline (AFC) and the phosphoric-acid fuel cells (PAFC) are under active
development. Those fuel cells request relatively pure hydrogen, and thus the use of
hydrocarbon or alcohols as a fuel requires an additional fuel processor, causing additional
costs. High temperature fuel cells like, molten-carbonate fuel cells (MCFC) or solid-oxide
tuel cells (SOFC) have the advantages that the CO and H. can be electrochemically oxidized
at the anode.

Although many improvements in reliability have been made to implement a “hydrogen
economy”, the scenario is impeded by technical and economic difficulties.'0'] One of the
main barriers to overcome is the large-scale production of hydrogen. Nowadays, the
cheapest technology is the steam reforming of natural gas which produces significant
emissions of greenhouse gases.[9°] Beyond that, the costs for fuel cells are still high and
therefore widespread commercialization is limited.[10%] Active research to reduce costs and
increase efficiencies for all components in a fuel cell is ongoing. Besides the development of
new ion conduction membranes and optimization of bipolar plates and cell frames, especially
the heart of a fuel cell, the electrocatalysts is under active development. Major drawbacks in
catalyst performance are the cathode catalyst oxidation, carbon monoxide deactivation,
catalyst migration, loss of electrode active surface and also corrosion on the carbon
support.L'95] The currently used platinum (Pt) based catalysts are most promising but one of
the major cause for high cost.[196] Although ideally, both fuel cell electrodes should be
considered, the substitution of the cathode catalyst with less expensive materials will result
in a significantly greater reduction of Pt needed. This is due to the slow oxygen reduction
reaction (ORR) at the cathode requiring much more Pt compared to the fast anodic
hydrogen oxidation. The cathode suffers from relatively sluggish ORR kinetics and
therefore high overpotential which limits the performance of the fuel cell. Therefore, the
reduction in the amount of noble-metal without degrading the cell performance for example
by alloying Pt with inexpensive metals and the support of nanoparticles of platinum on a
carbon materials have been, and continue to be, important research and development
activities.[107-199] Recently, non-precious metal catalysts (NPMCs) have attracted enormous

interest as an alternative to platinum-based catalysts for ORR.['95] This includes amongst
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others nickel, cobalt, iron, copper, chromium and tin. Those metals are usually supported on
carbon materials (M-Ny/C) formed by pyrolysis of a variety of metal, nitrogen and carbon
precursor.L!°4] On the other hand, those metals are generally employed in the form of metal
complexes such as chalcogenides, transition metal oxides or nitrides and macrocycles
(porphyrins and phthalocycanines)..1197 Amongst those, metal porphyrins, with cobalt or
iron, have been viewed as most promising precursors, due to their similarity to the
mammalian fuel cell, cytochrome ¢ oxidase, which catalyzes the complete four-electron
conversion of oxygen.[®] Other non-precious metal electrocatalysts materials include
conductive polymer based complexes as well as enzymatic based electrode materials.C'11]
The catalytic activity of cobalt phthalocyanine, a porphyrin related macrocycle, towards the
ORR has been discovered by the pioneering work of Jasinski in the early 1960s.0112] The
catalytic activity of metal macrocyclic compounds is suggested to arise from the redox
potential of M(III)/M(II) of the metals, where M(II) is the active site.[9] The complexes
need to be supported on a conducting support, like carbon or graphite materials. The major
drawback of these complexes, being its low stability and activity, can be improved by
thermal treatment which was discovered by Jahnke ez all'13] Pyrolysis is mostly believed to
yield MN,-motifs as the active sites but is still not fully understood.[''#-1171 Ny-macrocyclic
metal complexes are interesting not only due to their lower costs but also due to their high
tolerance to methanol, for the case of methanol fuel cell application.

The catalytic activity, though, is sensitive to the structure of the ligand and the nature of the
metal center. While simple iron and manganese phthalocycanines (2-29) promote the four
electron reduction, cobalt and nickel phthalocycanines (2-80) reduce oxygen only by a

two-reduction pathway (Figure 2-14).0118]

prosSlire<S
Sy

M =Fe or Mn M = Co or Ni
2'29 2_30 2_31 2_32
4-electron 2-electron 2-electron 4-electron
pathway pathway pathway pathway
Figure 2-14: Examples of NPMCs for ORR.
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Two electron-catalysts such as cobalt porphyrinf!'9-121]7 2-31 can be converted to
tour-electron catalysts by the introduction of substituents in the periphery to increase the
electron back-bonding (2-32, Figure 2-14).[1221 On the other hand, the manner of interaction
between the oxygen and the active site is also an important aspect. The reduction of oxygen
involves the rupture of the O-O bond and can possibly happen by the interaction of the
metal center of the macrocycle and O. with one side (end-on or side-on) or simultaneously
with two sides (bridge-czs or bridge-trans, Figure 2-15). Platinum reduces oxygen almost
exclusively wvia the four-electron pathway and a bridge-cis type interaction is being
suggested since the Pt-Pt separation in certain crystallographic orientations is optimal.[125]

As a result, the four-electron reduction is favored by the simultaneous dual-site mechanism.

0]
/ M
0 o—po 0—o0 o—o
| \ / / \ /
M M M M M
end-on side-on bridge-cis bridge-trans

Figure 2-15: Different configuration for molecular oxygen when it interacts with the active sites.

In this regard, cobalt macrocyclic complexes comprising two cobalt centers have been
designed with metal-to-metal distance which favors the interaction of dioxygen with both
active sites. Chang and Collmann pioneered the development of Pacman porphyrins (such as
2-33 and 2-384),0124-125] having a face-to-face geometry which allows the binding of O, within
the “bite” of the cofacial cleft in a bridge-trans type (Figure 2-16). The optimal Co-Co
distance for Pacman porphyrins to promote the direct four-electron reduction was found to
be 4 A.C126] It is worth mentioning, that those systems promote the four-electron reduction

only in acid media.[22]

G N N-N N= =N N-N N
SNeo ¢l AR
s ~ Co, Co Cl,*2H,0
N N-N N / \ 7/ \
\ / N N-N N
7\ \ =

2-33 2-34 2-35 2-36

Figure 2-16: Examples of dinuclear NPMCs for ORR.
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On the other hand, only few planar dinuclear complexes such as 2-85 or 2-36 (Figure 2-16)
have been synthesized but reduce oxygen via four electrons in alkaline media.['2”1 Here, the
oxygen adopts the same bridge-cis type configuration as it is in Pt, nevertheless, those
complexes suffer from instability.

Although many efforts involving the design of novel ligands,[''?] molecular decoration with
functional groupst!?s] and post-heating treatmentl'°*] have been made, limitations regarding
catalytic activity, selectivity, stability and sustainability still exist. The actual activity of the
most active non-precious metal catalysts is still well below the United States Department of

Energy (DOE) 2015 target.[1!'] Also the lifetimes are far shorter than targets in DOE 2015.

Important tools employed in the study of the electrocatalytic activity towards ORR are the
rotating disk electrode (RDE) and the rotating ring disk electrode (RRDE) techniques and

therefore, their basics will be introduced in the following.

222 Rotating Disk Electrode - RDE

The electrocatalytic ORR can be studied by rotating disk voltammetry (Figure 2-17a). The
rather simple three electrode system contains a disk electrode embedded in an insulating
material. The disk electrode representing the working electrode is generally made of noble
metal or glassy carbon.
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Figure 2-17:  a: Schematic illustration of RDE;** b: Koutecky-Levich plots at 0.6 V for the
theoretical slopes calculated assuming the 2- and 4-electron processes for the O,
reduction.*"!
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To scan the electrode potential, the water insoluble catalyst is deposited on the disk
electrode as a film and then immersed to aqueous electrolyte. The rotation causes a flow of
electrolyte to the electrode, bringing the reactants to the catalyst.

The selectivity of the catalysts is often represented as the average number of electrons n
delivered to an Oz molecule. The number of electrons transferred can be determined from
Koutecky-Levich plots (Figure 2-17b). Here, the inverse disk current (J”) is plotted vs. the
inverse square root of the rotational frequency (a)_l/z) resulting in a straight line if the
reaction is reversible. The kinetic parameters can then be analyzed on the basis of the

Koutecky-Levich equations (2-1 to 2-3):

1 1 1 1 1

T LT kT Be 2 (2-1)
B = 0.62 nFCy(Dy)?/3v~1/® (2-2)
Jx =n FkC, (2-3)

where J is the measured current density, Ji the kinetic current density, J. the diffusion
current density, n the number of electrons transferred, £ the rate constant, F' the Faraday
constant, @ the disk rotation speed, C. the bulk O. concentration, D, the O diftusion
coefficient and v the solution kinematic viscosity. According to this equations the number of
electrons transferred »n (and the kinetic limiting current density Ji) can be obtained from the
slope (and intercept) of the Koutecky-Levich plots. Limitations for the investigation of the
reactivity of the products arise, since the products are continuously swept away from the
electrode. In contrast, the rotating ring disk electrode (RRDE) is well suited to investigate

this further reactivity.

2.2.3 Rotating Ring Disk Electrode - RRDE

The RRDE is a double working electrode in which the disk electrode is surrounded by a
concentric second working electrode, the ring electrode (Figure 2-18). In order to prevent a
short circuit between disk and ring both electrodes are separated by a thin isolating ring.
The rotation causes the electrolyte to be catapulted from the disk electrode to the ring
electrode. Products forming on the disk electrode are thereby transported to the ring

electrode and can there be identified electrochemically. For example, the ring electrode can
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be set to a constant potential acting as an amperometric sensor for peroxide. Zero ring
currents would mean no peroxide generation in the reaction. This is important for the
characterization of the fundamental properties of electrocatalysts used in fuel cells specially

to interpret if the reduction follows the two- or four-electron reduction pathway.

W.E R E
o é Disk
Gas inlet y Gas outlet I
\\| |
Gap GC disk l" <
Clgymy (mm on)
Pt ring =) Ve [arbitrary reference]
7smmon) IR | e |
I'eflon - /’/ Ring
a b
Figure 2-18: Schematic illustration of a: a RRDE and b: ring-disk voltammograms.

The average number of electron transferred (n) is hereby obtained from the ring-disk
current ratio (received from the ring-disk voltammograms, Figure 2-18), if the collection

efficiency NV of the ring towards HoOz is known:

4lp
n= 2-4
(Up+E) (2-4)

where N is the collection efficiency, I» the faradic disk current and Iz the faradic ring current.

The percentage of peroxide released in the reaction can then be determined by

100(4-n)

%H202 = >

(2-5).







3 Motivation and Objectives

Although the history of porphyrin chemistry had its beginnings in the late 19™ century, this
field of research has not lost any of its attractions. Nowadays, still numerous publications are
released, predominantly on the modification of the porphyrin core and the thereof resulting
properties. Since the late 20t century, aryl chemistry was promoted by a new family of
aryl-aryl bond-forming reactions based on transition-metal catalysts.[181-152]

In this regard, the research described in this work aims for the design and synthesis of new
porphyrinoids with the aid of contemporary synthetic protocols. Furthermore, the
properties of the obtained porphyrinoids are scrutinized in the view of their potential
applications such as metal complexing agents, receptors for anion sensing or electrocatalysts

for the reduction of oxygen.

The first part of the present work focusses on the modification of the porphyrin core. A
porphyrin consists of two pyrrole and pyrrolenine units each, which shall be schematically
exchanged by other heterocycles (Figure 3-1a). Hereby, the formation of the macrocycles
will be realized by direct aryl-aryl bond coupling of small aromatic building blocks. To
replace the pyrrole units, carbazole is particularly qualified since it provides the pyrrolic NH
motif together with the ability to create a similar ring size to that of a porphyrin, when
using 1,8-disubstituted derivatives. The benzene annulation additionally enhances not only
the stability but also the acidityl'#3-131] of the NH-moiety, which will be beneficial for the use
of the resulting macrocycle e.g. as metal complexing agent or anion receptor.

On the contrary, the pyrrolenine units will be exchanged by various heterocycles, in
particular pyridine, pyrrole or triazole, for reasons which will be explained in detail in the

tfollowing (Figure 3-1b).
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Figure 3-1: a: The structure of porphyrin with the schematic illustration of the replacement of one
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pyrrole unit by carbazole; b: building blocks used for the planned modifications of the

porphyrin core.
The obvious conception to firstly mimic the ¢trans-NH-tautomer of porphyrins requires a
heterocycle offering an imine-type nitrogen, similar to the pyrrolenine moieties. In
respect to this nitrogen pattern, the first complement to the carbazole will be pyridine
(Figure 3-1b, green). By combining these two aromatic building blocks a porphyrin-like
macrocycle without unstable methine-bridges will be formed. The resulting properties
will give valuable insights into this new class of core-modified porphyrins when
compared to regular ones. To achieve the demanding aim, the use of a
Suzuki-Miyaural!3®1 coupling will be considered.
As a second target, the (NH). cavity of related calixpyrrolel's6] shall be imitated.
Calixpyrroles are well known for their unusual metal bindingl!*7] and their excellent
anion recognition ability.[38] This will be achieved by the replacement of the pyrrolenine
units with pyrroles but retain the carbazoles (Figure 3-1b, blue). If the pyrroles are
connected to the carbazoles via aryl-aryl bonds, they are not able to adopt the pyrrolenine
conformation and the (NH), pattern will remain. Additionally, the new (NH)4 macrocycle
omits sp® hybridized carbon atoms in contrast to calixpyrroles.
Finally, additionally to the NH bond donor units of the carbazole, CH bond donor
moieties shall be introduced into the porphyrinic core. Compared to the well-known
halide binding properties of NHC!98-110] bond donors, the successful use of CHL!#1-142]
bond donor motifs for halide binding in preorganized receptors has only been proven

recently. The CH motif will be achieved by the creation of triazoles (Figure 3-1b, red) at
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the place of the pyrrolenine units, by the use of a Huisgen'sl'**] copper catalyzed
1,3-dipolar cycloaddition (CuAAC). On the contrary to the introduction of pyridine and
pyrrole, here two carbazole derivatives will be “clicked” together to generate the triazoles
and the macrocyclic core. The emerging porphyrinoid will be the first example of a
macrocycle comprising NH bond (carbazoles) and CH bond donor units (triazoles) for
halide binding.

Within the scope of this work, the syntheses, the study of the properties along with possible

applications such as metal complexing agent or anion receptor, will be covered. The herein

developed synthetic designs shall guide future development of new porphyrinoids based on

contemporary synthetic protocols.

Tuning of catalytic perfomance

Direct pathway (4-electron reduction reaction)

0,+4H 2H,0

~ carbon black

Cross linking
by network formation

Improve contact
with carbon support

Cross-linking
in the mesophase

Figure 3-2: Schematic illustration of the considered strategies to improve catalytic activity of the
triangular trinuclear compound.

The second part of the present work aims for the extension of the porphyrin m-system,
rather than its core-modification. This research is inspired by the emerging interest in the

field of non-precious metal catalysts for the reduction of oxygen (ORR) in fuel cells. Hereby,

the development of Ny-macrocyclic metal complexes is currently directed to the design of
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metal complexes providing multiple active sites to ensure the promotion of the desired direct
4-electron reduction of oxygen to water (cf. chapter 2.2). In this regard, the Miillen group
has developed an unprecedented triangular trinuclear complex which showed good
preliminary results in an electrocatalytic evaluation towards ORR (Figure 3-2).L1*] Based
on these results, the present work aims for the improvement of the performance by the
modification of the triangular molecule in the sense of selective substituent adjustment. The
concept towards the tuning of the catalytic activity presented herein is based on the
tollowing considerations (Figure 3-2):
¢ Increasing the density of active sites by cross-linking of the molecules through heat
treatment in the mesophase. Consequently, long alkyl side chains which enable
mesophase formations shall be introduced at the trinuclear core. 2D-WAXS techniques
will be used to investigate the supramolecular organization dependent on the
substituents, to gain insights into structure-performance relationships in order to
improve the catalytic activity.
¢ Secondly, the accumulation of the active sites by covalent connection of the triangles will
be taken into consideration. For this reason, substituents which are able to undergo
turther synthetic transformations will be attached in the periphery and will lead to

non-directed network formation.

D3

* Finally, an enhancement of the contact between the carbon support and the catalyst is
expected to further tune the catalytic performance. In this regard, the introduction of
substituents which will beneficially affect the interaction with the carbon support by
adsorption will be considered.['+5]

Within the frame of work the synthetic issues, the electronic properties as well as the

self-assembly behavior of the different derivatives will be studied. Preliminary results of the

catalytic evaluation will be given as well. The findings presented herein will be helpful to
gain a more thorough understanding of the potential of such materials and to elucidate the
relationship between the catalyst’s performance and molecular and/or supramolecular

properties.
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4 Monocyclic Porphyrinoids containing Carbazole

In this part of the present work the goal was to design porphyrinoidic macrocycles via
aryl-aryl bond formation with a similar ring size to that of a porphyrin. Therefore, the
palladium-catalyzed Suzuki-typel'®] cross-coupling and the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC)L'*¢] were considered. The design concept is based on the
modification of the porphyrin skeleton by replacing the pyrrole units by carbazole and the

pyrrolenine units by heterocycles such as pyrrole, pyridine or triazole (Figure 4-1).

pyrrole pyrrolenine = N
; N
—
_______ HN -
N
| °N
N
\
Figure 4-1: Modifications of porphyrin macrocycle by replacing pyrrole and pyrrolenine units by

carbazole and pyridine, pyrrole or triazole, respectively.

Carbazole was chosen due to its close relation to pyrrole since it is formally deduced from it
by attaching two benzenes and hence also denoted as dibenzopyrrole. Carbazole is an
electron rich, rigid and fully aromatic heterocycle with a good chemical and environmental
stability. Upon conjugation with benzene rings not only the stability is enhanced but also
the acidity of the proton at the nitrogen (pKa (pyrrole) = 23.0, pKa (carbazole) = 19.9 in
DMSO).L133-1341 The more acidic the NH, the better is its hydrogen bond-donating and
deprotonation ability, which can be useful in further application e.g. as metal complexing
agent or as receptor for anions.

Carbazole is isolated from the anthracene fraction of coal tar,['47-148] and thus a cheap
starting material (33.3 € per 100g ; CAS: 86-74-8, Sigma-Aldrich).L1%] Furthermore, it is

able to bind metals in its deprotonated form,['%] which enables the insertion of metals into
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the cavity of the macrocylce for further applications e.g. in catalysis. To achieve a ring size
similar to that of a porphyrin, 1,8-difunctionalized carbazole derivatives are required. These
derivatives offer an almost perfect angle to maintain a porphyrinic skeleton (Figure 4-2b).
On the contrary, the larger angle between positions 2 and 7 is better suitable for greater

macrocyclest51] or conjugated polymers.[72-75]

most electophilic posmon
accessibility NOT straightforward —> 2
H 9 8

accessible after “protection” of position 3 and 6

a b

Figure 4-2: a: Carbazole structure and numbering; b: similar ring size to that of a porphyrin is only
possible with 1,8-disubsituted carbazole derivative.

When developing a synthetic strategy for a new molecule with potential applications, the
synthesis should be as easy, inexpensive and efficient as possible. In this sense,
1,8-disubtituted carbazole derivatives are easily accessible by the halogenation of
3,6-disubsituted carbazoles.[152] Nevertheless, positions 3 and 6 need to be blocked because
they are the most susceptible to an electrophilic attack (Figure 4-2).L721 Alkyl groups are
suitable protection groups, since they can be introduced at the 3,6-positions on the already
formed carbazole by standard Friedel-Crafts alkylation.[135-1541 Protocols for electrophilic
aromatic substitutions to introduce bromine or idodine at the 1,8-positions are well

described in the literature (Scheme 4-1).0152 155]

R = Alkyl

R

O O Friedel-Crafts Halogenatlon O O
N

X H X
4-1 4-2 4-3

Scheme 4-1:  Straightforward two-step synthesis towards 1,8-dihalogenated-3,6-dialkylated-
carbazoles 4-3.

On the contrary, the more popular 2,7-disubsituted relatives are usually prepared by

strategies involving biphenyl precursors and Cadoganl!56-158] ring closure reaction (Scheme

4-2).L1591 Starting from the bare carbazole, positions 2 and 7 cannot directly be
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functionalized by standard electrophilic aromatic substitutions since they are in mefa
position to the amino group and thus inactive. 2,7-Disubsituted carbazoles gained
considerable recognition in the field of conjugated polymers over the last decades, since they

are promising candidates in organic electronic devices.[7%]

O:N O,N
4-4 4-5 4-6

Iz

4-

~

Scheme 4-2:  Synthesis of 2,7-dichloro carbazole 4-7 including Cadogan ring closure reaction.
Conditions: i Pd(PPhs)4, K,COs3, benzene, reflux, 2h; ii P(OEt)3, reflux 5h.

Consequently, 1,8-disubsituted carbazole derivatives not only provide the perfect angle for
the targeted ring size similar to a porphyrin but also fulfill the requirement of a
straightforward and inexpensive synthesis.

For the present case, fert-butyl groups were chosen as protecting substituents (positions
3 and 6) due to their stability in the following synthetic transformations and their bulkiness
preventing aggregation of the formed macrocycle. Furthermore, they help to render the
conformationally rigid macrocycle soluble in common organic solvents under ambient
conditions and provide the feasibility to form crystals for possible X-ray studies.

To mimic the most favored #rans NH- tautomer of porphyrins, firstly, pyridine was chosen to
represent the imine-type nitrogen. Later, pyrrole and triazole were introduced instead of
pyridine (see chapter 4.2 and 4.3). Although pyridine is an electron deficient moiety, it can
act as a good Lewis base due to the availability of the nitrogen lone pair electrons. Suzuki-
Miyaural'3?] cross-coupling reaction was used for the macrocyclization, therefore a brief

introduction to this method is described in the following.
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4.1 Building macrocycles via Suzuki cross-coupling reaction

Since the early 1970s,0160-161] carbon-carbon bond formation methods have received
significant attention.[12-165] The most important among them are unambiguously transition
metal catalyzed cross-coupling reactions. These transtormations have become important key
steps in the synthesis of natural products, biologically active molecules, drugs and
agrochemicals.['31 16T Moreover, they facilitate the construction of building blocks in
supramolecular chemistry, organic materials and polymers.[165-166] In this respect, the
Suzuki-Miyaura coupling has become one of the most popular cross-coupling reactions. This
is not astonishing, since the Suzuki-Miyaura reaction proceeds under mild reaction
conditions and a variety of boronic acids or esters are nowadays commercially available.
Besides this, they are environmentally safer than other organometallic reagents, and
boron-containing sideproducts are easy to handle. The reaction tolerates an array of
functional groups. The original Suzuki reaction was first published by Akira Suzukil!67-165]
in 1979 and reported the coupling of alkenyl boronates with alkenyl bromides. This was
turther developed to the reaction between phenylboronic acid with haloarenes under the
conditions which are known today as the Suzuki-Miyaura reaction (Scheme 4-3).0135] The
tremendous impact of this cross-coupling reaction on organic chemistry was honored by the
Nobel Prize in Chemistry in 2010. Akira Suzuki received jointly with Richard F. Heck and
Ei-ichi Negishi the price for “palladium-catalyzed cross couplings in organic synthesis” L1691

Generally, the Suzuki-Miyaura reaction is the intermolecular cross-coupling between an
organoboron compound and an organic electrophile, catalyzed by a palladium complex in the
presence of a base (Scheme 4-3). The electrophile can be an aryl, vinyl or alkyl
halide/pseudohalide and the nucleophile a boronic-acid or -ester. The mechanism of the
Suzuki-Miyaura cross-coupling reaction is comprised of 3 major steps: the oxidative addition
(I), the transmetallation (IV) to form an organoboron intermediate and finally the reductive
elimination (V) and regeneration of the catalyst (Scheme 4-3). The base is needed to form the
active catalyst species (II) and also to activate the organoboron to provide the wherewithal
tetravalent boratom (III). Many examples of shape-persistent macrocycles using the Suzuki-
Miyaura coupling have been reported.['7°] The most successful approaches are the
intramolecular ring closure of an AB-disubstituted oligomer or the one-pot intermolecular

coupling of A2 and B2 building blocks (Figure 4-3).
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Scheme 4-3:  Schematic illustration of the Suzuki-Miyaura reaction and its mechanism: oxidative
addition (1); transmetallation (1V); reductive elimination (V).
Schliiter et al. pioneered the synthesis of phenylene-based shape persistent macrocycles such
as compound 4-8L171 and even larger cycles by using the AB-oligomer method (Figure 4-3).
The one-pot approach has been successtfully applied to build a variety of macrocycles like
4-9,0172] 4-10,017%] 4-11,0174] or 4-120172] (Figure 4-3). Macrocycle 4-9, which can be
addressed as two phenothiazines embedded into a cyclophane topology, could be obtained in
18% wia the Suzuki-Miyaura reaction.['7?] Carbazole-containing macrocycle 4-10 was
synthesized by the coupling of 3,6-dibromocarbazole (monomer A2) and diboronic pinacol
ester (monomer B2) in yields between 16-67% using the catalyst-transfer Suzuki-Miyaura
cross-coupling (CTSMCC).[173, 1761 Shape-persistent cycle 4-11 comprising two opposing
terpyridine units was constructed from two symmetrical half-cycles, one bearing the
organoboron  functionalities (A2) and the other the iodines (B2).[174]
Phenantroline-containing cycle 4-12 was obtained rather accidently during the attempts to

synthesize a high-molecular weight polymer. The remarkable selectivity of the
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cyclotrimerization was explained by the favorable 60° angle of the chain direction due to the

2,9-substituted units.[175]

R=CH,0CH;;

4-11

Figure 4-3: Examples of macrocycle formation using the Suzuki-Miyaura cross-coupling reaction.

For the synthesis of the herein described carbazole-pyridine-containing macrocycle 4-18 the
intermolecular one-pot approach was chosen and will be described in detail in the following

chapter.
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4.1.1 Synthesis

Macrocycle 4-18 was synthesized vza a fourfold palladium-catalyzed Suzuki-Miyaura
cross-coupling reaction between 1,8-disubstituted carbazole derivative 4-16 (A2) and
commercially available 2,6-dibromopyridine (4-17, B2). The fert-butyl groups were
introduced at the bare carbazole (4-1) in positions 3 and 6 using literature known Friedel-
Crafts reaction conditions (Scheme 4-4).0125] Once the 8 and 6 positions were substituted, the
bromination at the carbazole was directed to positions 1 and 8 using Br. in AcOH as
described in the literature.[!%2] Contrary to the previously reported unsuccessful attempts to
introduce boronic acid groups at the 1,8-positions of the carbazole moiety,['"”] we were able
to synthesize diboronic-ester 4-16 in 50% yield. This was achieved by an n situ protection of
the carbazole NHs of compound 4-14 with CO, followed by the introduction of the boronic-

ester groups using 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4-15).0175]

CfF = O = 0

4-1 4-13 4-14

DeP!
O

B B\o

7& L )r% (-0

4-15 4-18

Scheme 4-4:  Synthesis of macrocycle 4-18. Conditions: i ZnCl,, t-BuCl, nitromethane, rt, 69%; ii Br,,
AcOH, 90°C, quant. iii 1. n-BuLi, THF, 0°C, 2. CO,, rt, 3. t-BuLi, THF, -78°C, 4. 4-15,
50%; iv Pd(PPhs)4, 2M K,COj3, EtOH, toluene, 85°C, 15%.

The structure of novel 1,3,2-dioxaborolan-2-yl-9 H-carbazole derivative 4-16 was evidenced

by FD-MS spectrometry, NMR and X-ray spectroscopy. Due to the fast quadrupole

relaxation of boron, the quaternary carbon atom next to the boron atom could not be

observed in the '*C NMR spectrum of compound 4-16. It is known that carbon atoms in

direct vicinity to a boron atom resonate broad structureless signals induced by the
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quadrupole nucleus boron.['79] Nonetheless, the crystal structure revealed not only the

structure but also the packing of compound 4-16 (Figure 4-4).

Figure 4-4: Crystal structure of 1,3,2-dioxaborolan-2-yl-9H-carbazole derivative 4-16 a: single
molecule (the ellipsoids correspond to 50% propability); b: unit cell (hydrogen atoms
are omitted for clarity).

Suitable crystals for X-ray analysis were grown by slow evaporation from hexane. The
crystal structure nicely showed the boronic-ester groups with the bulky methyl substituents
attached. They are aligned parallel to the carbazole’s plane which is due to the
intramolecular hydrogen bonding between the NH-O and CH-O (Figure 4-4a). The
distance between the NH, acting as the hydrogen bond donor and the oxygen is 2.2 A, which
is in the range of a strong hydrogen bond.['8] The weaker hydrogen bond between the
carbazole’s CH and oxygen (2.8 A) helps to hold the boronic ester groups in plane. The
stronger NH-O bond is also reflected in the smaller angle a = 120.5° compared to
B =123.7°. The unit cell of compound 4-16 is depicted in Figure 4-4b and shows no
n-stacking between the aromatic moieties, which is most probably hindered by the bulkiness
of the boronic-ester and tert-butyl groups. The m-systems are aligned in a parallel but
staircase fashion which is facilitated by the intermolecular hydrogen bonding between the
boronic-ester groups (CH-O = 2.6 A, Figure 4-5a). They arranged in a way that alternately
the molecule is up and down caused by the earlier described intermolecular hydrogen bonds
(Figure 4-5b).

1,3,2-Dioxaborolan-2-yl-9 H-carbazole  derivative 4-16 was then wused for the
macrocyclization towards macrocycle 4-18 and succeeded in a one-pot palladium-catalyzed
Suzuki-Miyaura coupling reaction in 15% yield.['81] To avoid the competitive linear polymer
formation, the reaction was carried out in high dilution (10* M) following the Ruggli-

Ziegler dilution principle.L'"" 1821 Though the yield was rather low it could clearly compete
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with yields in porphyrin syntheses (commonly < 10%),K'%%] and other palladium catalyzed
macrocyclization reactions.[!'7?] Macrocycle 4-18 is well soluble in common organic solvents

like THF, DCM, DMF and CHCIs but rather poorly soluble in unpolar solvents like hexane.

b
Figure 4-5: Intermolecular hydrogen bonding in the packing of compound 4-16. a: side view; b:
top view with close-up (hanging short contacts are omitted).

The 'H NMR spectrum of macrocycle 4-18 did not show any evidence for a macrocyclic
ring current with the signals for the carbazole NH protons resonating at 9.66 ppm (CD.Cls,
300 MHz, 298 K, Figure 4-6). Anyhow, the NH signals were shifted downfield compared to
1,8-dibromo carbazole 4-14 (8.26 ppm),['22] which can be attributed to the presence of
hydrogen bonding. Compared to porphyrins, where the 'H NMR signals for the internal
NHs are shifted upfield to approximately -4 ppm, in macrocycle 4-18 no specific diamagnetic
ring current was observed, which is due to the lack of annulene conjugation in the

non-planar ring.[%]
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Figure 4-6: Aromatic region of the "H NMR spectrum of macrocycle 4-18 in C,D,Cl,, 298 K, 300 MHz.

To verify the closed ring structure of macrocycle 4-18 a NOESY (Nuclear Overhauser effect
spectroscopy) spectrum was recorded. In a NOESY spectrum the cross peaks connect
resonances from nuclei which are spatially close to each other (within about 4 A). Therefore

cross peaks were expected for H-2 and H-3 (Figure 4-7).
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Figure 4-7: NOESY NMR spectrum of macrocycle 4-18 in CD,Cl,, 298 K, 500 MHz and molecular
modeling of its geometric structure (DFT, B3LYP/6-31G*).

Indeed, the cross peaks for H-2 and H-3 could be observed in the NOESY spectrum (CD.Cl,

298 K, 500 MHz) which proved that those nuclei undergo cross-relaxation due to their NOE

(Nuclear Overhauser effect) and reside in a closed ring. This is in agreement with molecular
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modelingl'%*] according to which the distance between H-2 and H-3 was determined to be

2.3 A (Figure 6).

4.1.2 Crystal Structure

The structure of macrocycle 4-18 was further elucidated by X-ray crystallography (Figure
4-8). Crystals were grown from THF by slow evaporation. Unfortunately, the crystals
turned out to be very unstable under ambient conditions by the rapid loss of solvate
molecules and degraded within 10 to 30 seconds. Therefore crystals were isolated from the
mother liquor in cooled Silicon oil (Riedel-de-Hden Perfluoroether 216) and mounted in
sealed glass capillaries. The crystal structure revealed that the molecule is nonplanar with
Cqy symmetry, the pyridine moieties being twisted "up” and the carbazoles twisted “down”,

resulting in a saddle-like conformation (Figure 4-8).

Figure 4-8: Crystal structure of macrocycle 4-18 with a: top view and b: side view. The side view is
showing the saddle-like conformation. THF solvate molecules are omitted for clarity; the
ellipsoids correspond to 50% probability; dihedral angles are shown in the molecules e.g.
D(N(1)-C(1)-C(34)-C(29))= -43.6°. c: unit cell (for b/c the hydrogen atoms are omitted).
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The carbazole moieties span an angle of a = 162.6° and the average dihedral angle between
the carbazole plane and the pyridine plane is @ = 45.1°. The cavity of macrocycle 4-18 is
rectangular (N(2)-N(4) 3.90 A; N(1)-N(8) 4.86 A) with the shortest distance between the
carbazole nitrogens, resulting in a slightly smaller ring size than in the case of porphyrins
(4.2 A). The unit cell consists of four macrocyclic n-systems which arrange in two wiggly
lines which are almost perpendicular to each other. The wave-like alignment arises from the

alternately up and down “saddles” (Figure 4-8c).

4.1.3 Electronic Structure

The absorption and emission spectra of macrocycle 4-18 were recorded in THF at rt
(c = 5%10% M) and are depicted in Figure 4-9. The absorption spectrum of macrocycle 4-18
showed two local maxima at 311 nm and 3873 nm. For unsubstituted 3,6-di(tert-
butyl)carbazole (4-13) and 3,6-di-tert-butyl-1,8-di(pyridin-2-yl)-9 H-carbazole (4-14) a band
at about 230 nm is observed and originates from carbazole-centered transitions.[!%% 185] For
macrocycle 4-18 this band was bathochromically shifted to 311 nm. The optical energy gap

was estimated from the absorption edge to be AEq,c = 8.19 eV.
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Figure 4-9: a: Electronic absorption and emission spectra of macrocycle 4-18 (¢ = 5*10° M in
THF); b: Solvent dependent emission spectra of macrocycle 4-18 (¢ = 5*10° M,
Aex = 311 nm).

Compound 4-18 exhibits blue emission with a maximum at 393 nm. The quantum yield was
estimated to be ®r = 0.46 by calibration with coumarin 1 using the Comparative Method

(Aex = 849 nm in THF).L'86] Solvent dependent emission measurements showed that by
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increasing the polarity of the solvent the emission maxima was bathochomically shifted
(Figure 4-9b), indicating an intrinsic polar character of the emitting state.

Usually, the formation of mono- and dications of the porphyrinic species are investigated by
the protonation of the examined compound with an acid.[?0 1871 Generally, TFA is used and
therefore, the electronic absorption spectra of macrocycle 4-18 were taken in DCM and in
DCM with 1% TFA (Figure 4-10). By the addition of TFA to the solution of 4-18 in DCM a
vivid color change from colorless to shiny yellow occurred (Figure 4-10b). Along with the
color change, the second absorption maximum was bathochromically shifted from 373 nm to
417 nm. The red-shift could be attributed to the formation of the dicationic species 4-18-H.

by protonation.[69]

abs.

4-18-H,

| S

13.4 13.0 126 122 118 11,4 11.0 106 102 98 94 90 86 82 78 7.4d 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73
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Figure 4-10:  a: Electronic absorption spectra of macrocycle 4-18 (in DCM, green) and its dication
4-18-H, (in DCM + 1% TFA, dotted line); b: color change upon addition of TFA in
ambient light and A =366 nm; ¢ and d: aromatic region of '"H NMR spectra of
macrocycle 4-18 (c = 10° M, CD,Cl,, 298 K, red,*), its dication 4-18-H, (CD,Cl, + 2 pl
TFA-dy, 298 K, blue,®) and the intermediate state (CD,Cl, + 1 pl TFA-dy, 298 K, green)

c

The proton NMR of dication 4-18-H. showed mostly downfield shifts which are consistent
with protonated species (Figure 4-10c¢,d).L187] Also the resonance for the interior carbazole’s

NH was shifted to lower fields (dxn = 12.24 ppm, 298 K) which may be caused by a
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conformational change in the macrocycle (Scheme 4-9a, blue line). By the treatment of
macrocycle 4-18 with only a small portion of TFA, both species could be observed in
coexistence (Scheme 4-9c/d green line). The 'H NMR spectrum nicely displayed the
appearance of the new signals and the disappearance of the original ones (Figure 4-10),
meanwhile the two species are coexistent. The coexistence supports the assumption that the
dicationic species 4-18-H. is stable once being formed not exchanging with 4-18.
Nevertheless, no signal for the proton at the pyridine unit could be monitored. Most
probably the pyridine’s proton exchanges with the protons of the TFA resulting in broad
resonances, since the proton exchange is fast on the NMR timescale. In contrary, at lower
temperatures the exchange of acidic protons is much slower and their signals get sharper.
Therefore, 'TH NMR spectra were recorded at difterent temperatures between 298-203 K. In
fact at 233 K the signal for the protons at the pyridines became visible and at 203 K it was
sharp and clearly observable (Figure 4-11). The integration of the signals was 4:4:4:2:2:2 and
therefore in agreement with the suggested protonated structure 4-18-H. (Figure 4-10a).
The proton at the pyridine resonated at 16.2 ppm (203K, 500 MHz in DCM + 0.2% TFA-d))
which is in consensus with values reported for hydrogen bonded protons at pyridine in the

literature.[188]
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Figure 4-11.: 'H NMR spectra of 4-18-H, in DCM + 0.2% TFA-d, a: at different temperatures and
b: at 203 K.

To further investigate the electronic properties of macrocycle 4-18 cyclic voltammetry was
employed.['89] Compound 4-18 was dissolved (10 M) in a solution of anhydrous DMF
together with #n-BusNPF¢ (10-' M), which served as the electrolyte. Ferrocene (Fc¢/Fc*) was
added as an internal reference.l'9] The cyclic voltammogram of macrocycle 4-18 was
recorded at a scan rate of 100 mVs-! and showed two irreversible oxidation waves (Figure

4-12). Generally, carbazole is oxidized by the removal of one electron to form a cation
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radical.L'91-192] This radical can then react by deprotonation-coupling to generate N,N’- or
38,3-bicarbazyls. Only the 3,3’-bicarbazyls are known to be further oxidized in two reversible
one electron steps. When N,N’-bicarbazyls are formed further oxidation occurs in an
irreversible multi-electron process. When positions 3 and 6 are blocked only N,N’-couplings
and in some rare cases 1,1'-couplings can occur.l'91] Since for porphyrinoid 4-18 position
8,6 and 1,8 are substituted only intermolecular N,N’-bicarbazyls can be formed which
explains its undefined irreversible cyclic voltammetric behavior (Figure 4-12). The
appearance of two oxidation waves could be explained by the successively oxidation of the
two carbazole moieties to their cation radicals. The HOMO level was estimated from the
first oxidation onset potential (Figure 4-12, red arrow) to be EHOMO = _5 43 eV with regard
to the internal reference (Fc/Fc*). ELUMO was empirically calculated to be ELUMO = -2 94 eV,

by taking the optical energy gap into account.

10 pA

Fc/Fc® \

) SO L, IO . 7, SO, L T, S 2. O T OO PO O SO S 4
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E (V) vs Ag/Ag"

Figure 4-12:  Cyclic voltammogram of macrocycle 4-18; 10° M sample solution in DMF, 10" M
solution of n-Buy;NPFg as electrolyte; working and counter electrode: Pt, reference
electrode: Ag; ferrocene reference (Fc/Fc*), scan rate 100 mvVs™.

For comparison, the geometry and electronic structure were calculated using density

functional theory calculation (DFT, BSLYP/6-31G*,['%4] Figure 4-13). These calculations

revealed that the LUMO and LUMO+1 were degenerated, with the LUMO orbitals located
on one and the LUMO+1 orbitals on the other carbazole moiety. In contrast, the electronic
density of the HOMO was distributed over both carbazole moieties. The HOMO and

LUMO levels were caclulated to be EHOMO — _5 14 and ELUMO = -1.17 eV. The resulting

energy gap (3.97 eV) and the energy levels were in good agreement with the values derived

from the UV-vis absorption and CV measurements.
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Figure 4-13: Calculated HOMO, LUMO and LUMO+1 orbital energies of macrocycle 4-18 at
B3LYP/6-31G* level of theory.®!

4.1.4 Metal Complexation

The ability of macrocycle 4-18 to act as a metal ligand was investigated by the insertion into
the ring cavity of different metal(II)-ions, namely, Ni(II), Cu(II), Fe(II) and Co(II) ions.
Related tetrapyrrole macrocycles, such as porphyrins and phthalocyanines are excellent
metal-complexing ligands with the possibility to bind almost every transition metal.[19%]
Although, as described before, the cavity of compound 4-18 is rectangular and slightly
smaller compared to the one of a porphyrin (4.2 A), it is theoretically still large enough to

bind 8d transition metal ions with effective ionic radii between 0.5-0.9 A.[194]

i 4-19 =Co
_>
4-20=Cu
(-1 L o
4-22 = Ni

M=metal

4-18

Scheme 4-5:  Complexation of macrocycle 4-18 with different metal(ll) ions. Conditions: i M(OAc)s,
DMF, microwave, 300 W, 170°C.
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The metal complexes were obtained by refluxing macrocycle 4-18 with the corresponding
metal(IT)acetate in DMFE under microwave irradiation (Scheme 4-5). After the reaction was
completed the metal complexes were precipitated into cold H.O, filtered and dried in high
vacuum. The insertion of all metal(Il)ions was proven by Maldi-Tof mass spectrometry

(Figure 4-14).

4-19 = Co 4-20 =Cu
experimental m/z = 765.80 g/mol — m/z = 769.16 g/mol —
calculated: 765.34 g/mol calculated: 769.33 g/mol
i : |
theoretical
7%0 7:55 7;0 7"[5 7&5 7;0 7;5 7é0
m/z m/z
a b
4-21 = Fe 4-22 = Ni

m/z = 762.47 g/mol —
calculated: 762.34 g/mol

m/z = 764.42 g/mol —
calculated: 764.34 g/mol

T T T T 1 r T T T T T T
756 758 760 762 764 766 768 770 760 762 764 766 768 770 772 774

m/z m/z

c d

Figure 4-14:  Maldi-Tof mass spectra for metal complexes 4-19-4-22. Experimental data depicted in
red and theoretical isotropic distribution depicted in blue.

The peaks found (red) were benchmarked against their theoretical isotropic distribution

(blue) and were found to be in very good agreement. Unfortunately, it was beyond the scope

of this work to further investigate the coordination ability of 4-18 to other metal ions.

FT-IR spectroscopy confirmed the metal insertion by the absence of NH stretching

vibrations at 8487 cm™! for the complexes which was distinct for ligand 4-18 (Figure 4-17).
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Figure 4-15: FT-IR spectra of macrocycle 4-18 and its cobalt complex 4-19.

'H NMR spectroscopy was used to monitor the insertion of the cobalt atom into the
macrocycle (Figure 4-16). Although, Co?* is paramagnetic due to the unpaired electrons
(Figure 4-23) which makes NMR spectroscopy complicated, the interaction of
macrocycle 4-18 with the cobalt(II) ion could be followed. Typically the recording of
'H-NMR of paramagnetic complexes is precluded on account of slow electronic relaxation
and subsequent broad, irresolvable signals.[19%] For this study, a NMR tube with a solution
of macrocycle 4-18 in DMF-d; and an excess of Co(OAc). was heated to 403 K. The
formation of the cobalt complex 4-19 could be observed by the disapearance of the signals
for 4-18 and the appearance of new resonances (Figure 4-16). The signals for the cobalt
complex 4-19 were broad and highly shifted compared to macrocycle 4-18, which was
caused by contact and pseudocontact contributions and is typical for paramagnetic
species.[19%] Most peaks were shifted downfield with the highest shifted signal appearing at
45.41 ppm (H4) and one signal was shifted upfield to -8.49 ppm (H5). The high downfield
shift was attributed to a o-contact shift mechanism in Co(II)-pyridyl complexes.[!96]
Upfield-shifts could be explained by a m-contact shift contribution at this position.[197-195]
The broad signals appearing at approx. 26 ppm could be assigned to the acidic proton of the
acetic acid formed during the reaction. The time-scale on which the insertion happened was
recorded to be less than one hour. Unfortunately, the protons H-2 and H-3 could not be
distinguished. NOESY NMR measurements, which usually can help to resolve such

problems, were not possible due to very short T2 times.
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Figure 4-16:  'H NMR study of the cobalt insertion into the macrocycle 4-18 a: full range spectra; b:
aromatic region. For labelling see inlay. Spectra recorded in DMF-d; at 500 MHz and
403 K with acquisition time of 1.1 s, sweep width 119 ppm and a delay of 2 s.

The electronic absorption spectra of all complexes were measured in DCM at a

concentration of ¢ = 10-* M (Figure 4-17). For comparison the UV-vis absorption of the free-

ligand 4-18 is shown as well (red line). For all metal complexes the carbazole centered

transition maximum was weakly red-shifted compared to the free ligand 4-18 (A = 313 nm

(4-18), A = 330 (4-19), 326 (4-20), 321 (4-21), 326 (4-22) nm). In contrast, for porphyrins

the Soret band is generally hyspochromically shifted upon insertion of Cu(II), Ni(II) and
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Co(II) and little effected for Fe(II).L199] It is typical for metalloporpyhrins that the number of
Q-bands is reduced compared to the free porphyrin which is caused by the increase of
symmetry upon metallation. In the present case, the band in the visible region of 4-18 was
bathochromically shifted as a result of the metal insertion for 4-19 (424 nm), 4-20 (442 nm)

and 4-22 (437 nm).
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Figure 4-17: UV-vis spectra of macrocycle 4-18 and its metal complexes 4-19 to 4-22 (¢ = 10*M in
DCM).

The absorption for the iron complex 4-21 was rather broad and structureless over the whole
spectrum. An absorption maximum in the red-region at A =702 nm was exclusively
observed for the Ni(II)complex 4-22. Similar absorption bands have been found for metal-
porphyrins if dimers are formed.[?°° This is consistent with the results from SQUID
(Superconducting Quantum Interference Device) measurements which will be explained in
the following.

The blue emission of the free ligand 4-18 was quenched upon complexation with
metal(Il)ions and caused by the interaction of the metal and the aromatic system of the

ligand. This phenomenon is also common for the same metals in metalloporphyrins.199]

Cyclic voltammetry was conducted on the metal complexes 4-19, 4-20 and 4-22 and are
depicted in Figure 4-18. They were all performed under identical conditions as described for
ligand 4-18 on the potential range of +1.6 V to -1.6 V with the half wave potentials
referenced against SCE (EV2(Fc/Fc*) = 0.48 V).[201] Porphyrins and their metal complexes

generally feature two reversible one-electron oxidations as well as two one-electron
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reductions which are all centered on the tetrapyrrolic ring.[202] For some metals, like Co(II)

or Fe(III) the metal centered oxidation or reduction can also be observed.[2]

Cu Ni FclFc’
Fc/Fc’,
10 yA
10 pA
-1I.S -1|‘2 -d.B -0|.4 0:0 Oj4 OfB 1?2 1?6 -OI.G —0I4 -d.2 0:0 Oj2 Of4 076 0:8 1jO 112 1.4
E (V) vs AgiAg” E (V) vs Ag/Ag”
a b

Co Fc/Fc™ Co Fc/Fc™

10 pA

06 04 02 00 02 04 06 08 10 12 14 02 00 02 04 06 08 10 12 14
E (V) vs Ag/Ag” E (V) vs Ag/Ag”

c d
Figure 4-18: Cyclic voltammogram of metal complexes a: 4-20; b: 4-22; ¢ and d: 4-19; 10° M
sample solution in DMF, 10" M solution of n-Bus;NPF as electrolyte; v+vorking and
counter electrode: Pt, reference electrode: Ag; ferrocene reference (Fc/Fc '), scan rate
100mvs™.
The cyclic voltammogram of copper complex 4-20 showed almost textbook-like two
reversible oxidation, one reversible reduction and one quasi-reversible reduction waves at
EV2(1) =-1.02 V, EV2(2) = -0.85 V, E/2(3) = 0.70 V and E'/2(4) = 0.92 V. Related CuTPP
(copper meso-tetraphenylporphyrin) exhibits also two well-resolved reversible stepwise
one-electron oxidation and reduction processes which proceed all ring-centered generating
n-radical cations and anions, dications and dianions, respectively .[200, 204-205] Therefore, the
found redox processes in copper complex 4-20 are suggested to occur in the same manner.
For the nickel complex 4-22 only one well-resolved oxidation wave at E/2(1) = 0.73 V was
observed, which is probably also occurring ring-centered at the ligand to generate a
dication. No reduction processes were observed for 4-22 under the applied conditions. The
voltammogram of the cobalt complex 4-19 resulted in a displaced curved due to overlapping
with the redox potential of internal standard (Fc¢/Fc*, Figure 4-18c). Therefore, a spectrum

without internal standard was recorded to impede this problem (Figure 4-18d). Cobalt
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complex 4-19 showed two nicely reversible oxidation waves at E/%(1) = 0.50 V and
E/2(2) = 0.77 V. Similar to CoTPP it is suggested that the first oxidation wave occurred at
the cobalt center (Co?*+L—Co?*+L) and the second one-electron oxidation at the ligand
(Co¥*t+L—Co?*+L+).[200, 205-207] Fyrthermore, in the case of 4-19, no reduction process was
observed in the measured potential range.

In conclusion, although the macrocyclic structure of porphyrinoid 4-18 differed from
regular porphyrins, similar electronic properties could be found for the complexes 4-19, 4-

20 and 4-22 when compared to metalloporphyrins.

c

Figure 4-19: Crystal structure of cobalt complex 4-19 with a: top view and b: side view. The side view
is showing the saddle-like conformation. THF solvate molecules are omitted for clarity;
the ellipsoids correspond to 50% probability; c: unit cell (for b/c the hydrogen atoms are
omitted).

Fortunately, suitable crystals for X-ray structure determination of cobalt complex 4-19
could be obtained by slow evaporation of THF (Figure 4-19). Similarly to the case of its

ligand 4-18, the needles had to be treated with care due to low stability in ambient
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conditions. Therefore, the solvent was not allowed to evaporate to dryness during the
crystallization process and crystals were isolated from this solution. The X-ray analysis
revealed that neither the saddle-like conformation nor the distances between the nitrogens
(N(2)-N(4) 3.88 A; N(1)-N(3) 4.67 A) changed upon complexation. This was reflected in the
negligible change of a = 162.0° and the average dihedral angle (O = 42.2°, Figure 4-19). In
addition to the four nitrogen atoms, two solvent molecules are axially coordinated by
oxygen atoms to the cobalt(II)-ion. A THF molecule is coordinated from above the saddle
and a water molecule from below. The coordination polyhedron around the cobalt(II)-ion
can be described as distorted octahedral. The cobalt-carbazole nitrogen bond distances
(Co-N(2) 1.95 A; Co-N(4) 1.93 A) are significantly shorter than those of cobalt-pyridine
nitrogens (Co-N(1) 2.32 A; Co N(3) 2.85 A) or the cobalt-oxygens (Co-O(1) 2.27 A; Co-O(2)
2.22 A). This indicates some degree of m-donation from the sp?-hybridized carbazole
nitrogen to the metal center.l'”*] Carbazole usually undergoes ionisation and behaves as an
amido-N donor in organometallic chemistry, and the Co-N(2,4) distances are well within the
range of Co-Namido distances noted for similar complexes (1.91-1.93 A).[150. 2087 Like the free
ligand 4-18, the unit cell of 4-19 consists of four molecules which arrange in the same

wave-like alignment (Figure 4-19c).

The magnetic properties of the metal complexes have been investigated using SQUID
(Superconducting Quantum Interference Device) measurements. A SQUID magnetometer is
a very sensitive sensor to measure extremely weak magnetic field. Its principle is based on

quantum effects in a superconducting loop (Figure 4-20).

<—— Voltage ——>

7
f < Current

— Magnetic
Josephson ¢
junction flux @
Figure 4-20: Principle of a Superconducting Quantum Interference Device (SQUID).?"

The applied device is called a Josephson junction named after its inventor the British
physicist B. D. Josephson. The Josephson Effect occurs when an electric current (Cooper

pairs) flows between two superconductors separated by a thin nonsuperconducting layer
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through quantum tunnelling. If the magnetic flux through the loop changes a current
around the loop is induced (Figure 4-20). This affects the current flowing through the loop,
because the net current through each junction is no longer the same. The resulting potential
difference across the loop can then be measured.

In general, the obtained parameter in a SQUID measurement is the magnetic
susceptibility y. For weak magnetic fields, the magnetic susceptibility is a proportionality
constant that indicates the degree of magnetization of a material in response to an applied
magnetic field.

For the investigation of the magnetic properties of the metal complexes the powdered
samples were studied by variable temperature susceptibility measurements in the range of 2-
300 K in an applied field of 1 Tesla. The collected data are shown as y»T wvs. T. Theoretical

values for y»T have been calculated according formula (4-1):

T =5 g25(5+1

T = 579755+ 1) (4-1)

where N is the Avogadro constant (6.0221415%10%° mol-'), us the Bohr magneton
(4.66864374%10 cm'G™'), k the Boltzmann constant (0.69503877 cm~'K-') and g the

g-factor (2.0023).L210-211]

The theoretical calculations were based on the assumption that the metal ions reside an
oxidation state of M(II) along with a (distorted) octahedral coordination polyhedron.
Hereby, the metal coordinates to the chelating tetradentate ligand (4-18) and additionally

has the possibility to complex two axial ligands, such as solvent molecules (Figure 4-21).

axial ligand

axial ligand
Figure 4-21: Schematic illustration of octahedral coordination polyhedron for metal (ll) ion.

The data received from SQUID measurements unambiguously confirmed the emanate

oxidation states for all metal(II) ions, namely Co(II), Cu(II), Ni(II) and Fe(II) (Figure 4-22).

4 Monocyclic Porphyrinoids containing Carbazole



i
o

&)
'S
1

e

fe]

n
o
I

D

1, T/ cm’Kmol™
o - o
o] [ [=2]
PN

o
=
1

00000000
o? °°annoooouoo°a

o
o

T T T
150 200 250 300

T/K

T
100

2. T 1cm’Kmol”
o
=
:

M

o
o
o
o
064 ©
°
o
o
o

o
X
L

p

uDoouoonooooaoooonoﬂ"“"
o

-]

0.0
0

C
Figure 4-22:

T T T
150 200 250 300

T/K

T T
50 100

Temperature dependence

d

in ymT versus T of a:

0.404
@mnOQOODOOOm 0000000000000

035

0.304

-1

0254

0.20+

0.154

v T/ em’Kmol
Krg

0.104

0.054

0.00 T T T
150 200 250 300

T/IK

T T
0 50 100

0.84

o)

0 000gg
°°°°ano°°°°nﬂ
©0o0go0o

+ T/em’Kmol)

M

S

=
L

T T T
150 200 250 300

T/K

T T
0 50 100

cobalt(ll)complex 4-19,

b: copper(ll)complex 4-20; c: nickel(ll)complex 4-22 and d: iron(ll)complex 4-21.

The observed y»T value for the paramagnetic cobalt complex 4-19 at 300 K was

2.448 cm’Kmol™! (Figure 4-22a). This was higher than the expected value of 1.875

cm®Kmol! for an uncoupled spin with S =3/2. The higher experimental value can be

explained by the strong and well known orbital contributions of Co(II).212] As a result, the

cobalt atom is existent as a Co(II) high spin configuration with three unpaired electrons

(Figure 4-23). Interestingly, this is different from the usually low-spin configurations in

simple cobalt(II) porphyrins such as CoTPP.[215-214]

Y

_&

Figure 4-23:

Co?*
d’ HS

Ty

S=3/2 S=1/2

e

Electron configuration of the metal(ll) cations in an octahedral ligand field; (for cobalt
only the high spin (HS) and for iron only the low spin (LS) configurations are shown).
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The d? electron configuration of copper(Il) complex 4-20 results in one unpaired electron
with S = & (Figure 4-23). The expected y»T value for S = 2 according formula (4-1) is
0.375 cm®Rmol-'. The experimental value for 4-20 at 300 K was 0.389 cm®Kmol-! (Figure
4-22b) and is in good agreement with the theoretical one, confirming the paramagnetic
copper(II) oxidation state which was constant over the hole temperature range.

The data received for nickel(II) complex 4-22 at rt was 1.012 cm®Kmol-!' and is consistent
with the theoretical paramagnetic value of y»7T =1 cm?Kmol! for S = 1. In contrast, the
nickel in NiTPP is diamagnetic due to the quadratic planar coordination to the
porphyrin.l21%] By lowering the temperature, first a slow decrease of yxT till 50 K was
observed which was followed by a rapid decay reaching a y»7T value of 0.137 cm®*Kmol-' at
2 K (Figure 4-22c). This indicates a weak antiferromagnetic coupling between the nickel
atoms and therefore, the formation of dimers or oligomeric species are considered. This has
also been observed in the earlier described electronic absorption measurement.

For the iron complex 4-21 no paramagnetic signal could be observed which confirmed the

existence of a diamagnetic iron(II) low spin complex (Figure 4-23 and Figure 4-22).

Additionally to the magnetic investigations using SQUID magnetometry, the cobalt(II)
complex 4-19 was investigated by electron spin resonance (ESR) and X-ray photoelectron
(XPS) spectroscopy. Unfortunately, no ESR data of complex 4-19 could be obtained neither
at 298 K nor at 8 K, which may be due to the high-spin Co(II) species,[215] confirmed by
SQUID measurements. The XPS data were recorded at Sumitomo Chemical Co., Tsukuba,

Japan (Figure 4-24).

COUNTS

810 805 800 795 790 785
BINDING ENERGY - EV

Figure 4-24: XPS Co2p narrow scan for cobalt complex 4-19.
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XPS is an analysis technique used to obtain chemical information about the surfaces of solid
materials. The sample is exposed to a low-energy, monochromatic X-ray source which
causes the ejection of core-level electrons from the sample atoms. The energy of a
photoemitted core electron is a function of its binding energy and is characteristic of the
element from which it was emitted.

The observed Co 2ps/o peak at 779.4 eV and the multiple structure of the signal are in
agreement with literature data for Co(II) compounds and with theoretical calculations on the

free Co?* ion considering spin-orbit and electrostatic electron-electron interactions.[216-217]
As described in the literature a spin-orbit splitting AE= Ebepi1/2 - Ebeps/e higher than 15 eV
(Eb are the binding energies for the Co2p and Co3p lines) corresponds to high-spin Co(II)
complexes.[218] In the case of complex 4-19 AE was equal to 15.6 eV, thus the neutral cobalt

complex appears to be a high-spin Co(II) species, which is in agreement with the results

received from SQUID measurements.

415 RRDE measurements

As described in chapter 2.2.1 non-precious metal catalysts (NPMCs) are promising
candidates as alternatives to platinum-based cathode catalysts for the reduction of oxygen
(ORR) in fuel cell.[19%] Amongst those, metal porphyrins, with cobalt or iron, have proven to
be most prospective.[119] Therefore, the electrochemical activity of cobalt complex 4-19 in
the reduction of oxygen was investigated in collaboration with Sumitomo Chemical Co. in
Tsukuba, Japan. Experiments were conducted by Dr. Nobuyoshi Koshino under the
supervision of Prof. Dr. Hideyuki Higashimura. Electrochemical experiments were
performed using rotating ring disk electrode (RRDE) techniques. A standard
three-electrode-electrochemical cell including a platinum ring as counter electrode,
(dinner = 7 mm and douwter = 9 mm, 1.4 V vs. RHE), a glassy carbon working electrode (disk
electrode, d = 6 mm) and an Ag/AgCl (sat. KCl) reference electrode were used. Catalyst inks
have been prepared by suspending 5 mg of catalyst and 40 mg carbon black (Ketjen Black
KB600) in 15 ml MeOH and subsequent ultrasonic treatment. The inks were then dried
and/or pyrolyzed for 2 h at the corresponding temperature. The RRDE measurements were
performed in O. saturated 0.5 M H.SO. solution at a potential scan rate of 5 mVs-! and a
rotation speed of 900 rmp. Cobalt complex 4-19 has been evaluated non-pyrolyzed and

pyrolyzed at 600 and 800°C.
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Figure 4-25:  a: Ring and disk current at rt for the determination of collection efficiency on a RRDE;
three-electrode-system with a platinum ring as counter electrode (diyer = 7 mm and
dowter = 9 mm, 1.4 V vs. RHE), glassy carbon working electrode (disk electrode, d =
6 mm), Ag/AgCI (sat. KCI) reference electrode and 0.5M H,SO, as electrolyte;
potential scan rate 5 mVs™, rotation speed 900 rmp. b: H,O production efficiency.

The corresponding ring and disk currents are shown in Figure 4-25 and summarized in

Table 4-1 for all samples at 0.6 V. For comparison, the received data was benchmarked

against commercial Pt/C (20wt% platinum on KB600). Unfortunately, the non-pyrolyzed

sample showed no detectable activity for oxygen reduction, whereas if pyrolyzed the activity
significantly increased (Table 4-1). The enhancement in activity after heat treatment is also
known for metallo-porphyrins and phthalocycanines.C''2] Conspicuously, the sample heat
treated at 600°C showed the highest activity with a number n = 3.78 of electron transferred,

while at higher temperature the activity decreased again. This observation can be

understood if the thermal properties of complex 4-19 are considered.

Table 4-1: Summary of the activity and selectivity results received by RRDE measurements.
Compound  Current density @0.6V [mA/cmZ] %HZO[a] n
Pt wt20% 4.26 99.7 3.99
4-19 0.05 n.a.l” n.a.l9
4-19-600 2.88 89.3 3.78
4-19-800 1.90 68.8 3.38

[a] efficiency of 4 electron transfer @0.6 V; [b] number of electrons passed @0.6 V (n = %H20/50+2); [c] n.a.: not available, disk current too small, no 02
reduction @0.6V.

The thermogravimetric analysis showed that the complex was stable up to Ta; = 480°C
(Figure 4-26, Tq corresponds to 5% weight loss), at which point the decomposition of the

attached alkyl substituents starts to set in.
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Figure 4-26:  TGA of cobalt(ll) complex 4-19 under N, atmosphere. 25-900°C, scan rate 10 Kmin™.

The second weight loss at Tq2 = 750°C was caused by the rupture of the macrocyclic core.
Consequently, after heat treatment at 800°C the active site are most likely to be individual
CoNj units. On the contrary, if complex 4-19 was pyrolyzed at 600°C the active sites resided
in the intact macrocyclic core, which proved to be advantageous for the catalytic
performance. As a result, the active CoNy sites showed better electrochemical activity and
selectivity if they were embedded in a stable macrocyclic environment. Although not as good
as Pt/C (measured under the same conditions) the sample pyrolyzed at 600°C showed very
promising preliminary results with a high number of electrons transferred (n = 3.78) and
good selectivity towards water production (%H.O = 89.2%, Table 4-1). These results are
superior to values reported in the literature for related Co(II)TPP (n = 2.8, pyrolyzed at
600°C) and Co(II)phthalocyanines (n = 3.0, pyrolyzed at 600°C)..219] Furthermore, the
catalytic performance of cobalt complex 4-19 competes well with those reported in literature
for other non-precious metal catalysts for ORR.L!0-111] Nevertheless, the performance of
cobalt(II) complex 4-19 can surely be tuned by the optimization of the processing methods
such as catalyst preparation or variation of the carbon support.

From a synthetic point of view, the connection of the single macrocycles could help to
improve the overall electron-supply, since the catalytic sites could borrow electrons from
their neighbors and facilitate a four electron transfer (Figure 4-27). Also, it has been shown,
that the four-electron reduction of oxygen to water is favored by the simultaneous rupture

of the oxygen molecule.ls] This can be provided by dimer or oligomer formation of

4 Monocyclic Porphyrinoids containing Carbazole



macrocyclic complex 4-19. It was suggested that by covalent connection of the active sites

heat treatment can be avoided.

Improve electron-supply
(Borrow electrons from neighbors)
0, HO

O — M -— M
—  — > S

Figure 4-27:  Schematic illustration of oligomerization of the cobalt complex to improve
electrocatalytic performance.

For this reason, the next target to further improve the catalytic activity was the design of an
appropriate monomeric macrocycle and to oligomerize and accordingly dimerize it. This
challenge could be resolved by the introduction of chlorine substituents at the pyridine
moiety of macrocycle 4-18 and will be explained in detail in the following chapters 4.1.8 and

4.1.9. The results of the electrochemical activity measurements are summarized in chapter

4.1.10.

4.1.6 RDE measurements

Additionally to the RRDE measurements evaluated in acidic conditions, rotation disk
electrode (RDE) techniques were performed. In this case, the electrochemical activity of
cobalt complex 4-19 towards the reduction of oxygen was determined in alkaline solution.
These measurements were carried out under supervision of Dr. Ruili Liu at the Max Planck
Institute for Polymer Research. Electrochemical RDE measurements were performed on the
non-pyrolyzed and pyrolyzed (470, 600 and 800°C) samples, the resulting samples were
denoted 4-19-470, 4-19-600 and 4-19-800, respectively. The samples were supported on
carbon black (20wt%, Vulcan XC-72R) and measured in an Oe-saturated 0.1 M alkaline
solution of KOH. For all substances the same amount of sample by mass (25.5 pug/cm?) was
loaded onto a glassy-carbon RDE.

The cyclic voltammograms for all samples at a scan rate of 100 mVs! are depicted in Figure
4-28a. For comparison the featureless voltrammogram of 4-19-470 in saturated Ar solution
is benchmarked (Figure 4-28a, black line). In contrast, when the electrolyte solutions were
saturated with O., well-defined cathodic peaks in the range of -0.49 to -0.26 V could be

observed, suggesting pronounced electrochemical activity. The least distinct cathodic peak
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(-0.49 V) was found for unpyrolyzed sample 4-19 and the most promising for 4-19-600

(-0.26V), which is in agreement with the

measurements.

results of the previous described RRDE
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Figure 4-28:  a: Cyclic voltammograms for 4-19, 4-19-470 (in saturated Ar and O, solution),

4-19-600 and 4-19-800 on glassy carbon RDE electrode in an O,-saturaled 0.1 M
solution of KOH; b: RDE voltammograms recorded at a scan rate of 10 mVs™ and

1600 rpm.

The rotating-disk voltammetric profiles showed that the current density was enhanced by

an increase in the rotating rate (from 225-4400 rpm; not shown here). For comparison the

profiles at 1600 rpm were plotted and onset potentials for all samples in the range

of -0.17 to -0.22 V were obtained (Figure 4-28b). Again, the non-pyrolyzed sample showed

almost no catalytic activity whereas the sample heat treated at 600°C featured highest

activity with an onset potential at -0.17 V. The corresponding Koutecky-Levich plots at

various electrode potentials showed good linearity, and exemplary the plot for 4-19-470 is

shown (Figure 4-29a).
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a:. Koutecky-Levich plots at different electrode potential for 4-19-470 and b:

electrochemical activities given as kinetic limiting denisites Ji (for commercial Pt-C

electrode n = 3.91, Jy = 4.44 mAcm?

).
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The slopes remain constant over the potential range of 0.25 to 0.40 V suggesting similar
electron transfer numbers for the ORR at different electrode potentials. Generally,
first-order kinetics show linearity and parallelism of the plots. The kinetic parameters can be
analyzed on the basis of the Koutecky-Levich equations (cf. chapter 2.2.2). According to
these equations the number of electrons 7 transferred and the kinetic limiting current
density Ji can be obtained from the slope and intercept, respectively (Co = 1.2%10-% molL-,
D, = 1.9%10-° cms™!, v = 0.1 m?s™!).

The determined values for the pyrolyzed samples are summarized in Table 4-2, with the
highest number of electron transferred (n = 3.82) for 4-19-470 suggesting a four-electron
transfer in oxygen reduction. Unfortunately, the onset potential and Ji for this sample
showed lower values as for the sample pyrolyzed at 600°C. The onset potential for 4-19-600
was determined to be -0.17 V. The calculated Ji value of 4.22 mAcm at -0.35 V for
4-19-600 was almost as high as that of commercially available Pt-C (4.44 mAcm2
at -0.35V).[220]

Table 4-2: Results for the RDE measurements in basic conditions (0.1 M KOH).

Compound  Jk[al [mAcm-2] klal nla] onset potential [V] cathode peak [V]
4-19-470 1.7661 4.00%10-3 3.82 -0.22 -0.34
4-19-600 4.22172 11.25*%10-3 3.24 -0.17 -0.26
4-19-800 2.98339 7.60*10-3 3.39 -0.19 -0.29

Summarizing, the electrochemical catalytical activity of cobalt complex 4-19 towards the
ORR was also evaluated and proven in alkaline conditions. Similar trends as for the results
in acidic conditions could be observed. In particular, heat treatment improved significantly
the activity but milder pyrolysis turned out to be more beneficial. As mentioned before, this
could be explained if the thermal properties of 4-19 were taken into account (Figure 4-26).
The reduced results for 4-19-800 were due to the incipient decomposition of the macrocyclic
core if heat treated at 800°C. If pyrolyzed at 600°C the core was still existent. TGA
measurements showed that complex 4-19 is stable till 480°C, and therefore, the intact
complex is responsible for promising results for 4-19-470. It is suggested, that the alky
groups help to crosslink the individual macrocycles resulting in the accumulation of the
active sites, which is believed to be beneficial in catalytic performance. Related discotic

polycyclic aromatic hydrocarbon are known to cross-link after heat treatment in the
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mesophase.[?2!] This strengthens the suggestion to synthesize oligomeric species and
connect the individual active sites for further improvement in performance (see

chapter 4.1.8).

4.1.7 Surface Deposition

Visualization of molecules by scanning tunneling microscopy (STM)22] permits
information about the mode of 2D network formation and the interfacial assembly.
Sometimes, it is even feasible to monitor the progress of a chemical reaction or catalytic
processes by this technique.[?25-2251 Therefore, the visualization of cobalt complex 4-19 by
STM might offer the possibility to follow the reduction of oxygen at the metal center.
Besides the deposition of molecules on surface by the LANGMUIR BLODGETT
techniquel?26-2271 or sublimation,[?25-229] the deposition from solution by self-assembling
monolayers is possible.l290-232] Usually, the formation of self-assembled monolayers is
induced by the spontaneous physisorption of the molecules on a suitable substrate.[233-254]
Linear, long alkyl-chains attached at the periphery of the molecule have been shown to be
the driving force for the formation of monolayers.[??>J In other words, the tert-butyl groups
attached at ligand 4-18 are poorly suitable for the deposition on a substrate, and long

alkyl-chains had to be introduced to allow the formation of self-assembling monolayers.

R =CqzHzs

Br. Br R R R R R R
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4-23 4-24 4-25 ﬂ4-26 N

R = CyoHys R=CyoHzs
4-27 4-28

Scheme 4-6:  Synthesis of long alkyl-chain substituted macrocycle 4-27 and its cobalt complex 4-28.
Conditions: i docecylmagnesium bromine (1M in Et,0), Pd(dppf)Cl,, THF, 75°C, 56%;
il NBS, AcOH, DCM, rt, 90%. iii 1. n-BuLi, THF, 0°C, 2. COy, rt, 3. t-BuLi, THF, -78°C,
4. 4-15, 50%; iv Pd(PPhs),, 2M KCO3, EtOH, toluene, 85°C, 15%.v M(OAc),, DMF,
microwave, 300 W, 170°C.
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8,6-Dialkylated carbazole derivatives are commonly prepared by the reduction of the
corresponding carbonyl derivatives, which can be obtained by Friedel-Crafts acylation
protocols..?%61 To avoid the two step synthesis, palladium-catalyzed Kumada-coupling
reaction between commercially available 3,6-dibromo carbazole (4-23) and
dodecylmagnesium bromide was applied (Scheme 4-6).

Both compounds, the free ligand 4-27 and the cobalt complex 4-28, were investigated by
solution STM in collaboration with the group of Prof. J. Rabe at the Humboldt-Universitit
zu Berlin. The experiments were conducted by Jose David Cojal by dissolving the
compounds in zn-phenyloctane at a concentration of 10¢ M. The solutions were then applied
onto a basal plane of a freshly cleaved surface of HOPG (highly ordered pyrolytic graphite).
The STM image of compound 4-27 (Figure 4-30) was recorded at the solution/HOPG
interface with a bias voltage of -800 mV and a tunneling current of 100 pA. In the STM
image, the electron rich n-systems appear as bright features whereas the regions with lower
energy density, in this case the alkyl-chains, in darker contrast. The macrocyclic core

created bright features suggesting that the electrons were well delocalized around it.

Figure 4-30: STM image of saturated n-phenyloctane solution of 4-27 on HOPG. a: Unit cell is
indicated; lattice constants: a=2.08£0.07nm, b =2.22+0.05 nm, a=75.4+1.1°,
A = 4.47+0.07 nm?;, Us = -800 mV, I, = 100 pA).
By the deposition of macrocycle 4-27 from n-phenyloctane on HOPG a highly ordered
monolayer was formed (Figure 4-30). The substance formed uniform patterns with a unit
cell spanned by 4 molecules (characteristic parameters of a = 2.0810.07 nm,
b = 2.22+0.05 nm and a = 75.4%1.1°). The molecules were aligned in linear lamellar arrays
with the interdigitated alkyl-chains keeping the core of the macrocycle at a fixed distance.
The homogenous assembly showed almost no defects or impurities over large areas. Similar

behavior has also been observed for related meso-tetraalkylporphyrins on HOPG.237]
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Unfortunately, the investigation of the cobalt-complex 4-28 by STM was not successful.
This could be explained by agglomeration of the molecules due to the presence of the cobalt.
Another explanation could be that simply the forces e.g. electrostatic or van der Waals,

driving the physisorption are not strong enough to create the self-assembly monolayer.

4.1.8 Oligomerization of macrocycle 4-18

As described earlier, the four-electron reduction of oxygen to water is favored by the
simultaneous rupture of the oxygen molecule (cf. chapter 2.2). Therefore, the
electrochemical performance of the cobalt(II) complex 4-19 could be improved if the active
site are connected to each other. Additionally, we believe that by the covalent connection of
the active sites the need of heat treatment can be avoided. Thus, the chemical approach
includes an oligomerization of the macrocyclic monomer (cf. chapters 4.1.5 and 4.1.6). For
the oligomerization of macrocycle 4-18, Yamamotol??s] reaction conditions were considered.
Theretfore, the macrocyclic core had to be functionalized with a halide at the pyridine ring in

para position to the nitrogen (position 5, Scheme 4-7).

Scheme 4-7: Oligomerization of macrocycle 4-18 using Yamamoto (i) reaction conditions.

For this reason, firstly direct halogenations on the already formed macrocycle 4-18 by the
treatment with bromine or NBS have been examined. Unfortunately, all trials failed and a
different synthetic strategy was developed, consisting of the introduction of functional
groups at the pyridine unit before the ring-closure. The functionalization of pyridines
usually requires the preparation of pyridine N-oxides[?3] as intermediates, which have to be
handled with great caution. On the other hand direct lithiation of 2,6-dihalogenated
pyridines generally dirigates meta to the nitrogen.[?*°] Knochel et al. showed that the use of
highly active TMPMgCI-LiCl (TMP = 2,2,6,6-tetramethylpiperidine) furnishes magnesiated
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pyridines selectivity in para postion to the nitrogen.[?*'1 Further reactions with electrophiles
e.g. Io or DMF provide then the expected products.

In the present case, iodine was not suitable since it would hinder the subsequent
macrocyclization due to the major reactivity of iodine over bromine (at the pyridine) in
Suzuki-Miyaura cross-coupling reactions.['3>] Thus, chlorine was the perfect halogen
because it prevented the mentioned selectivity problems and supplementary served as a well

reactive halogen in Yamamoto reactions.[255]

Cl
N i S
|l —> I _
Br N Br [ ] Br N Br
4-17 l}l 4-29
MgCI*LiCl

Scheme 4-8:  Synthesis 4-chloropyridine 4-29. Conditions: i TMPMgCI'LICI, THF, C,Clg, -30°C, 44%.

2,6-Dibromo-4-chloropyridine (4-29) was synthesized by treating 2,6-dibromopyridine
(4-17) with a 1M solution of TMPMgCI-LiCl at -30°C followed by the addition of
hexachloroethane (C.Cls). 4-Chloropyridine 4-29 was obtained in 44% yield as a colorless
solid (Scheme 4-8). The subsequent cyclization reaction of compound 4-29 and 1,3,2-
dioxaborolan-2-yl-9H-carbazole derivative 4-16 was performed under standard Suzuki-
Miyaura conditions, as also described for macrocycle 4-18 (Scheme 4-9, cf. 4.1.1). The

ring-closure proceeded in 13% yield to give macrocycle 4-30 as a colorless solid.

(255 (259
N"ﬁ_i»Cl o — -

Br N Br

ﬁf\é4l—-|16d;§)< 4-29 O @ O O

4-30 4-31

Scheme 4-9:  Synthesis of macrocycle 4-30 and its oligomerization. Conditions: i Pd(PPhs),,
2M K,COs, EtOH, toluene, 85°C, 13%; ii Ni(COD),, COD, 2,2-bispyridine, toluene,
DMF, 60°C.

The structure of macrocycle 4-830 was verified by NMR spectroscopy, Maldi-Tof and

HRESI MS spectrometry. Its 'H NMR spectrum showed similar signals to macrocycle 4-18,
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with the triplet for proton in para position to the pyridine nitrogen missing due proving the
substitution with chlorine.

For the purpose of linear oligomer formation and to avoid the competitive generation of
large macrocyclic compounds, the reaction was carried out in concentrated solution. The
oligomerization was performed under Yamamoto conditions[??*] by adding compound 4-30
to a solution of Ni(COD),, COD, 2,2-bipyridine in DMF/toluene at 60°C. The reaction
mixture was stirred for 8 days at this temperature and then precipitated into a
methanol/HCI solution. The precipitate was filtered off and reprecipitated two times. GPC
results showed a mixture of oligomeric products (Mn = 8749 g/mol, My = 20993 g/mol,
PDI = 5.60, referenced against PS in THF, UV detector). For comparison, the monomer
macrocycle 4-30 was also subjected to a GPC measurement and showed M, = 430 g/mol
My = 536 g/mol, PDI = 1.24 (referenced against PS in THF, UV detector). If the number
average molecular weight M, are compared, the oligomeric species correspond to approx.
8-9 repeating units. Nevertheless, comparing the values of the single maximum of the
macrocycle 4-30 with local maxima of 4-31, the oligomer exists as a mixture of oligomeric

species with repeating units (ru) varying between 4 to 60 ru (Figure 4-31).
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Figure 4-31: Molecular mass distrubtion of oligmeric species 4-31 (red) benchmarked against

monomer 4-30 (black). GPC measurements were performed in THF at rt against PS
standard with UV detection.
The oligomeric mixture was not fractionized but the composition served sufficiently for the
investigation of the oligomeric effect on the electrochemical activity towards the ORR.

Therefore, 4-81 was treated with Co(OAc). in DMF to insert Co(II) into the macrocyclic
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cavities to yield oligomeric cobalt complex 4-32. The insertion was proven by Maldi-Tof

spectrometry.

O Oe¥

(-0 (-0

4-31 4-32

Scheme 4-10: Complexation of oligomer 4-31 with cobalt. Conditions. i Co(OAc),, DMF, microwave,
300 W, 170 °C.
The absorption and emission spectra of oligomer 4-31 will be discussed in the next chapter

(4.1.9) along with that of the dimer 4-34.

4.1.9 Dimerization of macrocycle 4-18

Having established the introduction of chlorine at the pyridine unit, the design of a defined
dimer of macrocycle 4-18 was manifest. The synthesis started with the statistically

macrocyclization reaction between compounds 4-16, 4-17 and 4-29 (Scheme 4-11).

L De® Pt ROs®.
Fok o S T g o

16 4-29

4-33: Ry=H,R,=Cl 4-34

4-18: Ri1=R:2=H
4-30: R1=R2=Cl
Scheme 4-11: Synthesis of dimer 4-34. Conditions: i Pd(PPhz);, 2M K,COs, EtOH, toluene, 85°C,
7%; ii 4-33, Ni(COD),, COD, 2,2-bispyridine, toluene, DMF, 60°C.
The statistical reaction afforded not only the desired monosubstituted macrocycle 4-83 but

also, disubstituted compound 4-30 and the bare ring 4-18. Nonetheless, the resulting three

cycles could be separated by column chromatography. However, the yield of macrocycle
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4-33 was reduced to 7%. The formation of macrocycle 4-33 was proven by NMR
spectroscopy and HRESI MS spectrometry. The 'H NMR spectrum of unsymmetrical
compound 4-33 was more complicated compared to macrocycle 4-18, due to the loss of
symmetry caused by the presence of only one chlorine substituent (Figure 4-32). Therefore,
one set of signals for each “side” of the molecule was observed in both, the '"H NMR and the
13C NMR spectrum. Due to the deshielding effect of the chlorine substituent, the protons
which are influenced by the electronegative chlorine were shifted to lower fields.
Unfortunately, the doublet for the proton meta to the pyridine’s nitrogen (@) was
superimposed by the singlet arising from the proton next to the chlorine (@). Even the tert-
butyl groups were no longer identical and resonated in two individual signals (Figure 4-32
inlay, @®).

The dimerization was performed under the same conditions as described for the
oligomerization of 4-30 (cf. chapter 4.1.8). Macrocycle 4-33 was added to a solution of
Ni(COD),, COD, 2,2-bipyridine in DMF/toluene at 60°C. Dimer 4-34 could be purified by

column chromatography and was isolated in 30% yield as a yellow solid.

9.7 9.5 9.0 8.5 8.0 7.5
6 (ppm)

Figure 4-32:  Aromatic region of the 'H NMR spectrum of macrocycle 4-33 in CD,Cl,, 298 K,
700 MHz. Inlay: aliphatic region showing the tert-butyl groups.

Similar to its unsymmetrical starting material 4-33, dimer 4-30 exhibited two sets of

aromatic signals and only one signal for the proton at the nitrogen of the carbazole in the

'HNMR spectrum (Figure 4-33). Compared to monochlorinated compound 4-33, the

singlet signal for the proton meta to the pyridine’s nitrogen (@, from 7.70 to 8.14 ppm) was
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shifted to lower fields in dimer 4-30. This can be attributed to the lower deshielding eftect of
the substituent at this position, which is in this case the macrocycle itselt. The strucutre of

dimer 4-34 was further evidence by HRESI MS spectrometry.

[ ]
. PP l. [
[ ]
_ L
9.7 9.5 9.0 8.5 8.0 7.5
6 (ppm)
Figure 4-33: Aromatic region of the 'H NMR spectrum of dimer 4-34 in CD,Cl,, 298 K, 500 MHz.

GPC analysis approximately reflected the relative repeating units (ru) of dimer 4-84 (2 ru)

compared to monomer 4-18 (1 ru) and oligomeric species 4-31 (> 4 ru).
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Figure 4-34: Molecular mass distrubtion of dimer 4-34 (orange) and oligmeric species 4-31 (red)

benchmarked against monomer 4-30 (black). GPC measurements were performed
in THF at rt against PS standard with UV detection.
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Electronic absorption and emission spectra were recorded in DCM (¢ = 5%10-* M) for all
macrocycles 4-18, 4-33, 4-30, dimer 4-34 and oligomer 4-31 (Figure 4-35). The absorption
spectra for all compounds showed absorption maxima in the same region. This wass not
surprising, as monocyclic compounds 4-18, 4-83 and 4-30 are analogues and differ only by
the presence of the chlorine substituents. Interestingly, dimer 4-34 and oligomer 4-31
behaved also similar to the monocyclic derivatives and absorbed in the same region, which
could be explained by the lack of conjugation between the individual repeating units. The
free rotation of the single bond between the units resultec in an inefficient extension of the
n-conjugation in the ground state. Similar behavior has been observed for other
non-conjugated oligoarylenes®*?] suggesting electronically decoupled monomeric units.[243-
2457

The emission maxima for chlorinated compounds 4-38 (Aem = 412 nm) and 4-30
(Aem = 414 nm) were redshifted due to presence of the chlorine substituents compared to
macrocycle 4-18 (Aem = 404 nm). Surprisingly, the emission maxima of dimer 4-34 and
oligomer 4-31 (Aem = 472 nm and 492 nm, respectively) were highly bathochromically
shifted compared to the monocyclic compounds. As this was not the case in the absorption,
this might be due to a partial flattening of neighboring cycles in the excited state enhancing

the conjugation between the repeating units.
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Figure 4-35:  Electronic absorption and emission spectra of macrocycles 4-18, 4-33, 4-30, dimer
4-34 and oligomer 4-31; (c = 5*10° M in DCM).
Quantum Yields (QY) were estimated for all compounds using the Comparative Method

(Table 4-3).L1%61 The QY for the monocyclic systems 4-18, 4-30 and 4-33 were all very alike
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in the range of 0.42-0.46, although generally in the presence of heavy atom substituents such

as chlorine, fluorescence quenching is expected.[?46] On the contrary, the QY for dimer 4-34

and oligomer 4-31 were drastically reduced to a minimum of @®¢=0.11. This can be

attributed to the favored free rotation around the single bond which combines the individual

macrocycles. Twisting of the monomeric units are known to hinder high luminescence

efficiency in polymers.[247]

Table 4-3:

Summary of the electronic absorption and emission data in DCM (¢ = 5*10°°M).

compound  Awps [nM]  Ae [nM] O
4-18 313,372 404 0.46
4-33 313,377 412 0.43
4-30 315, 375 414 0.42
4-34 315, 375 472 0.14
4-31 317,376 492 0.11

[a] ®f were estimated using the Comparative Method.[186] Samples in THF are referenced against Coumarin 1 in EtOH, Aex = 346 nm.

4.1.10

RRDE measurements

As described earlier, the purpose to synthesize the oligomeric complex 4-32 was to improve

the catalytic activity of monocyclic complex 4-19 and to avoid heat treatment. Since

complex 4-19 did not show activity in acidic conditions without heat treatment (ct. chapter

4.1.5) the influence of the oligomerization (monomeric cobalt(II) complex 4-19 vs. oligomer

4-32) was evaluated in basic conditions where measurable quantites of current density was

obtained (0.1 M KOH, Figure 4-36).
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Figure 4-36:  a: Ring and disk current at rt of cobalt complex 4-19 (black) and oligomeric complex

4-32 (red) in alkaline conditions (0.1 M KOH, 1600 rmp); b: efficiency of H,O
production.
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The experiments were conducted in collaboration with Sumitomo Chemical Co using RRDE
measurements without prior thermal treatment of the samples. The electrochemical
evaluation unfortunately showed that the ORR activity of 4-32 was only slightly improved
compared to single complex 4-19. As depicted in Figure 4-36, the disk current for the
oligomeric species 4-32 (red line) featured only a marginally superior current density over
the measured range compared to the monomer 4-19 (green line). The negligible
improvement was also reflected in the almost identical efficient HoO production of around

60% in the applied potential region.

n-conjugation hindered by twisted monomer units

Figure 4-37: Schematic illustration of the TT—conjugation in planar and non-planar polymers.

The small eftect on the electrochemical performance can be explained by the non-planarity
of the oligomeric species and the free rotation around the single bonds (Figure 4-37). Due to
the twisting, the oxygen is not able to simultaneously interact with two cobalt centers in the
dual-site mode (bridged-czs configuration), and therefore the four-electron reduction cannot
be promoted. Further, the single bonds connecting the monomeric units do not allow
n-conjugation between the individual macrocycles and thus hinder improved electron
supply.

Due to the already small improvement in activity observed for the oligomeric complex 4-32,
the dimer 4-34 was not taken into consideration for an electrocatalytic evaluation.
Therefore, no further studies on these systems were done and a novel planar well
n-conjugated multi-metal complex was developed which will be explained in detail in the

second part of the present work (see chapter 5).
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4.2 (NH)4 — motif porphyrinoid

For symmetrically substituted porphyrins, the degenerate frans-NH-tautomers are most
tavored, resulting in two pyrrolic and two imine-type nitrogens. The motif of four pyrrolic
(NH) groups combined in one macrocyclic core can be found in e.g. calix[47]pyrroles.[136]
Calix[47Jpyrroles are meso-octasubsituted porphyrinogens with the pyrrole rings linked by
sp® hybridized carbon atoms and hence are not susceptible to oxidation which would result
in the porphyrin state. They do not possess a diamagnetic ring current in the macrocyclic
core as it is in the case of porphyrins. The pyrrolic NH group has been proven to be useful as
hydrogen-bond donor in anion recognition chemistry, especially for calixpyrroles.[248-251]
Moreover, due to the (NH)4 cavity calix[ 4 ]pyrroles ofter the opportunity to bind metals in

unusual oxidation states.[187, 252-254]

-0

Figure 4-38: From non aromatic calix[4]pyrrole to aromatic (NH), macrocycle.

By the replacement of two pyrrolic units in a calixpyrrole by carbazoles, the valuable (NH)
motif is maintained while the sp® carbon atoms are replaced by stable sp? carbon atoms from
the fused benzene rings. In this form the molecule does not exhibit porphyrin-like
aromaticity but four individual aromatic heterocycles are combined together resulting in an
overall aromatic character. The fusion of benzenes results in an oxidizable macrocycle which

can adopt the porphyrin state, as will be described later (see chapter 4.2.3).

42.1 Synthesis

Macrocycle 4-38 was synthesized, similar to pyridine-containing macrocycle 4-18, via a
fourfold Suzuki-Miyaura coupling reaction in a diluted system (10-* M, Scheme 4-12).

Carbazole is acting as the electrophile, unlike in the synthesis of macrocycle 4-18. Since
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pyrrole tends to easily polymerize at the a-a’ positions,[225] the introduction of boronic ester
groups at this positions avoided the formation of side products. Furthermore, the
substitution benefits the handling, because compound 4-87 is a crystalline powder and can
be readily crystallized compared to liquid pyrrole. This is also beneficial for the purification
of the compound since high purity starting materials are required for the Suzuki

cross-coupling reaction as a consequence of the Carothers” law.[256]
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Scheme 4-12: Synthesis of macrocycle 4-38. Conditions: i H,O, H,SO4, HIO4*2H,0, I,, AcOH, 80°C,
50%; ii [IrCI(COD)],, dtbpy, bisbinacolatodiboronate, octane, 80°C, 60%; iii Pd(PPhs),,
2 M K,COg3, EtOH, toluene, 85°C, 10%.
As described earlier, the introduction of halogens at the carbazole at positions 1 and 8 is well
established. Here, iodine was chosen over bromine to ensure high reaction rates during the
oxidative addition of the catalytic cycle. 3,6-Di-fert-butyl-1,8-diiodo-9H-carbazole (4-85)
was synthesized following the literature procedurel!?>J in 50% yield starting from alkylated
carbazole 4-13. Pyrrole (4-86) can be functionalized with boronic ester groups at position
2 and 5 using an iridium catalyzed borylation reaction.[?’”] Compound 4-37 could be
isolated in 60% yield as colorless crystals. Both building blocks, compounds 4-87 and 4-35,
could be obtained in high purity by repeated recrystallizations. The fourfold Suzuki-Miyaura
cross-coupling reaction proceeded in 10% yield. Macrocycle 4-38 was obtained as a greenish
solid which proved to be difficult to handle during the purification process, due to its low
stability towards heat and acidic silica gel. The high instability can be attributed to its
extreme electron richness, originating from the electron-rich character of its building blocks
pyrrole and carbazole.[?58259]7 Column chromatography was possible, but suffered from
decomposition of the compound on the acidic silica (also when basificated) leading to only a

low amount of pure macrocycle. Due to the sensitivity towards heat, recrystallization proved
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to be extremely difficult as well. In order to investigate the sensitivity of compound 4-38
towards heat, temperature dependent UV-vis spectroscopy was performed (Figure 4-39).
Therefore, macrocycle 4-38 was dissolved in THF (¢ = 5*10° M) and a spectrum every
10 K was registered starting from 283 K up to 353 K. At already 318 K (Figure 4-39, blue
line) a significant change in the absorption could be observed which indicated decomposition

of macrocycle 4-38 at this temperature.
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Figure 4-39: Temperature dependent UV-vis spectra of macrocycle 4-38 in THF (c = 510 M).

If handled with care, enough pure material of macrocycle 4-38 could be achieved and its

structure could be characterized by NMR spectroscopy, Maldi-Tof and HRESI MS

spectrometry.
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Figure 4-40:  Aromatic region of the 'H NMR spectrum of macrocycle 4-38 in THF-dg, 298 K,
700 MHz (*from solvent).
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Macrocycle 4-38 provided the same Ca, symmetry as compound 4-18 and therefore featured
clear signals which were easy to assign (Figure 4-40). The protons at the carbazole and
pyrrole resonated in the typical aromatic region, coming to support no evidence for a
macrocyclic aromaticity as it is found for porphyrins. The signal for the f-proton at the
pyrrole was shifted to lower field (6.73 ppm) compared to the carbazole protons, due to its
more electron-rich character. Also the NH signals resided at 10.53 and 11.13 ppm and did
not indicate the existence of a diamagnetic ring current. 'H'’N correlations for the protons
attached to the nitrogens were measured with HSQC (heteronuclear single quantum
coherence) techniques. HSQC is a two-dimensional method and detects the correlation of
two different nuclei. The nuclei usually couple scalar over only one bond and the resulting
spectra are therefore facile to interpret. The 'H'"’N HSQC spectrum of macrocycle 4-38
nicely revealed the correlations of the different protons attached to the nitrogens of the
carbazole and pyrrole, respectively (Figure 4-41). The proton attached to pyrrole resonated
at -231.35 ppm and the chemical shift for the carbazole NH was -271.68 ppm (relative to
nitromethane), which is in good agreement with values from the literature.[260-261]
Unsubstituted carbazolic nitrogens resonate at higher fields compared to the nitrogen in

pyrroles due to their higher electron density and, therefore, higher magnetic shielding.
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Figure 4-41:  'H™N HSQC 2D NMR spectrum of macrocycle 4-38 in THF-dg, 298 K, 700 MHz,
chemical shifts are referenced to nitromethane nitrogen at 0 ppm.
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4272 Electronic Structure

The absorption and emission spectra of macrocycle 4-38 were recorded in THF at rt and are
depicted in Figure 4-42. The absorption spectrum showed two local maxima at Amax = 307
and 400 nm. The carbazole-centered transitionf!%% 1851 at A = 307 nm was only little
hypsochomically shifted compared to macrocycle 4-18 (ct. chapter 4.1.3). On the other hand
the maximum at higher wavelength, was bathochromically shifted with 27 nm and could be
interpreted as a stronger donor-acceptor interaction between the carbazole and pyrrole in
4-38 relative to carbazole and pyridine in 4-18. The optical energy gap was estimated from

the absorption edge to be Eopt = 2.94 eV.
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Figure 4-42: a: Electronic absorption and emission spectra of macrocycle 4-38 (c = 5*10°M in
THF), b: Solvent dependent emission spectra of macrocycle 4-38 (c = 5%10° M,
Aex = 307 nm).
The blue emission of macrocycle 4-38 (Aem = 427 nm) was relatively strong with a quantum
yield ®f = 0.68. The quantum yield was estimated against coumarin 1 at rt in THF
(Aex = 349 nm) using the Comparative Method.['86] The emission spectrum of compound
4-38 recorded in solvents with different polarities revealed a bathochromic shift of the
emission with increasing the polarity (Figure 4-42b). This can be attributed to an
intramolecular charge transfer (ICT) from the donor to the acceptor moiety in the excited
state.[246]
The redox properties of macrocycle 4-38 were investigated using cyclic voltammetry under
the same conditions as described for compound 4-18 (cf. chapter 4.1.3 ). Macrocycle 4-38
showed similar behavior as compound 4-18 with two irreversible oxidation waves
corresponding to the successively oxidized carbazole units to their cation radicals (Figure

4-43). The two-step oxidation also suggests an electrostatic repulsion between the
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carbazoles through the pyrrole units. The first oxidation onset potential (Figure 4-43, red
arrow) was used to estimate the HOMO level (EHOMO = _5.07 eV) with respect to ferrocene
as a standard. Empirical calculation including the optical energy gap resulted in ELUMO = -

2.18 eV.

Fc/Fc* j l l

10 pA

LU, B B B B S BN B R B R R B
-06 -04 -02 00 02 04 06 08 1.0 12 14 16 18
E (V) vs Ag/Ag”

Figure 4-43;:  Cyclic voltammogram of macrocycle 4-18; 10° M sample solution in DMF, 10" M
solution of n-Bus;NPF¢ as electrolyte; working and counter electrode: Pt, reference
electrode: Ag; ferrocene reference (Fc/Fc), scan rate 50 mvs™.

Further insight into the electronic structure was gained by quantum mechanical
calculations. The orbital surfaces of HOMO and LUMO were distributed uniformly over the
whole molecule. The calculated HOMO and LUMO levels were EHOMO = _4.74 eV and
ELUMO — _1.18 eV. The calculated energy gap (3.56 eV) and the energy levels are in good

agreement with the values derived from the UV-vis absorption and CV measurements.

E'UMO =.1.18 eV

AE =3.56 eV

EHOMO = .4.74 eV

Figure 4-44: Calcul?lg%d HOMO and LUMO orbital energies of macrocycle 4-38 (DFT, B3LYP/6-
31G*).
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Unfortunately, no suitable crystal for X-ray analysis of macrocycle 4-38 could be obtained.
Nonetheless, the calculated electronic structure revealed a similar saddle-like conformation
as found for the structurally close related macrocycle 4-18 (cf. chapter 4.3.4). The
non-planar geometry of the macrocycle is in agreement with the results derived from

UV-vis and NMR spectrometry, evidencing a non porphyrin-like aromaticity.

4.2.3 Aromatization

The pyrrole-containing macrocycle 4-38 offers the opportunity to create macrocyclic
conjugation upon oxidation (Scheme 4-13). On the other hand, earlier described compound
4-18 and upcoming 4-48 do not provide this feasibility since their containing pyridine and
triazole moieties do not support the formation of a diamagnetic ring current over the
ring-shaped molecules. Macrocycle 4-38 is a (NH)s-macrocycle which can undergo
dehydrogenation enabling a porphyrin-like state. Two different annulenes are possible after
the oxidation, namely, an [18%] annulene (4-38-arom1), with the two pyrrolic protons
remaining, or an [ 167 | annulene (4-38-arom2), without any protons in the macrocyclic

cavity (Scheme 4-13).

e el s

—> or
4-38 4-38-arom1l 4-38-arom2
[18] Annulen [16] Annulen

Scheme 4-13: Oxidation of macrocycle 4-38 and its possible oxidized structure. Conditions:
i activated MnO,, DCM, rt.

In porphyrin syntheses wusually DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) or

p-chloranil are used as oxidants to obtain the final porphyrin species.l*J Those quinonoid

oxidants are quite expensive and have to be separated from the final product by lengthy

chromatographic purification procedures. Recently, Pineiro et al. showed that activated

MnOy. is an advantageous dehydrogenation agent since it is inexpensive and simple filtration

is the only separation step needed.l??] To monitor the stepwise oxidation of
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macrocycle 4-38 via UV-vis spectroscopy, it was solved in DCM and an initial spectrum was
registered. Then activated MnO. was added in excess to the solution without stirring and
every 6-8 min a spectrum was recorded. Note that the oxidation proceeded only by diffusion
of the oxidizing agent into the solution. The formation of an aromatic porphyrin species
could be observed by the appearance of three extremely bathochromically shifted bands
(Figure 4-45a/b). The original absorption maxima of compound 4-88 vanished and the new
bands appeared at 846, 945 and 1076 nm. The dehydrogenation was completed after approx.

40 min.

400 800 800 1000 1200 1400

4-38

A Jk JJLJ MM_JL_

4-38-arom

IS U I U T

112 110 108 106 104 102 100 05 96 94 92 90 66 B6 &4 82 80 78 70 74 12 70 65 66
ppm, d

Figure 4-45:  a, b: Electronic absorption spectra of macrocycle 4-38 in DCM upon stepwise
oxidation with MnO,; c: aromatic region of the "H NMR spectra of macrocycle 4-38
(blue) and its oxidized species 4-38-arom (in THF-dg,*from solvent) ; d: color change
upon oxidation in ambient light and A = 366 nm.

Similiar bands have been described by Osuka et al to be Q-like bands of an aromatic
18m-porphyrin system.[?] The therein described porphyrinoid contains two fert-butyl
substituted carbazole units and two thiophenes, instead of the pyrrole unit in

macrocycle 4-38. Due to the strong similarity, the species being formed by the oxidation of

macrocycle 4-88 was considered to be the [18m] annulene 4-88-arom1. Additionally, the
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vivid color change from colorless to green, has also been observed by Osuka, which
underlines the likeness of these two porphyrins (Figure 4-45d). Also consistent for both
species are the observed downfield shifts for the signals of the peripheral protons in the
'HNMR proton spectrum. The signals for 4-38-arom1 resonate at 6 = 9.38, 9.60 and
9.77 ppm. Unfortunately, the signal for the remaining protons at the pyrroles could not be
observed.

In the view of the poor stability of macrocycle 4-88, the steadiness of the dehydrogenated
porphyrin species 4-38-arom1 was investigated as well. Therefore, compound 4-38 was
dissolved in DCM and an excess of MnO, was added while the solution was stirred. Every
20 min a spectrum was taken and agitation was continued. The recorded spectra are
depicted in Figure 4-46 and show, that after only 20 min the oxidation was completed (with
agitation). Shortly after, decomposition of 4-38-arom1 started to set in and within only
120 min the compound was fully decomposed, which could be followed by the complete
disappearance of the absorption bands. Thus, not only the porphyrinoid 4-388 is sensitive due

to its electron rich character, but also the dehydrogenated aromatic porphyrin 4-38-arom1.
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Figure 4-46: Electronic absorption spectra of macrocycle 4-38 (red), its oxidized species
4-38-arom1 (blue) in DCM and the stepwise decomposition of this.

Summarizing, pyrrole-containing macrocycle 4-38 is an electron-rich and therefore unstable
molecule. Nevertheless, it could be isolated in its pure form to perform a complete study of
its electronic properties. Owing to the presence of the pyrrole unit, porphyrinoid 4-38 ofters
the possibility of oxidization resulting in its aromatic porphyrin state.

Unfortunately, due to the low-yield synthesis and the instability of 4-88, only small amounts
of macrocycle 4-38 could be obtained. Therefore, no further investigation regarding
metal-complexation could be performed. Nevertheless, its host-guest chemistry could be

investigated and will be described in detail in chapter 4.3.4.
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4.3 Macrocycle formation based on Click Chemistry

The aim to introduce triazole moieties into the porphyrinoidic core was driven by the idea to
combine NH and CH hydrogen bond donor units for halide binding in one macrocycle.
Therefore, different from the latter described macrocycles 4-18 and 4-38, the design of
triazole-containing macrocycle 4-48 included the copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) which belongs to the group of Click Chemistry reactions.

Ever since Sharplessi®?] and co-workers introduced the concept of “Click” Chemistry in
2001, it became a powerful tool in organic chemistry and material science. Click Chemistry
is not a specific reaction but rather a chemical philosophy which mimics nature by creating
new substances reliably by joining small units via heteroatom links. Reactions which are
included into the Click Chemistry approach have to fulfill certain criteria. The reactions
have to be modular, wide in scope, high yielding, stereospecific and produce inoftensive side
products. They should be based on simple reaction conditions, like being insensitive to
oxygen and water, with the use of readily available starting materials and reagents.
Solvents, if needed, should be non-hazardous and products should be easily purified avoiding
column chromatography.r?657 Chemical transformations like 1,3-dipole cycloadditions,
nucleophilic substitution reaction, carbonyl chemistry of the “non-aldol” type and additions
to carbon-carbon multiple bonds are reactions which meet Click Chemistry standards.
Nevertheless, the most popular Click Chemistry reaction is doubtlessly Huisgen’s[143]
copper catalyzed 1,3-dipolar cycloaddition of azides and terminal alkynes ( Figure 4-4.7).[26%
265] Sharpless entitled this powerful reaction even as the “cream of the crop” under the Click
reactions.[?6%] Its only drawback is the use of an azide and the consequential safety concerns.
However, azides possess remarkable stability towards water and oxygen, tolerate almost
every reaction condition and show hardly any side reactions, what makes them the most
convenient reactant. The Huisgen cycloaddition formally is the thermally allowed reaction
between a 1,3-dipole and a dipolarophile which form a 5-membered heterocycle.l2641 It
belongs to the class of pericyclic [4+27 cycloaddtition similar to the Diels Alder (DA)
reaction. Its mechanism is concerted and controlled by frontier molecular orbital (FMO)
interactions following the Woodward-Hoftmannl?6¢] rules (Figure 4-47). The Woodward-
Hoffmann rules state, that “a thermal pericyclic cycloaddition is allowed if the total number of
electrons involved can be expressed in the form (4n+2), where n is an integer. If the total number of

electrons can be expressed in the form 4n it is jbrbz'dden.”ﬁ%ﬂ In the case of the Huisgen
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1,3-dipolar cycloaddition the number of electrons involved is 6 which can be expressed as
(4n+2) with n =1, and therefore is allowed by the Woodward-Hoffmann rules. As its
denotation implies, 1,3-dipoles are both electrophilic and nucleophilic and therefore can use
either their HOMOs or their LUMOs depending on whether the dipolarophile is electron-

deficient or electron-rich. The possible FMO interactions are depicted in Figure 4-47.

N=N=N" =N, N=N,
—_— )§/N—R + |§(N-R
R
—_— R
R—

1,4-regioisomer 1,5-regioisomer

— e & g
R— N=N=N"
dipolarophile 1,3-dipol

LUMO

3&3
| —ﬂ—HOMO
e 4

HOMO (dipolarophile) | E LUMO (1,3-dipol)
LUMO (dipolarophile) | | HOMO (1,3-dipol)

Figure 4-47: Schematic illustration of the Huisgen 1,3-dipolar cycloaddition of azides and terminal
alkynes (up) and the corresponding frontier orbital (FMO) interactions (down).

Since alkynes are rather poor 1,3-dipol acceptors, reactions with azides proceed usually slow.
In the presence of copper(I) as a catalyst though, cycloadditions are fast and efficient.[146, 2657
While in the case of uncatalyzed cycloaddition regioisomers are possible, when copper is

used as a catalyst the reaction occurs regiospecific providing exclusively 1,4-disubsituted

1,2,3-triazoles. However, as soon as a catalyst is involved formally the reaction is no longer
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a 1,8-dipolar cycloaddition and thus should not be termed as Huisgen’s cycloaddition, but
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Sharpless et al. found that Cu(II)
salts (e.g. copper(Il) sulfate), which can be reduced n situ to Cu(I) by ascorbic acid or sodium
ascorbate, are more convenient catalysts compared to the use of direct Cu(I) sources such as
cuprous bromide or iodide.['*6] Since Cu(I) can be unstable, stabilizing ligands like
tris-(benzyltriazolylmethyl)amine (TBTA) are often used. The CuAAC tolerates a variety of
solvents, functional groups and pH values and the facile procedure often allows a simple

filtration of the product from the reaction solution as the only purification step.
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Figure 4-48: Mechanism of the CUAAC.?*!

The mechanism of CuAAC was first proposed to be stepwise and not concerted in 2002 by
Sharpless and was later corroborated by computational studies in 2005.0146: 2691 Nevertheless,
the exact nature of the mechanism remains unknown up to date.[270]

The catalytic cycle of the proposed stepwise mechanism begins with the formation of a
copper(I) acetylide (I) (Figure 4-48). The next step is a ligand exchange of the azide and one
of the ligands at the copper atom (II). The azide binds to the copper wvia the nitrogen which
is situated in direct vicinity to the carbon atom. Then the terminal nitrogen of the azide
binds to the inner carbon atom of the acetylide which results in a six-membered copper(II)
metallacycle (III). This unusual metallacycle contracts then to a triazole-copper species (IV),
which subsequently releases the triazole product (V). Due to its gained popularity, more
than thousand research articles have been published over the last decade on CuAAC.
Therefore, to not go beyond the scope of this work, the following state of the art examples

exclusively deal with macrocyclic systems.
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The CuAAC reaction offers elegant possibilities to form large macrocycles like cyclic
melanocortin 4-39 (Figure 4-49).[271] This was the first reported intramolecular cyclization
via a triazole formation using CuAAC. Dimer macrocyclization was first proven to be
possible in the synthesis of sugar-containing macrocycle 4-40 (Figure 4-49).[272] Beneficially
the Cu(l) transitions state is able to coordinate a second alkyne and whenever an
intramolecular reaction is favored a macrocycle is formed. In the case of macrocycle 4-40
dimerization was preferred over monomer macrocyclization due to the rigidity of the

carbohydrate structure.

NH
NH, ¥
S F°
HN
.
HN SN ,l—.\ 4
\;KHN Y N'N“N s
o S
N 9 Q O
NH N on
"'“Srn NH
\;’Qo
HNP Ny, ~ NH
4-39
Figure 4-49: Examples of macrocyclic compound synthesized by CUAAC.

The CuAAC has been also applied very successfully in the syntheses of catenanes (4-42):7
and [34]triazolophanes (4-41)F"* (Figure 4-49). The high chemoselectivity of the reaction
between azides and alkynes, proved to be very eftective for the formation of catenanes, even

though the formation of large macrocycles is not always the favored one.
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4.3.1 Synthesis

Macrocyle 4-48 was synthesized via a double CuAAC between diethynyl-carbazole 4-44 and
diazido-carbazole 4-46 (Scheme 4-14). Besides the possibility of linear oligomers no larger
macrocycles can be formed and dimerization was favored. Dimerization is actually the only

teasible ring formation due to the precast of the 1,8-disubsituted building blocks.

OOOOOO

4-35 /f'\ 4-43 /S{‘

O o
4-14 /@ ‘0 4-46

4-45

Scheme 4-14: Synthesis of macrocycle 4-48. Conditions: i Pd(OACc),, Cul, PPhs, THF, 'Pr,NH, TMSA,

60°C, 57%; ii TBAF, THF, rt, 94%; iii 1. n-BuLi, THF, 0°C, 2. CO,, rt, 3. t-BulLi,

THF, -78°C, 4. 4-45, 30%; iv sodium ascorbate, TBTA, CuSO,, THF, TEA, 60°C, 17%.
Diethynyl-carbazole 4-44 was prepared in 54% yield over two steps under Sonogashira-
Hagiharal?75-276] reaction conditions starting from 3,6-di-tert-butyl-1,8-diiodo-9 H-carbazole
(4-85). The diazido building block 4-46 was synthesized wvia double lithiation of
1,8-dibromo-3,6-di-tert-butyl-9 H-carbazole (4-14) using BulLi and subsequent treatment
with 4-methylbenzenesulfonyl azide (4-45). Prior to this, the free proton at the carbazole’s
nitrogen needed to be protected and CO. as the N-protection group was used during the
initial lithiation reaction. The protecting group was easily cleaved during the work-up

procedure.

4-49 4-45

Scheme 4-15: Synthesis of 4-methylbenzenesulfonyl azide (4-45). Conditions: i NaNs, aceton, H,O,
0°C, 94%.
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4-Methylbenzenesulfonyl azide (4-45) was obtained in 94% by treating 4-methylbenzene-1-
sulfonyl chloride (4-49) with NaNjs following the literature procedure (Scheme 4-15).0277]
Diazido carbazole 4-46 has never been described in literature, and therefore its structure
was fully characterized by NMR and FT-IR spectroscopy, FD-MS spectrometry and X-ray
analysis. FT-IR spectroscopy showed characteristic peaks at 2101 cm' for the azide groups

and 8450 cm™ for the NH stretching (Figure 4-50).
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Figure 4-50: FT-IR spectrum of diazido carbazole 4-46.

Additionally, the structure of compound 4-46 was evidenced by its crystal structure.
Crystals suitable for X-ray analysis were grown by slow evaporation from hexane solution.
The unit cell consisted of two molecules which were situated with the sterically demanding
tert-butyl groups opposite to each other (‘back to back’, Figure 4-51b). The m-systems
arranged in a parallel but staircase fashion which was induced by the m—stacking between
only one benzene ring of a carbazole to one benzene ring of the lower lying carbazole. With
the other benzene ring, the carbazole stacked to one benzene ring of an upper carbazole. The
staircase rows were aligned alternately ‘face to face’ and ‘back to back’ being generated by

the dipole-dipole interaction of the azide units.
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c

Figure 4-51:  Crystal structure of 1,8-diazido-3,6-di-tert-butyl-9H-carbazole 4-46 a: single molecule
(the ellipsoids correspond to 50% propability); b: unit cell (hydrogen atoms are omitted
for clarity); c: molecular packing.

For the synthesis of macrocycle 4-48 Sharpless’ standard reaction conditions['*6] for
CuAAC were used including the n situ generation of copper(Il) sulfate by sodium ascorbate
and the use of the stabilizing ligand TBTA. The first attempt towards macrocycle 4-48 was
accomplished in a diluted system (10* M), in order to prevent polymerizations as side
reactions (Ruggli-Ziegler dilution principle).L17t 1821 Unfortunately, the desired compound
4-48 could not be observed but the reaction yielded two compounds, the open cycle 4-50
and a tricarbazole 4-51 (Figure 4-52). Both structures were identified by 'H NMR
spectroscopy and mass spectrometry (cf. 7.2.25 and 7.2.26).

At the same time, the reaction was also performed in concentrated solution in order to
investigate the formation of oligomers. Surprisingly, this reaction yielded the target
macrocycle 4-48. To better understand the reaction mechanism, firstly, the reaction was
repeated in concentrated solution but endcapping was omitted. Astonishingly, again only the
open cycle 4-50 and the tricarbazole 4-51 could be isolated. This outcome suggested that an

endcapper was needed to promote the second ring closure.
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Figure 4-52:  Structures of side products obtained from the Click reaction. Open cycle 4-50 and
tricarbazole 4-51.

A possible reason for the need of the endcapper was that the copper catalyst coordinated
between the nitrogen atoms, after the first triazole formation (Figure 4-53b). Therefore, the
open cycle 4-50 was twisted in such a way, that the reacting sites were spatially separated
and no further reaction was possible (Figure 4-53). If the “endcapper” was added to the
reaction mixture the copper was caught away and the open cycle could twist back to form
the second triazole without the interaction of the catalysts (Figure 4-53a). As explained
before the reaction between azides and terminal alkynes without the presence of a catalyst is

possible but rather slow (cf. chapter 4.3).0143]

Figure 4-53:  Click reaction is a: possible; b: not possible due to the presence of coordinated
copper between the nitrogens.

Based on this results, the reaction was also performed without the use of a copper(I)

catalysts but unfortunately, only starting material was recovered.
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Consequentely, the catalyst was needed to build the first triazole, whereas the second was
tormed without the help of copper(I) but favored due to the spatial proximity of the reactive
sites in the preformed dicarbazole 4-50.

A study was made to identify the ideal “endcapper”. NaNs proved to be the best, because
after precipitation in MeOH the pure product could be collected without further purification.
When NaCN or ethynylbenzene/azidobenzene were used, the product was formed as well

but the formation of side products massively hindered the subsequent purification.

Table 4-4: Study of different endcappers for the reaction towards macrocycle 4-48.
entry endcapper product notes
m .
#1 © yes side products which hinder purifications
+
#2 NaCN yes side product cannot be separated
#3 NaNj; yes pure compound after precipitation

Macrocycle 4-48 was obtained in 17% yield as a colorless solid which was not soluble in
polar solvents like MeOH or EtOH, poorly soluble in common solvents like DCM, CHCl; or
EtOAc and better soluble in THF and DMSO. Its structure was proven by NMR
spectroscopy and HRESI-MS spectrometry.

Apart from the low yield of this reaction, the applied reaction fulfilled the following criteria
of the Click Chemistry approach (cf. chapter 4.3): simple reaction conditions, readily
available starting materials and easy purification procedures like filtration whereby time-

consuming column chromatography were avoided.

4.3.2 NMR Analysis

The '"H NMR spectrum evidenced the formation of macrocycle 4-48 (Figure 4-54). Due to
the triazole moieties which are connected through nitrogens to one carbazole and through
carbon atoms on the other, the symmetry of the macrocycle is reduced to C,y (compared to
macrocycle 4-18 with Coy symmetry, chapter 4.1). Therefore, the aromatic carbazole protons

exhibited four signals (@) and the protons at the nitrogen two individual signals (@) since
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they are also not identical. On the other hand, the protons situated at the triazole carbon

atoms (’) are magnetically identical since they have the same chemical environment.
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Figure 4-54:  Aromatic region of the 'H NMR spectrum of macrocycle 4-48 in THF-dg, 298 K,
700 MHz.

NOESY (nuclear Overhauser effect spectroscopy) spectroscopy proved that the CH-groups
of the triazole moieties point inside the cavity of the ring, since the hydrogens at the

triazoles and carbazoles produced cross peaks (Figure 4-55).
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Figure 4-55: NOESY spectrum of macrocycle 4-48 in THF-dg, 298 K, 700 MHz, 1, = 500ms.
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Generally, the cross peaks arise from nuclei which are in close proximity < 4 A. This is in
agreement with molecular modeling using density functional theory calculations (DFT,
B3LYP/6-31G*L18% 2752797) which revealed a distance of 2.3 A between the triazole (@) and
the carbazole (@) protons. No cross peak for the CH (@) protons of the triazole and the
benzene ring of the carbazole (@) was observed which excluded a different arrangement of
macrocycle 4-48.

NOESY NMR spectroscopy also allows conformational analysis of a molecule including
structural information.[?80-281] Distances can be estimated assuming the linear growth of
cross peaks at different mixing times. For this analysis, the observed spins are considered to
be close enough that their dipole-dipole interaction is appreciable. Secondly, it is assumed
that the molecule including the observed spins is rigid and tumbles only isotropically (only
dipole-dipole relaxations are perceptible). If the distances in a molecule are known, the cross
peak intensities for a certain mixing time /{tm) in a 2D NOESY spectrum can be

recalculated from known diagonal peak intensities /s at tm=0 by:

V(t,,) = eRmmly0 (4-2)
where R is the relaxation matrix.[?81] It is beyond the scope of the present work to explain
the meaning of the relaxation matrix R. Besides this, matrix R is not relevant for the
assumption which will be taken as follows. Amongst other approaches, isolated spin-pair
approximations (ISPA) can be used for distance estimations based on the NOE. Even though
the relationship between the NOE-peak intensity and distance is nonlinear, under certain
approximations like short mixing times, it can be linearized. With this assumption the
calculation of an unknown interproton distance becomes possible using the peak intensity

and distance of a proton pair within the molecule with a known distance r.sas reference by:

1
Vref 6
Tij = Tref vy

(4-8)

In general, distances smaller than the reference are underestimated and vice versa.[?81]

In the present case, the interproton distance between the two nitrogen protons r(NHNH) of
the carbazoles and the spacing between the nitrogen proton to the proton at the triazole
r{ CHNH) were estimated by using the ISPA approach. As a reference the distance between

the tert-butyl groups and the proton in position 4 of the carbazole has been considered

(Figure 4-56). Since the tert-butyl groups rotate fast on the NMR timescale, only the
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centroid of them was taken as the reference distance 7., = 3.19 A (DFT, BSLYP/6-31G*;

Figure 4-56).

Figure 4-56: Calculated structure of macrocycle 4-48 using DFT, B3LYP/6-31G*.
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Figure 4-57:  NOESY cross peak buildup curves as a function of mixing time t,, of macrocycle 4-48
in THF-dg.

For the evaluation of the interproton distances 7(NHNH) and r(CHNH) 2D NOESY

spectra with different mixing times tm = 100, 200, ... 1000 ms were recorded. Each NOESY

spectrum provided four cross peaks for the reference proton pair V.. For each of the

examined proton pairs V;(NHNH) and 7;(CHNH) two cross peaks were observed. The cross
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peaks for V,(NHNH) have been labeled (a) and (d), and for /;(CHNH) (b) and (c),
respectively (Figure 4-55). The buildup curves of the cross-peaks (a-d) were plotted as a
function of cross peak intensity vs. mixing time Tm (Figure 4-57). As expected the buildup
curves for cross peaks (a) and (d) show similar growth behavior, as in the case of cross peaks
(b) and (c). The distances for r;(CHNH) and r(NHNH) were calculated according to
equation (4-2) at mixing time Tm = 100 ms (Table 4-5). The short mixing time was chosen in

order to ensure linear dependency.

Table 4-5: Distance approximation calculations for ry(CHNH) and ry(NHNH) using r. = 3.19 A for
all possible combinations of the cross peaks at t,, = 100 ms.

Vi) Vi(NHNH)  V;(CHNH)  V;s(NHNH)  V;(CHNH)
(a) (b) (c) (d)

Vief -1.83E+06 = -3.88E+06 | -1.24E+06 | -2.17E+06
-5.94E+05 2.64 2.33 2.82 2.57
-5.82E+05 2.64 2.32 2.81 2.56
-5.19E+05 2.50 2.20 2.67 2.43
-5.36E+05 2.51 2.21 2.68 2.44
fiey (A) 2.5\7 237 2.75 2.50

VY '
rij(NHNH) 2.66 A 2.38 A rip(CHNH)

It is known from literature, that methyl proton peak volumes have to be scaled down by 1/3
to obtain correct cross-relaxation rates.[?2] Therefore, all cross peak intensities of the
tert-butyl groups were corrected by 1/9 since they comprise three methyl groups. The
values of 7;(CHNH) have been corrected by 1/2, because of equivalence of the two CH
protons in the spectrum. Since four reference intensities V., and two intensities for each
proton pair were recorded, 8 possible combination for the calculation of each nuclei pair can
be considered. The values obtained for r;(CHNH) and r(NHNH) were averaged over all
possible combinations (Table 4-5).

Taking all the assumptions into account, finally, the distances have been determined to be
r{ NHNH)= 2.66 A and rs(CHNH)= 2.38 A, which is in good agreement with the distances
derived from DFT calculations (7 NHNH)= 2.34 A and r;(CHNH)= 2.34 A).
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433 Electronic Structure

The UV-vis absorption and photoluminescence spectra of macrocycle 4-48 were recorded in
THF (c = 5*10° M, Figure 4-58). The electronic absorption spectrum showed two local
maxima at A = 299 and 360 nm. As previously mentioned 3,6-di(Zert-butyl)carbazoles exhibit
a typical band around A = 230 nm,['%% 185] which originates from carbazole-centered
transitions (see also chapter 4.1.3). Theretfore, the first absorption maximum of compound
4-48 was assigned to be carbazole-centered. The optical energy gap was derived from the
absorption edge and found to be AEq,c = 3.31 eV. Macrocycle 4-48 exhibited violet emission
with a maximum at Aem = 378 nm and a quantum yield of ®r = 0.29 (referenced against
Coumarin 1, Comparative Method).['86] The emission in various solvents by increasing their
polarity resulted in a very small bathochromic shift of the emission maximum. The triazole
moiety can theoretically act as an electron donorl?3] or as an electron acceptor,[25+]

resulting in a weak intrinsic polar character of the emitting state.

299 nm 378 nm . 6 _n;n
1" 1.0+
2.0x10° —heane | solvent polarity
[t 0.8 THF
G —— chloroform
<7 1.5x10° 4 g =
5 360 nm 106 = 061
o gl <
£ oxior 04 & g
w Y E 2 0.4
o 5
2
5.0x10° 4 402 0.2
0.0 T T T T T 0.0 0.0 - | T ,
300 350 400 450 500 550 350 400 450 500 550
A (nm) 2 (nm)
a b

Figure 4-58: a: Electronic absorption and emission spectra of macrocycle 4-48 (¢ = 5*10° M in
THF), b: Solvent dependent emission spectra of macrocycle 4-48 (c=5*10'5 M,
Aex = 299 nm).
Cyclic voltammetry was performed on macrocycle 4-48 in order to further investigate the
electronic properties.L!89] The measurements were conducted under identical conditions as
used for macrocycles 4-18 and 4-38 (chapter 4.1.3 and 4.2.2). The cyclic voltammogram
showed one quasi-reversible oxidation wave arising from the oxidation of carbazole to its
cation radical (Figure 4-59). Macrocycle 4-18 and 4-38 showed two irreversible oxidation
waves which indicated the successive oxidation of the carbazole units and therefore

electronic communication between them. Compared to this, the single quasi-reversible
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oxidation wave resulting from macrocycle 4-48 gave rise to a conjugation barrier between

the individual carbazoles which is hindered by the triazole units.[192]

Fc/Fc*

LSS N S B N S R R S L B
-06 -04 -0.2 0.0 0.2 04 06 08 1.0 1.2 14 16 1.8
E (V) vs Ag/Ag"

Figure 4-59:  Cyclic voltammogram of macrocycle 4-48; 10° M sample solution in DMF, 10" M
solution of n-Bus;NPF¢ as electrolyte; working and counter electrode: Pt, reference
electrode: Ag; ferrocene reference (Fc/Fc*), scan rate 100 mvs™.

The HOMO level was estimated from the oxidation onset potential to EHOMO = _5 46 eV

with regard to the internal standard Fc/Fc*. The LUMO level was calculated empirically to

be ELUMO = _2.15 eV using the optical energy gap.

DFT calculations (B3LYP/6-31G*)('84] revealed that the LUMO was exclusively

distributed over the carbazole moiety which connects the triazole units by nitrogen atoms

(Figure 4-60). In contrast the HOMO orbitals were located only at the opposite carbazole

unit which is anchored to the triazole through carbon atoms.

E'UMO =.1.59 eV

AE =3.87 eV

EHOMO = _5.46 eV

Figure 4-60: Calculated HOMO and LUMO orbital energies of macrocycle 4-48 (DFT,
B3LYP/6-31G*).1*8"
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This finding is in agreement with the observation received from CV measurements,
revealing a conjugation barrier between the two carbazole units. The HOMO and LUMO
levels were estimated to be EHOMO = _5 46 ¢V and ELVMO = -1 59 eV. The calculated energy
gap (AE = 3.87 eV) is in good agreement with the optical energy band derived from the long
wavelength absorption band.

To the best of our knowledge, macrocycle 4-48 is the first porphyrinoid comprising valuable
NH and CH hydrogen bond donor units for halide binding. Therefore, macrocycle 4-48 was
investigated as an anion receptor and proved to be selectively sensing fluoride ions. This

will be motivated and described in detail in the following chapter 4.3.4.
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4.3.4 Anion recognition

Anions are ubiquitous throughout biological systems since they carry genetic information
(DNA is a polyanion) and the majority of enzyme substrates and co-factors are anionic. The
research in anion recognition chemistry began in the late 1960s but in contrast to the
well-developed cation recognition chemistry it has received little attention. The design of
anion receptors is particularly challenging due to the larger size of the anions compared to
the isoelectronic cations (Table 4-6).L'94] The therefore lower charge to radius ratio results
in a less effective electrostatic binding interaction. Besides this, anions may lose their
negative charge depending on their sensitivity to pH values. Their binding strength can also
be influenced by solvent effects or hydrophobicity (Hofmeister seriest?®2]). The major
challenge however, is the need for a variety in receptor design keeping in mind the wide
range of geometries of anions. Receptors should be complementary to their e.g. spherical (-,
Cl, Br, I), linear (Ns-, CN-, SCN-, OH-), trigonal planar (COs?-, NOgy"), tetrahedral (PO,
VO,?-, SO4%, MnOy’) or octahedral ([Fe(CN)s]*, [Co(CN)s]*- anionic guest.l?86] For these
and other reasons the development of defined anion receptors is an important field in today’s

research.

Table 4-6: Comparison of the ionic radii of isoelectronic cations and anions in octahedral
environment."**!

Cation r [A] Anion r [A]
Na* 1.16 F 1.19
K* 1.52 cr 1.67
Rb* 1.66 Br 1.82
Cs' 1.81 I 2.06

Amongst the most popular hydrogen bond donors, the pyrrole ring has been applied in a
multitude of anion receptors like calixpyrroles,[?8] expanded porphyrinsf'®]  and
2,5-diamidopyrroles.[?87] The bond-donating strength of pyrrole can be enhanced by the
acidity of the NH which can be tuned through the attachment of electron-withdrawing
groups or vza the annulation with benzene rings. This can be understood by the pK, value of
pyrrole (23.0) compared to that of indole (20.9) and carbazole (19.9, all measured in
DMSOC8]). Carbazole is a very rigid molecule which has been shown to be a beneficial

attribute in anion recognition.l?88] On the other hand, shape persistent macrocyclic anion
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receptors have been proven to show stronger guest binding than their acyclic
counterparts.[?89] Therefore, the host-guest chemistry of the herein presented carbazole-
containing macrocycles was investigated. The cyclic preformed cavities of compounds 4-18,
4-38 and 4-48, make them perfect host candidates for spherical anions such as F-, Cl-, Br-.
Due to the calculated rather small cavity dimensions (4-18: dxmn = 2.05 A, dw =4.85 A; 4~
38: dvr = 2.04 A, dymve(pyrrole) = 2.67 A; 4-48: dvi = 2.34 A, dewen = 2.67 A) the fluoride
anion was expected to show the highest binding affinity. The central cavity dimensions have
been determined between the facing pairs of hydrogen atoms. Additionally, the distances
between the hydrogens are long enough to support linear NH-F- (0.66 A) and CH--F- (0.85
A) interactions.[29°7 The detection of fluoride is applied e.g. in dental care®'] and in the
treatment of osteoporosis.[?92]  Additionally fluoride is a common ingredient in
anesthetics,[29%] psychiatric drugst4] and rat poisons.[?9%] One of the biggest concern
though is its toxicological concern in drinking water.[296]

The host-guest chemistry between the macrocycles 4-18, 4-38 and 4-48 and the halide
anions fluoride, chloride and bromine was investigated by titration experiments and
monitored by UV-vis, photoluminescence and proton NMR spectroscopy. To take advantage
of their good solubilities in organic solvents tetrabutylammonium salts (TBAX) were used.
All spectroscopic titration experiments were conducted at rt in THF (THF-ds for NMR
experiments).

For the UV-vis spectroscopic titrations a solution of the corresponding macrocycle
(5*10° M, THF) was prepared, and an initial spectrum was taken. A stock solution of
TBAX (1.0¥107% M, THF) containing also the macrocycle (5*10-> M) was prepared, in order
to obviate the need to account for dilution eftects during the titrations. A 2.0 mL solution of
the macrocycle was transferred to a sealed vial, and small portions of the TBAX stock
solution (2 pL, then 5—10 pL) were added to the macrocycle solution, and a spectrum was
recorded after each addition.

Photoluminescence spectroscopic titration is probably the most popular and sensitive
technique for anion recognition.[?97] In this case, stock solutions of the halide anions were
prepared with three different concentrations c(TBAX-1) = 5*107° M,
c(TBAX-2) = 5%10* M and ¢(TBAX-38) = 5*10 M. Then 10, 20 to 120 pl of each solution
was added to 2 ml of the receptor solution (¢(M) = 1*¥10% M).

NMR experiments were performed at rt in THF-ds and the receptor solutions of 4-18, 4-38
and 4-48 (c(M) = 8*10°M) were titrated by adding known quantities of a concentrated
stock solution comprising the host (¢(M) = 8 mM) and the guest (¢(TBAX) = 1*10-' M).
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Figure 4-61:  Electronic absorption spectra in THF of macrocycle 4-18 (5*10°M) upon titration of

a: TBAF and b: TBACI.

The host-guest chemistry between pyridine-containing macrocycle 4-18 and fluoride and
chloride was investigated. Bromide was not titrated due to the little effect already observed
for chloride. As expected, the greatest effect occurred in the absorption spectrum when

fluoride ions were titrated into a solution of macrocycle 4-18 (Figure 4-61a).
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Figure 4-62:  Job Plot determination for the binding stoichiometry between macrocycle 4-18 and

a: fluoride and b: chloride.

Job plotf?98] determination showed a 1:1 binding stoichiometry for both halides with
macrocycle 4-18. The Job’s method?9%] is based on the idea, that the concentration of the
formed host-guest complex [H.G.] is at maximum when the concentration ratio [H]/[G]|
is equal to m/n. Job Plots were generated by varying the mole fraction of the two binding
partners whereas their total molar concentration ([H7Jo+ [GJo = const.) was held

constant.l?99] In practice, the mole fraction of the guest is varied and the concentration of
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the emerging complex is monitored by UV-vis spectrometry. [H.G.] is then plotted against
the mole fraction x yielding, in the case of a 1:1 binding stoichiometry, a curve with a
maximum at X = n/(m + n) = 0.5.

Because of the very weak interactions between macrocycle 4-18 and the investigated halides,
no further investigations were done on these host-guest systems.

The host-guest interaction between the halide anions and macrocycle 4-38 and 4-48 were
also studied. Unlike macrocycle 4-18, bearing an electron-deficient pyridine moiety, which
acts as an acceptor, the binding properties of the triazole ring in 4-48 and the pyrrole unit in
4-38 are expected to be more efficient. Surely, pyrrole-containing macrocycle 4-38 will
show strongest guest binding due to strong NH hydrogen bond donor ability of the
pyrrole. [138-110, 3007 Nevertheless, the CH hydrogen bond properties of triazoles towards
halides have been proven for preorganized receptors.[1#% 27+ 5011 Usually, those shape
persistent receptors include triazoles and phenyl moieties and create a ring size which is
favoring the binding of chloride ions.[1*1] On the contrary, triazole-containing macrocycle
4-48 offers a perfect fitting cavity for smaller fluoride anions. Furthermore, as already
mentioned, it represents the first example of an anion receptor which includes hydrogen
bond donor units arising from NH and CH moieties unified in one macrocycle. Hence, the
host-guest chemistry of triazole-containing macrocycle 4-48 was of particular interest.

The investigations of the host-guest interactions between triazole-containing macrocycle
4-48 and fluoride, chloride and bromide showed, that the affinity to bind a halide anion in
the macrocyclic cavity was highest for fluoride. This was expected, since chlorine and
bromine were too large to penetrate inside the cavity. The most apparent indicator for the
fluoride selectivity was the visible colorimetric response expressed by a vivid color change
from colorless to shiny yellow, which was not the case for chloride and bromide (Figure

4-63).

Figure 4-63:  Colorimetric response of macrocycle 4-48 (c = 10° M in THF) to fluoride (10 eq) anion
under ambient light and L = 366 nm.
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The dramatic change in the absorption spectrum is depicted in Figure 4-64a (the absorption
spectrum of macrocycle 4-48 is pictured in red). Upon titration up to 1 eq of TBAF (blue),
the absorption maximum at 360 nm was bathochromically shifted along with a reduction in
intensity. Furthermore, new maxima appear in the region of 400-450 nm. By increasing the
equivalents, four intense new local maxima appeared whereby the original bands vanished.
The most significant maximum at around 460 nm, causing the color change, could be
attributed to a deprotonation of one of the acidic NH at the carbazole.[?02] Neutral hydrogen
bond donor units are known to show significant color changes as a result of anion induced

deprotonation.[20%]
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Figure 4-64: Electronic absorption spectra in THF of macrocycle 4-48 (5*10'5 M) upon titration of
a: TBAF, b: TBACI and c: TBABr.

In the case of the chloride anion the binding affinity of 4-48 was weaker, because this anion

was too large to penetrate inside the cavity. A small bathochromic shift in the absorption

maximum could be monitored in the UV-vis spectrum upon the titration of 4-48 with

TBACI (Figure 4-64b). The binding affinity of the bigger bromide to 4-48 was even weaker
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and only a negligible change in the UV-vis absorption spectrum could be observed (Figure
4-64cC).
A binding stoichiometry of 1:1 was determined for all anions based on Job Plot

determinations (AA = 360 nm, Figure 4-65a-c).
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Figure 4-65:  Job Plot determination for the binding stoichiometry between macrocycle 4-48 and
a: fluoride, b: chloride and c: bromide.

To further understand the halide binding events of macrocycle 4-48, proton NMR titration
experiments were performed (Figure 4-66a-c). Proton NMR spectroscopic titrations do not
only give information about the relative shifts of the free host compared to the bound host
but also valuable insights about how they interact, e.g. changes in symmetry or which proton
is more affected.

Equal to the observation based on UV-vis absorption experiments, the NMR titrations
proved the highest binding affinity for fluoride. The addition of a small quantity of TBAF to
the solution of the host 4-48 caused an immediate decrease of the intensity of the signals for
all hydrogens, indicating a strong host-guest interaction (Figure 4-66). If up to 1.0 eq of
TBAF were titrated into the solution, the signals for the NHs and CHs became very broad
and hardly observable, whereas the signals for the aromatic hydrogens were still sharp. This
could be explained by the emerging of an intermediate state, with the fluoride being bonded
to the inner hydrogens through hydrogen bonds. Further addition of TBAF caused a second
interaction process indicated by the repeated broadening of the aromatic hydrogen signals.
This was in agreement with the conclusions drawn from the of UV-vis titration where the
formation of an intermediate state at 1 eq had been proposed. Above 4.0 eq the signals of the
exocyclic hydrogens and the CHs appeared again and got sharper until no change could be
observed anymore. If 10 eq of TBAF were reached the signal of the triazole’s CH was shifted
downtfield to 18.5 ppm (Ad = 3.8 ppm). On the other hand the signals for the exocyclic

aromatic hydrogens of the new species were slightly shifted upfield. It is worth mentioning
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that the signals for the exocyclic hydrogens of the new species were symmetric compared to

4-48, indicating a higher conjugation by planarization of the macrocyclic skeleton caused by

the deprotonation.
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Figure 4-66: 'H NMR spectra of macrocycle 4-48 in THF-dg, 298 K, 250 MHz upon titration of
a: TBAF, b: TBACl and c: TBABr.
The signals of the aromatic protons and the triazole’s CH in the proton NMR showed only a
small upfield shift upon titration of TBACI to 4-48 (Figure 4-66b). In contrast, a downfield
shift of about Ad = 3.2 ppm was observed for the signals of the NHs at the carbazoles.
Therefore, it is suggested, that the chloride anion interacts with the stronger hydrogen-
bond donor (NH) from the “outside” of the macrocycle. This is consistent with the
observation based on the UV-vis absorption measurements and the statement that the

chloride anion is too large to penetrate inside the cavity (Figure 4-67).
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Figure 4-67:  Schematic illustration of the host-guest interaction of 4-48 and the halide anions
fluoride, chloride and bromide. Fluoride fits perfectly in the cavity whereas the larger
halides are too large to penetrate inside the ring.

UV-vis and 'H NMR titration experiments of TBABr to a solution of triazole-containing

macrocycle 4-48 showed that the host-guest interaction was very weak. The proton signals

of 4-48 in the 'H NMR spectrum suffered only small shifts upon titration with TBABr

(Figure 4-66¢c). However, the signals of the carbazole’s NHs were shifted downfield about

Ad = 2.3 ppm, which was due to the interactions of the bromide anion with the NH donor

from outside the macrocycle as also assumed for the chloride (Figure 4-67).
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Figure 4-68:  Emission spectra in THF of macrocycle 4-48 (1*10'5 M) upon titration of a: TBAF,
b: TBACI and c: TBABTr at rt, Aex = 300 nm.
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Quantitative measurements of anion affinity were performed using fluorescence titration
measurements, since the high sensitivity of fluorescence spectroscopy enables the detection
of weak host-guest interactions (Figure 4-68).0297]

Fluorescence titration experiments showed, that the emission maximum of macrocycle 4-48
at Aem = 878 nm (red) decreased and a new bathochromically shifted maximum at
Aem = 460 nm (blue) aroused upon titration of 4-48 with 0.025 up to 25 equivalents (blue) of
all halides (Figure 4-68). For the fluoride anion the original maximum entirely disappeared,
whereas for the chloride and bromide anion the maximum was not completely quenched
upon titration with 25 equivalents of the halide salts. The quenching eftfect was lowest for

bromide.
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Figure 4-69:  Binding isotherms of macrocycle 4-48 and the corresponding halide ions, fluoride
(red), chloride (green) and bromine (yellow).

The association constants K, were estimated from the changes in the emission spectra at

Aem = 378 nm as a function of halide added (Figure 4-69). The resulting binding isotherm

was then fitted to a mathematical model assuming 1:1 binding stoichiometry based on the

Job plot determination derived from UV-vis measurements (Figure 4-65).

The data were fitted to

Ka

y=4 (( [M] + x + i)) -2 \/([M] +x+ Kia)z — (4[M]x)  (4-4)

4 Monocyclic Porphyrinoids containing Carbazole



where y corresponds to the change in the emission spectra at A =378 nm, x is the
concentration of the corresponding halide, 4 the extinction coefficient, K. the association
constant and [M7] the concentration of the corresponding macrocycle.l?997 These
calculations provided assoclation constants of Ra(F-) = 4.1£1.1%106 M-,
Ka(Cl) = 7.4+2.8%10° M- and Ka(Br-) = 2.5+1.4%10> M-'. The selectivity for the binding to
fluoride was undoubtedly expressed in the value of its association constant which was one
order of magnitude higher than for the other halides. The strength of the binding compares

well to a variety of receptors.[274 304-305]
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Figure 4-70: Schematic illustration of the suggested two-step interaction mechanism of
macrocycle 4-48 with fluoride.
UV-vis and NMR spectroscopic titration experiments gave evidence for a two-step
host-guest interaction mechanism between macrocycle 4-48 and TBAF (Figure 4-70). It is
suggested, that firstly, macrocycle 4-48 interacts with the fluoride anion by the formation of
hydrogen bonds at the donor units, namely triazole (CHF-) and carbazole (NH-F-). If 1 eq
TBAF is added to macrocycle 4-48, each receptor molecule is saturated with one fluoride
anion resulting in an intermediate state. This is reflected by the initial bathochromic shift of
the absorption spectrum and the defined signals in the '"H NMR spectrum at this stage.
Further addition however causes deprotonation of one of the carbazole’s NHs,[202] leading to
the formation of an anionic species. The negative charge is distributed over both carbazole
units, stabilized by TBA* as the counter ion. Due to its acidic character, carbazoles are prone
of deprotonation.[3°6] It has been shown earlier that anion induced deprotonation of neutral
hydrogen bond donor moiety can lead to significant color changes.[3°%] The proton
exchange at the carbazole units is fast on the NMR timescale explaining the broadened (not
observable) signals in the '"H NMR spectra. The emerging deprotonated species is suggested
to cause the drastic bathochromic shift in the absorption spectrum (Figure 4-64a) and could
be verified by X-ray spectroscopy. Suitable crystals for X ray diffraction analysis were
grown from a THF solution containing macrocycle 4-48 and TBAF at a ratio of 1 : 10. The

crystal structure determination revealed the deprotonated species with a more flattened
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macrocyclic structure than compared to pyridine-containing macrocycle 4-18 (Figure 4-71).
As described earlier, macrocycle 4-18 featured a saddle-like conformation with the pyridine
units pointing in the same direction (cf. chapter 4.1.2). In contrast, in the case of 4-48-TBA*
the pyrrole units were parallel with each pyrrolic proton pointing in a different direction
(Figure 4-71b). X-ray analysis also showed that each negatively charged macrocycle had one
TBA* counter ion associated. Summarizing, the suggested two-step host-guest interaction
mechanism between macrocycle 4-48 and TBAF could yet not fully be verified, but
nevertheless, the final deprotonated species could be evidenced. Further investigation to
prove the intermediate state, in which the fluoride anion is bonded by hydrogen bonds in the

macrocyclic cavity of 4-48, will be required to verify the assumption.

Figure 4-71: Crystal structure of macrocycle 4-48 and TBA" (1:10 in THF, for clarity reason only
the major isomer is shown).

Finally, the host-guest interaction of pyrrole-containing macrocycle 4-88 was investigated
by UV-vis and fluorescence titration techniques. As expected the strongest affinity was also

tfound for fluoride which was reflected in the strong colorimetric response (Figure 4-72).
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Figure 4-72:  Colorimetric response of macrocycle 4-38 (c = 10° M in THF) to fluoride (10 eq) anion
under ambient light and A = 366 nm.
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Again, a color change from colorless to yellow occurred under ambient light. Compared to
earlier described triazole-containing macrocycle 4-48 (Figure 4-63, from blue to turquoise),
the response at A = 366 nm for macrocycle pyrrole-containing 4-38 was more pronounced
(Figure 4-72, from blue to yellow).

The radical change of the absorption spectrum of compound 4-38 upon titration with TBAF
is shown in Figure 4-73. Similar to receptor 4-48 the absorption maximum at A = 400 nm
decreased and new intense bands in the region of 450 to 550 nm appeared. Again, when
larger halides like chloride and bromine were titrated to a solution of receptor 4-38 almost
no change in the absorption was observed. Likewise as in the previously described case

tor 4-48, chlorine and bromine were too large to insert into its cavity.
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Figure 4-73: Electronic absorption spectra in THF of macrocycle 4-38 (5*10'5 M) upon titration of
a: TBAF, b: TBACI and c: TBABr.

In equal measure, Job Plot determination showed a binding stoichiometry of 1: 1 of 4-38

with all three halides (Figure 4-74). Note, that for the data recorded for macrocycle 4-88 and

4 Monocyclic Porphyrinoids containing Carbazole



TBAF, two data points unfortunately deviate from the others which nevertheless adopted

the progression for a 1 : 1 stoichiometry.
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Figure 4-74:  Job Plot determination for the binding stoichiometry between macrocycle 4-38 and

a: fluoride, b: chloride and c: bromide.

Surprisingly, the rigorous changes in the absorption upon interaction of pyrrole-containing

macrocycle 4-38 with the fluoride anion were not reflected in fluorescence (Figure 4-75).

a a0
1.2x10° 1
1.0x10°
5 g
& 8.0x10°4
K%}
£ 6.0x10°
(0]
4.0x10°
2.0x10°
0.0 :
300 350
b C
1.4x10° 1.4x10°
1.2x10° 1.2x10°
1.0x10° 1.0x10°
c c
S 8.0x10° 2 8.0x10°
n
1] 0
‘E 6.0x10° £ 6.0x10°-
o Q
4.0x10° 4.0x10°
2.0x10° 2.0x10°
0.0 - - . . - 0.0 . - . . -
300 350 400 450 500 550 600 300 350 400 450 500 550 600
L (nm) % (nm)
Figure 4-75:  Emission spectra in THF of macrocycle 4-38 (1*10'5 M) upon titration of a: TBAF,

b: TBACI and c: TBABr at rt, Aey = 310 nm.
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Furthermore, the changing profile in fluorescence diftered from the ones detected for the
host guest interaction of fluoride with triazole-containing macrocycle 4-48 (cf. Figure 4-68),
though the changes in the absorption were quite similar. In the case of 4-38, the emission
maximum at A= 427 nm was bathochromically shifted to 450 nm along with a reduction in
the intensity when titrated with fluoride anions (Figure 4-75a).

On the contrary, almost no change in the fluorescence was detected when larger halides like

chloride or bromine anions were added to a solution of macrocycle 4-38 (Figure 4-75b-c).

Although, Job plot determination showed a binding stoichiometry, deplorably, the data
received from the fluorescence titration experiments could not be fitted to a 1: 1 isotherm
model. Nevertheless, the plotted data nicely showed that the affinity of macrocycle 4-38 to
bind a halide was strongest for fluoride and almost negligible for chloride and bromide

(Figure 4-76).
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Figure 4-76: Binding isotherms of macrocycle 4-38 and the corresponding halide ions.

Summarizing, the host-guest chemistry of the three related macrocycles 4-18, 4-38 and
4-48 have been investigated for the halide anions fluoride, chloride and bromide. Due to the
size of the macrocyclic cavities, the fluoride anion was expected to show the highest binding
affinity to all three receptors. This prognosis could be approved for all the macrocyclic
receptors 4-18, 4-38 and 4-48. Pyridine-containing macrocycle 4-18 showed the weakest
host-guest interactions, which can be explained by the absence of hydrogen bond donor

properties of pyridine.
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The most rigorous colorimetric response and change in absorption when titrated with
fluoride anions were found for pyrrole-containing macrocycle 4-38. This can be explained by
the presence of the two NH hydrogen bond donor units, namely, carbazole and pyrrole,
which are able to bind the fluoride strongly. In contrast, the weaker CH hydrogen bond
donors represented by a triazole units in 4-48, caused the weaker host-guest interaction of
4-48 with fluoride. Although, not the best within the series, macrocycle 4-48 is the first
example in literature of an anion receptor containing both, NH and CH hydrogen bond
donor units. Therefore, the binding ability of triazole-containing compound 4-48 was
investigated in detailed and revealed an association constant for the fluoride anion of
Ka(F-) = 4.1£1.1%10% M-!, which compares well to a variety of receptors found in recent
literature (Ra(F-) = 2.84+3.0*%10° M! tor [ 34 triazolophane derivative,[141]
Ka(F-) = 2.0%10% M-'£6% for indole-based macrocycle,[504] Ky(F-) = 1.7£0.09%10° M- for

tripodal receptorl305]).
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4.4 Summary and Comparison

In summary, three novel porphyrinoids have been successfully synthesized wvia palladium-
catalyzed Suzuki cross-coupling reaction or copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC). All of these derivatives incorporated carbazole units that were linked through
aryl-aryl bonds to other heterocycles like pyridine (4-18), pyrrole (4-38) or triazole (4-48).
Difterent from porphyrins the individual building blocks were not connected vza methine
bridges and therefore unstable meso-carbons could be avoided. The dimensions of their
cavities were similar to those of porphyrins which ofter the possibility to act as
metal-complexing ligand or as an anion receptor. The main motivation for the design of new
porphyrinoids is to control and tune electronic properties. Interestingly, none of the herein
reported porphyrinoid possessed porphyrin-like aromaticity or a planar geometry and rather
behaved as simple carbazole derivatives. If the optical properties were compared the
influence of the pyridine (4-18), pyrrole (4-38) or triazole (4-48) to the macrocyclic core

could be assessed (Figure 4-77, Table 4-7).
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Figure 4-77: Electronic absorption and emission spectra of macrocycles 4-18 (green), 4-38 (blue)
and 4-48 (red, ¢ = 5*10° M in THF),

The higher energy maxima in the region 300-320 nm of the electronic absorption spectra

originated for all porphyrinoids from carbazole-centered transitions. These corresponded to

the n—m*-electron transitions of the localized conjugated skeleton and were little influenced

by the exchanged of different heterocycles in the macrocyclic core. On the contrary, the
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absorption bands in the longer-wavelength region (325-435 nm) showed greater differences
depending on the heterocycle attached to the carbazoles. The longest wavelength absorption
at 400 nm was found for pyrrole-containing macrocycle 4-88, assuming a good conjugation
in the macrocyclic core influenced by the pyrrole units. For the triazole-containing
macrocycle 4-48 this band absorbed at 360 nm, which corroborated the assumption that the
triazole units hinderd complete delocalization of m-electrons and thus the electronic
communication in the macrocycle.

All three compounds featured a broad emission band in the blue region with one peak and
one shoulder, which were mirror symmetrical to the absorption spectra. Shoulders in the
emission generally are attributed to vibronic bands resulting from the rigidity of the
macrocycle.[307-505] Quantum yields ®r have been determined using the Comparative
MethodC'$6] for all macrocycles (hex = 349 nm in THF). This investigation showed that @
was highest for the pyrrole-containing macrocycle 4-38 and lowest for triazole-containing
macrocycle 4-48. In pyrroles and carbazoles the non-bonding orbitals are perpendicular to
the plane of ring, which allows the overlap of the m-orbitals on the adjacent carbon atoms.
Theretfore, both heterocycles usually have high fluorescence quantum yields. In conclusion,
pyrrole-containing macrocycle 4-38 featured an extended n—electron system with a higher
degree of m-conjugation compared to 4-18 and 4-48, which was reflected in the shifts to

higher wavelength in absorption and emission spectra.

Table 4-7: Summary of the electronic properties of macrocycles 4-18, 4-38 and 4-48.
compound Aws[nm]  Alnm] @ EVPllev] E'VPllev]  AE" [ev]
4-18 313,372 393 0.46 -1.17 -5.14 3.97
4-38 307, 400 427 0.68 -1.18 -4.74 3.56
4-48 299, 360 378 0.29 -1.59 -5.46 3.87

[a] ®f were estimated using the Comparative Method.[186] Samples in THF are referenced against Coumarin 1 in EtOH, Aex = 346 nm. [b] received from
molecular modeling using DFT, B3LYP/6-31G*.[184]

An overview of the orbital energies of all macrocycles based on theoretical calculation['8+]
compared with the data received from experimental measurements is given in Figure 4-78.
The data evaluated from quantum mechanical calculations were in good agreement with the
experimental data, if' the different conditions were considered, namely, experimentally
determined energy levels were based on solution measurements whereas in theoretical

calculations the solvochromic effects were neglected.[?°91 The most apparent fact which
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could be seen by this line-up (Figure 4-78) was the increased HOMO energy level of
macrocycle 4-38. This could be explained by the strong electron donor ability of pyrrole,
which resulted in a small energy gap for the resulting macrocycle and was one reason for the

reduced stability of 4-38.
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Figure 4-78:  Experimental (red) and theoretical (black) orbital energies of macrocycles 4-18 (left),
4-38 (middle) and 4-48 (right, DFT, B3LYP/6-31G*).'8¥

By and large, the concept to synthesize small porphyrin-like macrocycles from aromatic
building blocks using contemporary chemistry was proven in three different cases.
Furthermore, different applications for each of them were investigated as follows. The cobalt
complex of pyridine-containing macrocycle 4-18 was tested as an active electrochemical
catalyst for the reduction of oxygen and showed a number of electron transferred of n = 3.78
(pyrolyzed at 600°C).

Macrocycle 4-38 on the other hand, is the first reported anion-receptor including CH and
NH hydrogen bond donors for halide binding in one macrocyclic core. It showed
colorimetric selectivity for fluoride anion with a calculated association constant of

Ka(F-) = 4.07%10% M-! based on fluorescence titration measurements.
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Although, pyrrole-containing macrocycle 4-38 was found to be very instable, it showed the
ability to be oxidized to its aromatic porphyrin-state featuring highly red-shifted absorption
bands.

Moreover, the first synthesis of the key intermediates 3,6-di-fert-butyl-1,8-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9 H-carbazole 4-16 and 1,8-diazido-3,6-di-tert-butyl-
9H-carbazole 4-46 might be valuable for the design of novel poly-(1,8-carbazoles), which
chemistry is still in its childhood.['"”] Compared to their related well-established poly-(3,6-
and 2,7-carbazoles),l”?J conjugated poly-(1,8-carbazoles) have been based so far exclusively
on 1,8-diethynyl-carbazole derivatives.[19% 310-311] First and foremost, the new key
intermediates open access to a variety of novel porphyrinoids. In theory other heterocycles
such as thiophene,[*?] furan, tetrazole or simply benzene might be incorporated in the

porphyrin core just like puzzle pieces in a jigsaw.
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5 Triangular Trinuclear Systems

Two-dimensional n-extended porphyrinoids comprising multi-metal sites are still neglected
in the literature but feature unique properties for applications eg. in photodynamic
therapy,l?*] non-linear optics,t*6] or as organic semiconductorst] and electrochemical
catalysts for the reduction of oxygen (ORR = oxygen reduction reaction).[!**] Macrocyclic
Nis-complexes are known to be promising alternatives to platinum based catalyst for ORR
e.g. in fuel cells.L119] Tt has been shown that the direct 4-electron reduction of oxygen to
water is favored if the oxygen can interact simultaneously with two metal sites.[9%] The
current most active catalyst is platinum which reduces oxygen exclusively via the direct
pathway while the molecular oxygen adopts a bridge-czs type configuration on the metal
centers (cf. chapter 2.2). In this sense, development of macrocyclic Ni-complexes with
multi-metal sites in order to promote the direct 4-electron reduction is an active field.
Bimetallic cofacial complexes, where the oxygen atom can simultaneously bind in the “bite”
of the Pacman,[1?+125] already showed improved catalytic activity.['?6] Nevertheless, in the
Pacman cleft the oxygen interacts in bridge-trans type configuration, whereas on planar
bimetal complexes the oxygen can adopt the bridge-cis configuration. Those dinuclear
systems proved to promote the four-electron reduction of oxygen but are rarely found in
literature and not conjugated and therefore sufter from instability.[27]

This pointed us to the development of a planar, m-conjugated ligand with the possibility to
coordinate two or more metals in close vicinity to enable interaction with oxygen in the
bridge-cis configuration. Moreover, it should be producible from readily available building
blocks in order to keep the costs low. In this regard, 1,4,5,8,9,12-hexaazatriphenylene
(HAT) derivatives attracted our attention, due to their trigonal symmetrical arrangement of
conjugated fused 1,10-phenanthroline-type binding sites (Figure 5-1). A variety of metal
complexes have been prepared based on the HAT including ruthenium,?'2J chromium,!9]
cobaltl?!*] and copperl®'%] complexes. Besides the valuable coordination ability, HATs offer

interesting properties concerning self-assembly in solution and on surfaces,[316-317]
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liquid-crystal-behaviort®18-191 and redox-properties.[320-5217 Moreover, the pyrazine function

induces an electron-deficient character, leading to electron-acceptor properties.[322]

N N R
¢ o
N \N N
N N @ . !
NQ)
HAT
Figure 5-1: Schematic strucutre of tris-bidentate (triple metal-chelating) hexaazatriphenylenes

(HATSs) with the ability to bind molecular oxygen in its bridge-cis configuration.

Mainly, HATs can be obtained by two different synthetic approaches, more precisely, by the
reaction of hexaaminobenzene 5-2 with 1,2-diketone 5-1 or by the threefold condensation of
hexaketocyclohexane 5-5 and 1,2-diamino derivatives 5-4 (Scheme 5-1).0325-527] The first
route is suitable for a variety of HATs including alkyl, aryl or vinyl derivatives.
Nevertheless, this procedure involves the use of triaminotrinitrobenzene, which is an
explosive and used in military applications. The second approach is relevant for derivatives
with electron-withdrawing groups such as cyano-, carboxyl- and amide-derivatives.
Generally, in these derivatives the coordination ability of the aromatic nitrogen atoms is

reduced due to the electron-withdrawing groups.
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Scheme 5-1: Synthesis of HAT derivatives. Conditions: i EtOH, H,0, 50°C; ii AcOH, CHClIj, reflux.
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The first HAT was synthesized in 1981 by the condensation of pyrazino[ 2,3-f]quinoxaline-
5,6-diamine with aqueous glyoxal, and served as a ligand to coordinate chromium.24]
Although most of the literature concerning HAT's refer to their coordination properties and
the characteristics of the resulting metal complexes, recently more attention has been
devoted to HATs in the absence of metals. HAT's can be self-assembled both in solution and
in bulk state to form m-stacked one-dimensional aggregates,[325-330] resulting in discotic
liquid crystals that may transport charge. Hereby, the crystalline character is promoted by
the conjugated core and the liquid character is provided by the long chains in the periphery.
This characteristic is responsible for HAT being one of the new candidates as parent of large
sized n-type semiconductors.[?3'] For example, the first HAT derivatives showing
charge-carrier mobility (4 = 0.08 cm?V-!s!) carried amido groups in its periphery (Figure
5-2, HAT 5-7).03%2] By the introduction of sulfur atoms the mobility could be improved (up
to 4= 0.9 cm?V-!s7! for HAT 5-8, Figure 5-2).0318] If the number of pyrazine units in the
HA'T core is increased, the molecular orbital levels can be tuned, e.g. HAT 5-9 feature an

even lower LUMO energy level (-4.02 eV) than the well-known n-type PCBM ([6,67-
Phenyl C61 Butyric acid Methyl ester; -3.80 eV).[335-534]
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Figure 5-2: Examples of HATs 5-7 and 5-8 with charge-transport properties and 5-9 with low
LOMO energy level.

In a nutshell, the ready availability along with the ability to coordinate more than one metal
make HAT the ideal candidate for the design of a new macrocyclic Nj-complex with

multi-metal sites which is expected to promote the direct 4-electron reduction of oxygen to

water (Figure 5-3). In particular, HAT perfectly provides a basic triangular structure for the
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tusion of three Ny-macrocyclic porphyrinoids. If theoretically three porphyrins are combined

to a HAT molecule, a triangular trinuclear ligand can be created, as shown in Figure 5-3

(middle).

Figure 5-3: Design concept for two-dimensionally triangular porphyrinoid.

For the creation of porphyrin-like centers, two additional nitrogen atoms are required in
each of the three corners. In this regard, the attachment of six pyrrole moieties in the
periphery of the HAT provides the possibility to create simultaneously three Ny-rings. Two
pyrroles can undergo a condensation reaction with an aldehyde at the a-positions,*] and in
this case close the porphyrinoids resulting in a triangular trisnuclear disk. From a design
point of view the cavities are as close as possible and well conjugated vza the central HAT
plane. Nevertheless, the three Ny-rings will not be true porphyrins but contain only one
pyrrolic and three imine-type nitrogens. Common porphyrins favor the trans-NH-tautomers
including two pyrrolic and two pyrrolenic nitrogens.[???1 In the triangle case, only one
nitrogen in each cycle is bearing a free hydrogen atom, consequently, each porphyrin-like
ring will act as a monoanion and overall the triangular tricycle as a trianion in coordination
chemistry.

Previous work by a former group member, Christian von Malotki, demonstrated the
reliability of the design concept by the successful synthesis of the first triangular trisnulcear
ligand 5-10 bearing octyl groups in its periphery (Figure 5-4).01%] Nevertheless, until such
time, the formation of the structure had only been proven by Maldi-Tof spectrometry and
precise structure elucidation was lacking. Nevertheless, it was possible to introduce metal(II)
ions such as cobalt(Il) and iron(II) into the cavities and to investigate the electrochemical
activity towards the ORR. The unique features of the resulting complexes including large
planar conjugation and unprecedented high density of active sites proved to be advantageous

for the reduction of oxygen via the direct four electron pathway. Indeed, the cobalt complex
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[CoN.]s 5-11 showed higher electrocatalytic activity and better long-term operation
stability than those of commercially available Pt/C, when tested under the same conditions
(Figure 5-4).L1%] In detail, for the electrochemical investigations, complex [CoN4Js 5-11
was supported on carbon black (Vulcan XC-72R) and cyclic voltammetric evaluation in
alkaline solution was performed (0.1 M KOH, O, saturated, scan rate 100 mVs-!). It has to be

emphasized that the catalyst samples were measured without prior heat treatment.
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Figure 5-4 : a: Triangular trisnuclear ligand 5-10 and its metal complexes 5-11 and 5-12. b: Cyclic

voltammograms of 5-11/C on glassy-carbon RDE electrode (scan rate 100 mvs™,
0.1 M KOH solution, 25 ugcm'2 catalysts loading). c: RDE linear sweep
voltammograms of 5-11/C at different rotation speeds. d: Koutecky-Levich plot for
5-11/C at different electrode potentials.™*

The cyclic voltammogram showed a defined cathodic peak at -0.26 V indicating a
pronounced electrochemical activity for the ORR (Figure 5-4b). Further investigation by
RDE measurements revealed an onset potential for the ORR at -0.14 V close to that of

commercial Pt/C (-0.11 V, Figure 5-4c). A number of electron transferred of n = 3.7 (for
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Pt/C n = 3.9) was obtained from the corresponding Koutecky-Levich plots (Figure 5-4d).
This proved a high selectivity for the direct four electron oxygen reduction pathway.
Furthermore, the well-defined structure of the trinuclear metal-N, complexes provided
information about the nature of active sites and the relationship between molecular structure
and catalytic activity. It could be shown, that the ligand itself exhibited catalytic activity,
similar to metal-free nitrogen containing carbon materials,[220. 336-337] and that higher metal
content accounted for an increased catalytic activity in the cobalt complex 5-11. While the
tully complexed ligand favored the direct four electron reduction, the partially filled ligand
reduced the oxygen via the two electron pathway. Only if the ligand was loaded with at least
two metal ions, the molecular oxygen could interact in a bridge-cis configuration promoting
the desired direct four electron reduction. Thus, this complex possesses structurally defined
catalytic sites for ORR and therefore provides a platform for new generation of non-precious
metal catalysis (NPMC).

Further development of this NPMC firstly and overall required a detailed structure
elucidation, including the electronic properties. Secondly, the influence of the substituents in
the periphery of the triangular ligand on the catalytic activity is an interesting target, since
sufficient contact between catalyst and carbon support might not only improve the
conductivity from the carbon support but therewith the catalytic activity.

On the other hand, the direct connection of the individual triangles would further enlarge
the conjugation which benefits conductivity and hence the catalytic activity.

Of special interest is the ability to form mesophases depending on the substituents to
consider network forming through cross-linking by heat treatment in the liquid crystalline
phase. By this even higher density of active sites might be achieved resulting in an improved
electrocatalytic activity. Related two-dimensional alkyl substituted graphene disks are
known to oligomerize and form carbon nano-particles by pyrolysis in the mesophase.[?2!]
Accessorily, advantage can be taken of the presumably improved stability of the [CoN4]
complex after heat treatment, which was already discovered for metal macrocycles by
Jahnke et al[11%]

For this reasons, the following will describe the synthesis of a series of planar triangular
porphyrinoids with different substituents like phenyl, (phenyl)ethynylbenzene or
(phenyl)thiophene moieties with attached alkyl, branched alkyl or alkoxy side chains.
Because the synthesis of the hexa(pyrrol-yl)hexaazatrinaphthalenes (HPHATNSs) deviates
from the originally described protocol by von Malokti,['#41 it will be specified again.

Furthermore, their optical and electrochemical properties, their supramolecular organization
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in solid state as well as their metal complexation will be investigated. Finally, some

preliminary results of the electrocatalytic experiments are given.

51 Results and Discussion

5.1.1 Synthesis

The goal of this part of the present work was to introduce diverse substituents into the
periphery of the hexa(pyrrol-yl)hexaazatrinaphthalene (HPHATN) core in order to study
their influence on the catalytic activity towards the reduction of oxygen. By the variation of
the side chains by means of length, number of entities and steric demand the influence on the
mesophase formation and electronic properties can be studied. For this purpose, a linear
dodecyl-, a branched hexyldecyl- (racemic mixture was used) and a tris-dodecloxy-side chain
were chosen (Figure 5-5). The introduction of acetylene spacers might be conducive to
enhance contact between catalyst and carbon support and therewith increase the catalytic
activity.L'*] To ensure solubility and comparability, the dodecyl- and the tris-alkoxy case

were contemplated to be enlarged by acetylene spacers (Figure 5-5).

Figure 5-5: Different substituents at the periphery of the hexa(pyrrol-yl)hexaazatrinaphthalene
(HPHATN) core.
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Network formation might be achieved e.g. by the attachment of bromines and subsequent
cross-coupling reaction such as the Yamamotol?3%] coupling. Also thiophenes are able to
undergo oxidative coupling (polymerization) to form a network.[**91 Therefore the
introduction of bromines and 38-hexyl-2-phenylthiophene into the periphery of the
HPHA'TN core was considered (Figure 5-5).

All HPHATN derivatives (5-27 to 5-33) were synthesized by an acid catalyzed
condensation of the key intermediate 5-19 and the corresponding arylaldehydes 5-20 to
5-26 (Scheme 5-2). HPHATN 5-19 was synthesized starting from the reductive
desulfuration of 4,7-dibromo-2,1,3-benothiodiazole (5-18) according to the literature

procedures.[340]
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Scheme 5-2:  Synthesis of HPHATN disk. Conditions: i NaBH,, EtOH, 0°C, 92%. ii 5-15, EtOH,
reflux, 85%. iii 5-17, Pd(PPhs)4, 2M K,COs, EtOH, toluene, 85°C, 62%. iv 180°C, 92%.
v 5-20 to 5-26, DCM, THF, TFA, microwave, 50 W, 85°C, 32-97%.
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The resulting 3,6-dibromobenzene-1,2-diamine (5-14) was obtained in 92% and
subsequently condensed with hexaketocyclohexane octahydrate (5-15) to form the
hexabromo-HATN core 5-16. Compound 5-16 was obtained in 85% as a green insoluble
powder, which anyhow reacts smoothly in the subsequent six-fold Suzuki-Miyaura
cross-coupling reaction with commercially available boronic acid 5-17 to form soluble
HPHATN 5-18 in 62% yield. Although FD mass spectrometry analysis of 5-18 showed a
mixture of zero to sixfold Boc-protected species, NMR spectroscopic elucidation revealed
solely the signals for compound 5-18 with six Boc-groups attached. The deprotection was
assumed to occur due to fragmentation caused by heating during the measurement.
HPHATN 5-18 was thermally deprotected to afford HPHATN 5-19 in 92% yield as a black
solid which was moderately soluble in common organic solvents like THF, DCM, DMF or
DMSO.

The great advantage of the described synthesis procedure was that key intermediate
HPHATN 5-19 was the last step before the three porphyrinic cores were closed by
simultaneous condensation. In theory every possibly available aldehyde might be condensed
to the triangular core (5-19). Furthermore, all steps towards compound 5-19 were high
yielding with an overall yield of 45% (4 steps) and therefore a gram scale synthesis was
straightforward.

For the preparation of the arylaldehydes 5-20 to 5-25, typical literature methods were
applied starting with the corresponding precursors (Table 5-1). 4-Dodecylbenzaldehyde
(5-21) was obtained by halogen-metal exchange using n-BuLi followed by quenching with
DMF .[335] 4-((4-Dodecylphenyl)-ethynyl)benzaldehyde (5-22) and 4-((8,4,5-
tris(decyloxy)phenyl)-ethynyl)benzaldehyde (5-24) were synthesized by the reaction of
4-bromobenzaldehyde (5-26) and the corresponding acetylenes 5-35 or 5-40, respectively,
under Sonogashira-Hagihara cross-coupling reaction conditions.[**!1 Williamson ether
reaction conditions were used to achieve 3,4,5-tris(dodecyloxy)benzaldehyde (5-20).03421 A
RKumada coupling towards 4-(2-hexyldecyl)benzaldehyde (5-23) was performed by using
2-(4-bromophenyl)-1,3-dioxolane (5-36) and a freshly prepared Grignard solution (5-37)
made from 7-(bromomethyl)pentadecane.l?**] 4-(3-Hexylthiophen-2-yl)benzaldehyde (5-25)
was prepared using standard Suzuki-Miyaura cross-coupoling reaction conditions.[13]

All aldehydes were then reacted with HPHATN 5-19 to give the corresponding triangular
trinuclear compound 5-27 to 5-33 (Table 5-1). The substances were collected by

precipitation from MeOH and subsequent filtration. Simple Soxhlet extraction with acetone
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was used for further purification to afford the corresponding HPHATN in high yields up to
97% (Table 5-1).

Table 5-1: Overview of starting materials, resulting target compounds and corresponding yield.
Condensation with 5-19
Yield Yield
Starting Materials Aryl aldehyde results in the target
[%] [%]
compounds
o}
BVQC12H25 L@*CQHZS
70 5-27 32
5-34 5-21
o o
S W W — Vo
127125 Q Q 121125 60 5_28 82
5-26 5-35 5-22
|:O CeH13
Br BrMg o] CgHq7
) <:> \
© =t ‘< >* 10" 5-29 52
CeH1s
5-36 5-37 5-23
OH OC12Hzs
o o
OH Br—CyzHys OCy,H
: d( e 92 5-30 92
OH OCizHas
5-38 5-39 5-20
OC1OH21 OC10H21
Q o
\—< >7Br = OCjH Q = OC4oH
o Qoo 77 531 97
OC10H2 OCyoH24
5-26 5-40 5-24
Q S
Q >?L(? \ N\
| ) Cotrs 55 5-33 65
CeH13
5-25
5-26 5-41
o)
- - 5-32 87
5-26

The resulting tricycles spontaneously dehydrogenated to the conjugated structures as
shown in Scheme 5-2 and Figure 5-6 accordingly, which was undoubtedly proven for the
first time by HRESI mass spectrometry. Exemplary the HRESI of HPHATN 5-28 is shown
in Figure 5-6, with the previously reported structure by von Malotkil'*J (Figure 5-6,
right-blue) and the herein proposed dehydrogenated form (Figure 5-6, left-red). The results
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of the HRESI spectrum could be definitely assigned to the mass of the dehydrogenated
species. Therefore, it is suggested that the meso-positions were oxidized under work-up

conditions, unlike previously reported' ] where DDQ was used as oxidizing agent.

100 920.4977 1.31e3

919.9969

921.0037

R= @ — @ Ci2Hzs

[C120H 120Nz + 2H]?* / [C120H126N12 + 2H]?*
Exact Mass : 919.4958 g/mol Exact Mass : 922.5114 g/mol

3o

319,4185¢
Oy 921.5031
919.4977

922.0147
[ 916.7056

918.9979 922.5342

T T . T = m/z
917 918 919 920 921 922 923 924

Figure 5-6: HRESI mass spectrum of HPHATN 5-28. Previously reported structure™* (right —
blue) and the herein proposed dehydrogenated form (left — red).

All triangular HPHA'TN compounds were moderately soluble in THF, dichloromethane or
chloroform. Their structures were characterized by NMR spectroscopy, MALDI-TOF and
HRESI mass spectrometry.

NMR analysis of the prepared planar HPHATN derivatives 5-27 to 5-33 emerged to be
hindered by aggregation effects of the compounds. HATs are known to show
line-broadening effects in halogenated solvents arising from aggregation.t?+1 In the case of
the herein described HPHATNSs, aggregation can occur due to interactions such as
hydrogen bondsl?*-3461 or aromatic m-stacking.k**7] To elucidate the triangular structure by
NMR spectroscopy, several deuterated solvents were tried but with no success leading only
to broad signals. Finally, hexafluoroisopropanol-d. (HFIP) with the addition of 0.1% of
TFA-d. proved to be the best choice to avoid aggregation of the HPHATN derivatives
resulting in well-resolved signals in the NMR spectra. Rescindment of aggregation by
addition of TFA has also been observed for related HAT derivatives.[3#¢] Nevertheless, it
has to be mentioned, that by the use of TFA the nitrogens of the pyrrolenine units are
partially protonated.

Unfortunately, by using deuterated alcohols the NH protons are exchanged to deuterium
and thus cannot be observed by 'H NMR spectroscopy. Nevertheless, it can be shown by
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NMR experiments in non-deuterated HFIP, that the pyrrole proton of the HPHATNSs
resonates downfield at about 18 ppm.['**] As an example the 'H NMR spectrum of
HPHATN 5-30 is shown in Figure 5-7. The resonances of the aromatic protons of the

triangular core for the other derivatives are summarized in Table 5-2.
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Figure 5-7: 'H NMR spectrum of HPHATN 5-30 in HFIP-d, + 0.1% TFA-d,.

Due to the Cs-symmetry of the molecules the resonances in the spectra were reduced to two
doublets for the pyrrolic f-protons (AB-system) and one singlet for the phenylene protons in
the aromatic region. In general, the signals of the pyrrolic f-protons were shifted upfield
compared to single porphyrins[?#8] and linear oligoporphyrinst®#1 which could be attributed
to an attenuated diatropic ring current. This finding was also in agreement with the
downtfield resonance of the NH protons. On the other hand the f-proton signals were in the

same region as for Osuka’s two-dimensional tetrameric fused porphyrin sheet.[54]

Table 5-2: Summary of the aromatic proton signals for the triangular core of compounds 5-27 to
5-33. All *H NMR spectra were recorded in HFIP-d, + 0.1% TFA-d,.

Pyrrolic proton signals Phenylene proton signals

compound ® [ppm] ® [ppm]

5-27 6.09; 6.15 6.62

5-28 5.92; 5.99 6.40

5-29 6.18; 6.23 6.70

5-30 6.12; 6.18 6.59

5-31 5.99; 6.12 6.50

5-32 5.99; 6.10 6.49

5 Triangular Trinuclear Systems



5-33 5.99; 6.12 6.50
By comparison of the spectroscopic data, the weak effect of the substituents on the NMR

resonances becomes apparent by the similar signals shifts for the aromatic protons of all

HPHATNS.

51.2 Electronic structure

The optical absorptions of all HPHATN derivatives 5-27 to 5-31 and 5-33 were first
investigated in solution (CHCls, 10 M) and thin film (Figure 5-8). Compound 5-32 could

not be monitored due to its poor solubility.
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Figure 5-8: Electronic absorption spectra of 5-27 to 5-31 and 5-33 a: in CHCl; (10'5 M) and b: in
film (spincoated on a glass substrate from a 10 M THF solution, thickness ~50 nm).

Electronic absorption spectra recorded in dilute CHCl;s of the triangular derivatives 5-27 to
5-31 and 5-33 showed similar behavior with considerably broadened absorption bands. The
main absorption maximum in the near ultraviolet region of 300-400 nm might probably be
attributed to a Soret-like band. The second maxima between 535 and 545 nm could be
identified as broad Q-band like absorption (Figure 5-8a; Table 5-3). Usually, porphyrins
exhibit defined Q-bands in the visible region of 600-800 nm.L*] In the case of the HPHATN
derivatives very broad structureless bands over the whole region of 600-1000 nm were
observed. Broad unresolved bands around 300 nm can also be found in the UV-vis spectrum
of bare HAT.[?50]

The substituents showed only little influence on the electronic structure of the compounds.
Almost no change was found by the comparison of linear alkyl side chains (5-27) to
branched ones (5-29). Though, the stronger electron-donating ability of the alkoxy unit in

compound 5-30 as opposed to linear alkyl-chains (5-27) caused a bathochromic shift. The
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introduction of ethynyl spacers results in hypsochromic shifts (for 5-27-5-28: 52 nm and for
5-30-5-31: 43 nm) which can be explained by the electron-withdrawing properties of the
ethynyl groups.®] In general, along with a shift in the absorption spectra induced by
electron-donating groups, the molar absorption coefticients are increased.[?*6] This finding
could also be assessed in the case of compounds 5-30, 5-81 and 5-28. The absorption in thin
film featured even more broadened and structureless bands but nevertheless, showed similar

trends to those in solutions (Figure 5-8b).
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Figure 5-9: a: Electronic absorption spectra of 5-27 to 5-33 in HFIP + 0.1% TFA and b: titration of
HFIP + 0.1% into a CHCl; solution of 5-30 (3.4*10° M).
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Interestingly, upon addition of small portions of HFIP + 0.1% TFA (10 pl at a time), the
very broad absorption bands of 5-30 in CHCls solution (Figure 5-9b, blue) became defined
with pronounced maxima in the region of 600-800 nm (Figure 5-9b, red). This phenomenon
could be explained by the rescindment of the aggregation of the HPHATN disks by
protonation, and is in agreement with the observations received from previous NMR
investigations. Suppression of aggregation by protonation has also been observed for related
HAT derivatives,[?**] whereby protonation never occurred on the central HAT nitrogens.
Therefore it was suggested that in the case of the herein described HPHATNSs, protonation
happened at the pyrrolenine unit and not at the core nitrogens. The electronic absorption
spectra for all HPHATN 5-27 to 5-83 were recorded in HFIP+0.1% TFA and showed
similar absorption profiles with a pronounced local Soret-like maximum at about 340 nm
along with defined bands in the region of 600-800 nm (Figure 5-9a, Table 5-3). Generally,
for porphyrins absorption maxima in the long-wavelength region of 500-800 nm are
assigned as Q-bands.[**J Even less influence of the absorption maxima in dependence of the
substituents could be observed compared to prior results. Exception was the thiophene
containing derivative 5-32, which showed only one broad band in the region of 400-800 nm.

Nevertheless, it has to be kept in mind, that the observed species in HFIP + 0.1% TFA are
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the protonated ones. The well-resolved absorption profiles with clear vibronic structure was
consistent with the rigid structural feature of the triangular HPHATN core.[3%%] A summary
of all absorption maxima along with the results from the following electrochemical

measurements is given in Table 5-3.

Table 5-3: gugrgmary of optical and electrochemical properties of the HPHATN derivatives 5-27 to

Compound  Acycss (abs) Aue + 1ea (abs) Asim (bS) ghome gtume E
5-27 343 335, 668, 720 340 Bl - -
5-28 291 335, 672,727 309 -4.56 -3.38 1.18
5-29 344 335, 668, 720 343 -4.54 -3.43 1.11
5-30 364 339, 673,731 334 -4.58 -3.26 1.32
5-31 321 337,672,727 322 -4.60 -3.28 1.31
5-32 Ll 335, 663, 721 - bl - -
5-33 307 308, 667 340 -4.54 -3.41 1.12

[a] not soluble at the concentration required for the measurement; [b] DFT quantum mechanical calculations (B3LYP/6-31G*).[184]

Cyclic voltammograms of the HPHATN derivatives 5-27 to 5-83 were recorded in THF
(1 mM, scan rate 25 mVs~') using n-butylammonium-hexaflouorophosphate (#-BusNPFs) as

supporting electrolyte and ferrocene (Fc/Fc*) as an internal reference.

Fc/Fc*

}.suA

| [WA]

15 -1.0 -0.5 0.0 05 1.0
uv]

Figure 5-10:  Cyclic voltammogram of HPHATN 5-30 in THF (10° M); the red arrows indicate the
first oxidation and reduction onset respectively. 10 M solution of n-Bu,NPFg as
electrolyte; working and counter electrode: Pt, reference electrode: Ag; ferrocene
(Fc/Fc") reference, scan rate 25 mvs™.
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All HPHATNs showed similar redox behavior with quasi-reversible oxidation and reduction
waves. As an example, the cyclic voltammogram of compound 5-30 is depicted in Figure
5-10. The HOMO and LUMO energy levels were estimated from the first oxidation or
reduction onsets, respectively (indicated by the red arrows, Figure 5-10), and determined
according to the empirical formula EMOMO/LUMO) = _[4.8 - EFOC 4 F(ox/red) (onset)7.[351]
EFOCis the half-wave potential of ferrocene standard. By the replacement of alkyl (5-29)
with alkoxy side chains (5-30) electron affinity was decreased which was reflected in the
increased LUMO level of compound 5-30 (ELUMO = -3 26 eV), compared to the one of 5-29
(ELUMO — _3.43 V). This could be explained by the stronger electron-donating ability of the
alkoxy groups compared to alkyl groups and was also observed for compounds 5-28
(ELUMO = _3.38 eV) and 5-31 (ELUMO = -3.28 V). Compared to common HAT derivatives
(ELUMO = _3 54 eV)[335] the LUMO energy levels of the HPHATN 5-27 to 5-33 were
slightly higher but they were much lower than those of unsubstituted porphyrins
(ELUMO = 9 93 eV).[352] On the contrary, the HOMO levels of compounds 5-27 to 5-33 were
higher than those for HATs (EHOMO =_597 eV) and porphyrins (EHOMO = _515 eV)
resulting in smaller energy gaps. For compounds 5-28, 5-29 and 5-33 the energy gaps were
calculated to be in the range of Eg* = 1.11-1.18 eV. For the alkoxy substituted derivatives
5-30 and 5-31 the energy gaps were slightly larger between Eg* =1.31-1.82 eV as a result
of their higher LUMO levels. The significant decrease in energy for the triangular disks
5-27 to 5-33 compared to porphyrins and common HATs could be attributed to the increase
of conjugation due to the planarization upon ring closure and the thereof resulting extended

m-electron delocalization.
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Figure 5-11:  Geometric structure of the triangular HPHATN core (DFT, B3LYP/6-31G*); a: top view
and b: side view.
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For further investigation of the geometric and electronic structures of the planar HPHATN
derivatives, density functional theory calculation (DFT, BSLYP/6-31G*)[278-279, 355] were
applied on the triangular core. Substituents were omitted for clarity and calculation time
reasons. The fully planar and conjugated structure of the molecule was confirmed by these
calculations (Figure 5-11).

The HOMO level was determined to EHOMO = _4.57 eV and was mainly distributed in the
outer peripheric ring (Figure 5-12b). On the contrary, the LUMO was distributed in a
Cs-symmetric fashion starting from the electron deficient core. The LUMO level was
calculated to EMUMO =_313 eV which was little higher than the ones of HPHATN
derivatives 5-27 to 5-33 derived from CV measurements, but comparable taking into
account, that substituents were not included into the calculations. Thus, the energy gap of
AE = 1.44 eV was larger compared to the experimental data, but was still in good

agreement.

@ o°
® - LumMO-3.13ev

HOMO -4.57 eV

Figure 5-12: a: LUMO, b: HOMO orbitals of the triangular HPHATN core (DFT, B3LYP/6-31G*).

The thermal properties of the HPHATN derivatives 5-27 to 5-833 were investigated using

thermogravimetric analysis (TGA, Figure 5-13). The temperature of 5 % weight loss based

5 Triangular Trinuclear Systems



on the initial weight (T4q) occurred for almost all HPHATN over 3850°C, at which point the
decomposition of the attached alkyl substituents starts to set in. Exception was HPHATN
5-33 bearing thiophenes in its periphery, which started to decompose at Tq = 180°C. A first
weight loss of about 80% was observed, which corresponds to the loss of the alkylated

thiophene substitutes (Figure 5-13).
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Figure 5-13:  Thermogravimetric analysis of the HPHATN derivatives 5-27 to 5-33 under N,
atmosphere; measured between 25-900°C with a scan rate of 10 Kmin™. For 5-27, 5-
29 and 5-32 the first weight loss is neglected and assigned to the loss of solvent
molecules remaining in the sample.

It is worth mentioning, that the HPHATN 5-30 showed a defined weight loss of 57% up to
900°C corresponding to the mass of nine alkoxy-chains, but the core seemed to be still

consistent. This was not observed for the other HPHATN derivatives which completely

decomposed when reaching 900°C.

5.1.3 Metal complexation

Amongst the most promising precursors for NPMCs as alternative to platinum-based
catalysts for ORR, cobalt or iron porphyrins have established themselves.[987 Therefore, the
insertion of cobalt into the cavities of the HPHATN core was considered.

The cobalt complexes of HPHATN derivatives 5-30, 5-32 and 5-33 were obtained
according to the acetate method] used for porphyrins, by treating the ligand with
cobalt(IT)acetate in DMF (Scheme 5-3). To provide better solubility, THF was added to the

dark violet suspensions (DMF/THF = 3:1). After heating, the reaction mixture was poured
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into cooled water and the metalcomplexes 5-42 to 5-44 were collected by filtration. The
insertion of three metal ions was proven by Maldi-Tof mass spectrometry, and showed no
additional peaks for double or single insertion (Figure 5-14). High yields between 89-94%
could be achieved for the complexation reaction. Unfortunately, no NMR spectroscopy could

be recorded due to the line broadening effect caused by the paramagnetic cobalt atoms.[19%]

—_— p—

(OAc)3
i
5-30, 5-33 and 5-33
OC12Hps s
R= 5-42 OCzHzs 5-43 —(_H-8r 5-44—@—@
OC12Hps CeHis

Scheme 5-3:  Complexation of the HPHATN ligand with cobalt(ll) ion. Conditions: i Co(OAC),,
DMF/THF (3 : 1), microwave, 30 W, 180°C or ambient conditions 60°C, 20 h, 89-94%.

5-42
5-43 m/z = 2866.76 g/mol —
m/z = 1441.12 g/mol — calculated: 2886.76 g/mol

calculated: 1439.83 g/mol

5-44
m/z = 1703.74 g/mol —
calculated: 1704.34 g/mol

1000 1500 2000 2500 3000
m/z

Figure 5-14: Maldi-Tof mass spectra for cobalt(ll)complexes 5-42 to 5-44.
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The three Co(II) ions inserted into the cavities under depletion of the three pyrrole protons
resulting in a trianionic complex. Most probably acetate ions acted as counterions and
coordinated from above and below the plane forming an overall octahedral coordination
sphere for each cobalt atom. The geometric structure was calculated (DFT, BSLYP/6-
31G*)[278-279, 3557 and revealed that the Co(II) ions perfectly fit into the N4 pockets leading to
a flat structure with a distance of 6.6 A between the Co centers (Figure 5-15). This distance
was shorter compared to usual Cos(HAT) moieties with a Co+Co separation of
approximately 7.1 A,1314] and also to compounds with closed Ni-rings such as in linear
oligopohyrinsC32J (8.45 A) and Osukas’s tetrameric porphyrin square (8.32 A).[341 Thus, the
request to design a symmetric m-expanded system with incorporated metal-N4 pockets
which are in unprecedented vicinity to each other has been fulfilled with even shorter

distances than related systems reported in literature.
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Figure 5-15: Calculated geometric structure of the triangular metal complex core (DFT, B3LYP/6-
31G*). a: top view and b: side view.

The thermal properties of complexes 5-42 to 5-44 were investigated using
thermogravimetric analysis (TGA). Those measurements revealed a stability up to
T.= 330°C for cobalt complex 5-42 (T. corresponds to 5 % weight loss), at which point the
decomposition of the alkoxy-chains started (Figure 5-16). The weight loss of 62%
corresponded to the mass of nine -OC,2Hq;s groups. Consequently, the macrocyclic core is
expected to be existent even if heat treatment is considered as a processing step for the
application as catalyst in ORR.

Complex 5-43 showed stability up to T. = 144°C, which could be due to the C-Br homolytic
bond dissociation.[3%*] Thus, mild pyrolysis would be sufficient to rupture the C-Br bond in
complex 5-43 and provide aryl radicals, which could be useful the further application e.g.

interact with the carbon support used in electrocatalytic ORR measurements. The pyrolysis
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of aryl bromides has been used for many years as a classic means of generating aryl radicals

in the gas phase.[354]
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Figure 5-16:  Thermogravimetric analysis of complex 5-42 to 5-44 under N, atmosphere; measured
between 25-900°C with a scan rate of 10 Kmin™.

Thiophene substituted complex 5-48 started to decompose at T.= 220°C which was only
slightly higher compared to the decomposition temperature of its ligand 5-32. The first
weight loss of about 80% corresponded to the loss of the alkylated thiophene substitutes,
whereas further weight loss (up to 96%) caused almost complete decomposition of complex
5-44 (Figure 5-16). Additionally, none of the complexes showed any obvious thermal
transition between 25 and 900°C according to the DSC analysis (not shown herein).

The metal in the complex used as an electrocatalysts for the reduction of oxygen should be
in the M(II) state, since the catalytically active site has been proven to be M(II), especially if
the metal is cobalt.l% 3551 For the elucidation of the oxidation state in the trinuclear cobalt
complexes, the magnetic properties of metal complex 5-42 has been investigated
exemplarily for all metal complexes using SQUID (Superconducting Quantum Interference
Device) measurements. The powdered sample was studied by variable temperature
susceptibility measurements in the range of 2-100 K in an applied field of 1 Tesla (Figure
5-17).

The experimental value for y»T at 100 K was 1.058 cm®Kmol-' followed by a rapid decay
reaching a y»T value of 0.388 cm®Kmol-! at 3 K, indicating an antiferromagnetic coupling
between the three cobalt atoms. The theoretical y»T value for an uncoupled spin with S = %
is 0.375 cm®Kmol-'. Three cobalt(II) ions in low spin (LS) state are expected to feature a yuT

value of 1.125 cm®Kmol-1 which is in good agreement with the observed one at 100 K
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(1.058 cm®Kmol-"). Therefore, the cobalt ions definitely occurred as Co?* in LS state and

were in an antiferromagnetic arrangement to each other.
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Figure 5-17: Temperature dependence in yuT versus T for cobalt(Il)complex 5-42.

Nevertheless, the three spin centers are unable to satisfy a diamagnetic ground state since
spin frustration will always result in at least one unpaired spin leftover.[?3¢] Usually,
materials overcome this frustration by the alignment of the unpaired spin to 120° resulting

in an overall spin vector equal to zero as it is required for an antiferromagnetic coupling

(Figure 5-18).0314]

*J

Figure 5-18: Schematic illustration of spin frustration in a triangular array (left) and the compromise
spin states (right).
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5.1.4 Bulk Properties

Two-dimensional X-ray wide-angle scattering (2D-WAXS) was used to investigate the
organization of the triangular trinuclear HPHATN molecules in the solid-state along with
the influence of the substituents. Generally, 2D-WAXS measurements give information
about the insight into supramolecular organization. Therefore, the samples are prepared by
filament extrusion and then positioned perpendicular to the incident X-ray beam (Figure
5-19). The extrusion of the filament forces discotic molecules to align perpendicular to the
extrusion direction caused by shear forces. The reflection positions in the 2D-WAXS
pattern give information about intra- and intercolumnar supramolecular organization
(Figure 5-19). Conjugated macrocycles with flexible alkyl and alkoxy side chains are known
to form liquid crystalline columnar phases.[151 857-3597 In cooperation with S. R. Puniredd and
Dr. W. Pisula (MPIP, Mainz) the supramolecular organization of HPHATN derivatives
5-27 to 5-31 in the bulk state were studied by 2D-WAXS measurements. It is worth
mentioning, that the studied compounds revealed neither a phase transition in the
differential scanning calorimetry (DSC) nor a change in organization at different

temperatures observed by 2D-WAXS.
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Figure 5-19:  Schematic representation of an experimental setup (left) and scheme for the
characteristic 2D-WAXS pattern of an extruded filament based on discotic
molecules.?*”

Surprisingly, the alkyl substituted compounds 5-27, 5-28 and 5-29 showed the lowest order
(Figure 5-20). All three compounds featured only one isotropic small-angle reflection, which

was attributed to the formation of columnar structures.
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Figure 5-20: 2D-WAXS of a: 5-27, b: 5-28, and c: 5-29.

On the other hand, the alkoxy substituted derivatives 5-30 and 5-31 possessed significantly
higher order in comparison to their alkyl counterparts (Figure 5-21). This was astonishing,
since they carry only one side chain on each phenyl in contrast to the alkoxy derivatives
which carry three side chains on each phenyl. Moreover, alkyls are generally less sterically
demanding and lead to better packing. It is assumed, that the viscous (wax-like) phases of
5-30 and 5-31 originating from the higher chain flexibility of the alkoxy-chains allowed a

better molecular arrangement and columnar alignment in the solid-state.

-
n-stacking
-_—

b

intercolumnar distance

Figure 5-21:  2D-WAXS of a: 5-30 and b: 5-31, c: schematic illustration of the molecular
organization in the columnar structures. Due to simplicity the side chains are omitted,
but the substituent attachment is indicated by the grey sticks. It has to be noted that in
the liquid crystalline phase the molecules perform a lateral rotation around the
columnar axis (indicated by red arrows) and are not stacked on top of each other as
illustrated in c.
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The most pronounced X-ray patterns were obtained for HPHA'TN derivative 5-30 (Figure
5-21a), where the intermolecular correlation could be received from the equatorial
reflections and the intramolecular relation was derived from the meridional reflections. The
alkoxyl substituted compound (5-30) was organized in a characteristic discotic liquid
crystalline phase over the whole investigated temperature range. Only few discotics show
such broad temperature range for the liquid crystalline state. Typically, phenyls as
substituents are known to induce this extended thermotropic behavior. The meridional
reflection in the pattern showed, that the molecules were m-stacked with a distance of
0.36 nm within the columns. This is in the same range than the m-m-stacking distances for
hexa-peri-hexabenzocoronene (HBC) derivatives, which show columnar structures with the
distances of 0.85-0.36 nm. HBC are discotic liquid crystal with stable mesophases over a
large temperature scale.[?61-365] The distinct anisotropic equatorial reflections of the pattern
pointed towards a pronounced orientation of these stacks along the fiber axis. A hexagonal
unit cell with anex = 4.20 nm was derived from the positions of the scattering intensities. By
the extension of the substituents to phenyl-ethynylbenzene as in HPHA'TN 5-31 the
hexagonal unit cell parameter was enlarged to anex = 5.28 nm. With the increase of the
peripheral steric demand the molecular interactions were decreased which was expressed by
the drastic reduction in order as evident from the relative isotropic reflections and the
strong amorphous halo in the pattern (Figure 5-21b). Nevertheless, reflections related to the
n-stacking distance of 0.36 nm were still obvious in the meridional plane of the pattern,
however, significantly weaker than for 5-30.

In conclusion, for the considered network forming through crosslinking by heat treatment
in the liquid crystalline phase the most promising mesophase properties were found for
HPHATN 5-30. For this reason, the supramolecular organization of its cobalt complex 5-42
was investigated as well. The patterns for complex 5-42 also featured pronounced equatorial
and meridional reflections (Figure 5-22).

Complex 5-42 showed liquid crystallinity over the whole temperature range, as also
observed for its ligand 5-80. Surprisingly, the incorporation of the cobalt atoms had no
influence on the characteristic discotic columnar order with a m-stacked distance of 0.36 nm.
Generally, an increase in the n-stacked distance or in the worst case a complete breakup of
the m-m-interaction might be possible by the introduction of the cobalt ions. Fortunately, this
was not the case and in agreement with the results of molecular modeling (cf. Figure 5-15),
revealing that the metal atoms perfectly fit in the pockets and were situated in the plane of

the sheet not hindering the m-m-stacking of the aromatic core. Moreover, from positions of
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the scattering intensities also an identical hexagonal unit cell with anex = 4.20 nm was

determined.

Figure 5-22:  a: 2D-WAXs of cobalt complex 5-42, b: schematic illustration of the molecular
organization in the columnar structures. Due to simplicity the side chains are omitted,
but the substituent attachment is indicated by the grey sticks. It has to be noted that in
the liquid crystalline phase the molecules perform a lateral rotation around the
columnar axis (indicated by the red arrow) and are not stacked on top of each other as
illustrated.

By and large, the mesophase formation properties of complex 5-42 show great promise for

turther investigations of network forming by cross-linking through mild pyrolysis in the

liquid crystalline state. Furthermore, the cross-linking is expected to result in a superior
catalytic performance for compound 4-42 compared to earlier reported cobalt complex

5-11,0'%] since related alkyl-substituted 4-27 possessed very low order. Therefore, the

catalytic activity of 4-42 was evaluated in comparison to complex 5-11 and will be described

in the following chapter.

5.15 RRDE measurements

Based on very promising electrocatalytic activity of trinuclear cobalt complex 5-11 towards
the ORR received by RDE measurements,['*] it was taken as a reference for further
investigation by RRDE of the new HPHATN derivatives. Due to the superior mesophase
formation into discotic columnar structures, complex 5-42 was expected to show enhanced
activity compared to 5-11. Therefore, the electrochemical activities of both complexes were
investigated in collaboration with Sumitomo Chemical Co. in Tsukuba, Japan. Experiments
were performed by Dr. Nobuyoshi Koshino under the supervision of Prof. Dr. Hideyuki
Higashimura using RRDE techniques. For this reason, a standard three-electrode-

electrochemical cell including a platinum wire as counter electrode (ring electrode with
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dinner = 7 mm and douter = 9 mm, 1.4 V vs. RHE), a glassy carbon working electrode (disk
electrode, d = 6 mm) and Hg/Hg.SO, reference electrode were used. Catalyst inks were
prepared from 20wt% of catalyst with carbon black (Ketjen Black 600). The RRDE
measurements were performed in O. saturated 0.1 M KOH solution at a potential scan rate
of 10 mVs! and a rotation speed of 1600 rpm. Cobalt complex 5-42 was evaluated
non-pyrolyzed and pyrolyzed at 400°C and benchmarked against complex 5-11
(non-pyrolyzed) measured under identical conditions. Mild pyrolysis for complex 5-42 at
400°C were considered based on TGA investigation which showed, that the aromatic core
remained intact during heat treatment at that temperature and only the gradual loss of
alkoxy side chains set in. It is believed that the cleavage of the alkoxy bonds result in the
formation of free radicals, which are able to undergo intermolecular cross-linking.[221, 564]

The resulting ring-disk voltammograms and the efficiency of HoO production are shown in
Figure 5-23. It has to be mentioned, that the results of RDE measurements for 5-11
described before, could not be reproduced under the herein applied RRDE conditions. This
could be attributed to the diverse catalysts preparation, e.g. different carbon support and
catalysts loading. Nevertheless, the 5-11 showed good electrocatalytic activity with an
efficiency in water production of 64.1% and a number of electrons transferred of n = 3.28.
Since 5-11 and 5-42 were measured under identical conditions, their results could be
benchmarked directly and evaluated. Although, complex 5-42 featured slightly improved
efficiency of water production (%H.O = 67.0%, n = 3.34) the mass activity was reduced to
3.7 mA/cm? Nevertheless, after mild pyrolysis of 5-4¢2, its activity was increased, as

expected but unfortunately not superior than for the 5-11.
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Figure 5-23:  a: Ring-disk voltammograms and b: efficiency of H,O production (plotted till -0.2 V) of
cobalt complex 5-42 (blue), 5-42-400 (red) benchmark against 5-11 (black) in alkaline
conditions (0.1 M KOH, 1600 rmp).
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As a result, alkoxy substituted complex 5-42 showed good electrocatalytic activity towards
the reduction of oxygen which could be improved by mild pyrolysis (5-42-400). This was
expected, since heat treatment induces cross-linking in the mesophases. Although, the
catalytic activity could not be improved, comparable data as for complex 5-11 were received.
The catalytic performances of the herein described HPHATN complexes compete well with
the values reported in literature for non-precious metal catalysts for ORR.C10-111]
Nevertheless, it has to me mentioned, that the results received in the present work are only
preliminary results and further optimization of processing techniques such as variation of

the carbon support and catalyst loading, will tune the catalytic performance.

Compound Current density @-0.8V [mA/cmz] %Hzo[a] n
5-11 4.07 64.1 3.28
5-42 3.70 67.0 3.34

5-42-400 4.03 66.0 3.32

[a] efficiency of 4 electron transfer @-0.8 V (%H20 = 100(4-n)/2); [b] number of electrons passed @-0.8 V (n = 4ID/(ID + IR/N), N = 3.7);

Durability tests and further evaluation including different carbon support and catalysts
preparation is currently under process at Sumitomo Chemical Co. Additionally, the
electrochemical activity of thiophene and bromine substituted complexes 5-48 and 5-44
respectively, are also under investigations along with further development by network

forming through oxidative polymerization or metal mediated cross-coupling reaction.

5.1.6 Summary

In summary, different substituents have been successfully introduced onto a triply fused
triangular two-dimensional porphyrinoid. The synthesis of a key intermediate (5-18) was
established using well-known HAT chemistry and opened a straighforward access to
tunctionalize the periphery by facile condensation procedures. Seven different HPHATNs
have been synthesized in high yields and their optical and electrochemical properties have
been studied. The inspiration to introduce different substituents was based on previous
results of HPHATN 5-11, which showed excellent electrocatalytic activity towards the
reduction of oxygen.['**] To further improve catalytic activity the investigation of the

influence of different substituents was considered. In this regards, two basic approaches have
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been contemplated, namely, the enhancement of sufficient contact between catalyst and the
carbon support, and the increase of density of active sites. The latter might be achieved e.g.
by network forming either by the direct connection of the triangles or through cross-linking
in the mesophases. As a conclusion, systematical functionalization with different substituents
tulfilling the requirements was established in the present work. Structure analysis by fiber
2D-WAXS confirmed the formation of a well-arranged discotic columnar liquid crystalline
phase for the alkoxy substituted derivative 5-30, while the compounds with alkyl side chains
(5-27 to 5-29) showed surprisingly low order. The improvement in organization of the
alkoxy carrying compound was attributed to the reduced viscosity of the solid-state which is
induced by the side chains. This underlines the importance of a well-tuned liquid crystalline
state for the self-assembly of the HPHATNs into highly ordered pathways for charge
carriers. Therefore, the alkoxy substituted complex 5-42 was expected to show superior
results in catalytic tests compared to 5-11. Unfortunately, these expectations could not be

tulfilled, and further studies for the understanding are currently under process.
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6 Conclusion and Outlook

Within the scope of the first part of the present work, three different core-modified
porphyrinoids constructed by aryl-aryl bond-formation have been successfully synthesized
and characterized in terms of their structural and electronic properties (Figure 6-1). Two
distinct macrocyclization protocols, namely, the metal catalyzed Suzuki-Miyaura
cross-coupling and the CuAAC reactions have been successfully applied for the built-up of
the porphyrinoids.
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Figure 6-1: Overview of the achieved carbazole-containing macrocycles and their most striking
features.
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The challenge to create similar cavity sizes to that of porphyrins, was achieved by the
development of purpose-made 1,8-disubsituted carbazole derivatives for the applied
synthetic procedures. Therefore, 1,8-diboronic- (4-16) and 1,8-diaza- (4-46) carbazole
derivatives have been successfully synthesized and enabled the formation of the
porphyrinoids. These novel derivatives could also serve as intermediates to enrich the class
of 1,8-carbazole polymers.[177 276]

The synthesis of carbazole-containing macrocycle 4-18 was established by the
macrocyclization of 1,8-diboronic-carabzole derivative 4-16 and 2,6-dibromopyridine (4-17,
chapter 4.1). Porphyrinoid 4-18 features identical nitrogen substitution pattern (pyrrole and
pyyrolenine units) in the inner cavity to porphyrins. Thus, it serves for a comprehensive
comparison of the electronic properties to the unique ones of porphyrins. Nevertheless, the
novel porphyrinoid proved to be different from regular porphyrins, which was reflected in
the non-planar structure and the thereof resulting electronic properties (chapter 4.1.2 and
4.1.3). Consequently, the question of metal insertion into the non-porphyrin-like macrocycle
was ambiguous but substantial. It could be shown, that, despite the saddle-like
configuration, macrocycle 4-18 was able to bind metals such as cobalt, iron, copper and
nickel (chapter 4.1.4).

Cobalt complex 4-32 was subjected to electrocatalytic evaluation towards the reduction of
oxygen. It showed good results, with a number of electrons transferred of n = 3.78 and
efficiency in HoO production of 89.3% (heat treated at 600°C, in 0.5 M HoSOs, chapter 4.1.5)
when compared to a catalyst of 20wt% Pt (n = 8.99 and 99.7 % efficient water conversion).
Compared to the literature, the catalytic performance of cobalt complex 4-32 is superior to
related monocyclic Co(IT)porphyrins and Co(II)phthalocyanines,t?'9] and compares well with
other non-precious metal catalysts for ORR.L110-111]

To further tune the catalytic performance and prevent pyrolysis, accumulation of the active
sites was considered by means of oligomerization of macrocycle 4-18 (chapter 4.1.8). This
could be achieved by the introduction of chlorine at the pyridine building block before
macrocyclization, which ensured further transformation steps. The resulting oligomeric
cobalt complex 4-82 did not show the expected improvement in the catalytic performance
(chapter 4.1.10). This was explained by the lack of m-conjugation between the individual
macrocycles due to the free rotation around the connecting single bonds. Nevertheless, the
introduction of the chlorine substituent will guide the way for further substitution and

extension of porphyrinoid 4-18.
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The Suzuki-Miyaura cross-coupling has been successtully applied as well in the synthesis of
porphyrinoid 4-88 (chapter 4.2). Macrocycle 4-38 provides the unique feature of a (NH)
motif in its cavity as also found in calix[47]pyrroles.[136] Therefore, macrocycle 4-88 can be
described as a benzo-fused calix[4 |pyrrole. Contrary to calixpyrroles, which are not
susceptible to oxidation, macrocycle 4-88 could be oxidized to its porphyrin state (chapter
4.2.3). The porphyrin-like aromaticity was reflected by a pronounced bathochromic shift in
the UV-vis absorption spectrum upon oxidation of 4-38. Nevertheless, compound 4-38 is
sensitive to heat and air due to the electron rich character and tends to decompose easily
denying further studies. Improvements in terms of stability should focus on additional
substituents e.g. at the pyrrole units, which withdraw electron density from the inner ring.
The last target, to introduce CH bond donor units additionally to the NH bond donor units
of the carbazole into the macrocyclic core, was achieved by the creation of triazoles at the
pyrrolenine moieties by using the CuAACL*] reaction. Therefore, the 1,8-diaza-carbazole
derivative 4-46 was reacted with 1,8-diethynyl-carbazole 4-44 under copper-catalyzed
conditions (chapter 4.3). Compared to the latter described porphyrinoids 4-18 and 4-38, the
symmetry of macrocycle 4-48 is reduced due to the triazole moieties. To the best of our
knowledge, 4-48 is the first example of a macrocycle unitying NH- and CH-bond donor
units for anion binding. The host-guest interaction between 4-48 and fluoride, chloride and
bromide was investigated by UV-vis and fluorescence titration experiments and showed
selectivity towards fluoride (chapter 4.3.4). A binding constant for fluoride of
Ra=4.1%£1.1%10¢ M-! was determined, which is one order of magnitude higher than for the
herein investigated larger halides and compares well to a variety of receptors.[274 304-505]
Porphyrinoid 4-46 represents the smallest triazole-carbazole-containing anion receptor and
will guide future developments for new macrocyclic receptors containing simultaneously CH
and NH halide binding moieties.

In conclusion, new approaches to generate porphyrin-like macrocycles by contemporary,
catalyst mediated synthetic protocols have been introduced. This strategy can be applied in
the development of further porphyrinoids by using different building blocks, e.g. on the one

hand fluorenes and dibenzothiphenes or on the other hand benzenes, thiophenes and furans.

The second part of the present work was devoted to the modification of the recently
developed triangular trinuclear HPHATN 5-11 (Figure 6-2). This unique structure was
established in our group and showed promising electrocatalytic activity towards the

reduction of oxygen to water. As soon as a chemical compound is no longer simply a new
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substance the tuning of its material characteristics relevant for applications becomes
essential. On account of the synthetic design, which encloses the ring closure in the last step,
tunctionality can be easily introduced into the existing structure to fine-tune material
properties. On that basis, seven new derivatives (5-27 to 5-33) were effectively synthesized
and characterized (Figure 6-2, chapter 5.1.1 and 5.1.2). Bearing in mind future application
issues, firstly the synthesis was optimized to be as easy as possible, including simple work-
up processes such as Soxhlet extraction. Furthermore, the structure could be elucidated by
HRESI spectrometry and NMR spectroscopy, after the rescindment of the strong
aggregation of the HPHATN core. Different substituents were chosen for the attachment to
the triangular core, all with the common goal to further improve the catalytic performance
of earlier described HPHATN 5-11. Hereby two strategies were followed, firstly,
accumulation of active sites either by network forming through synthetic transtformations or
by cross-linking through pyrolysis in the mesophases. Secondly, the improvement of the

contact between the catalyst and the carbon support.
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Figure 6-2: Overview of the successfully introduced side chains on the periphery of the triangular
HPHATN core.
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Within the scope of this work, the syntheses of all targeted structures were covered.
Unfortunately, due to time reasons, only molecular self-assembly properties could be studied
along with evaluation of the catalytic activity influence by cross-linking in the mesophase.
Therefore, further investigation of network formation by protocols such as oxidative
polymerization of the thiophene substituents in 5-33 or Yamamoto coupling of the bromines
attached in 5-32 will be the target of future work. Additionally, electrocatalytic evaluation of
the acetylene m-spacer containing HPHATN 5-31 and 5-28 together with the variation of
carbon support shall be investigated in the near future.

The structure analysis by fiber 2D-WAXS confirmed the formation of a well-arranged
discotic columnar liquid crystalline phase for alkoxy substituted HPHATN 5-30, while the
compounds with alkyl side chains (5-27 and 5-28) show surprisingly low order (chapter
5.1.5). This was attributed to the reduced viscosity of the solid state supramolecular induced
by the alkyl-chains. Therefore, the resulting cobalt complex 5-42 was also submitted to
self-assembly investigation, and showed the desired molecular organization in the columnar
structures. The electrocatalytic activity of complex 5-42 was investigated using RRDE
techniques and showed good activity with a current density of 8.70 mA/cm?, efficiency in
water production of 67% and a number of electrons transferred of n = 3.34 (measured in
0.1 M KOH). The beneficial effect of cross-linking in the mesophases could be proven, by the
enhancement of the current density up to 4.03 mA/cm?. However, compared to HPHATN
5-11 no major improvement in activity could be observed. Nevertheless, the catalytic
performances of the herein described HPHATN complexes compete well with values
reported in literature for non-precious metal catalysts for ORR.C110-111]

In summary, next to the synthesis of new HPHATNSs holding promise for cathode catalysis
materials in fuel cells, novel concepts have been developed to further improve the catalysts

performance of HPHATN 5-11.
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7 Experimental Part

7.1 General Methods and Analytical Techniques

711 Chemicals and solvents

Commercially available reagents and solvents were obtained from the companies Acros,
Aldrich, Alpha-Aesar, Fluka and Strem and used without further purification unless

otherwise stated.

7.1.2 Chromatography

Analytical thin layer chromatograpy (TLC) were prepared using silica gel coated substrates
“60 FF254” from Merck. For preparative column chromatography silica gel with grain size
0.063 — 0.200 mm (silica gel, Merck) or 0.04 — 0.063 mm (flash silica gel, Gedruan Si 60,

Merck) was used.

7.1.3 Inert atmosphere

Standard Schlenck technique was used for oxygen or moisture sensitive reactions.

7.1.4 Microwave assisted synthesis

The microwave assisted syntheses were carried out in a CEM Discover™ system equipped

with a temperature and pressure sensor using 10 ml or 35 ml vials.

7.1.5 NMR Spectroscopy

'H-NMR and '"*C-NMR spectra were recorded on a Bruker AVANCE 300 or Bruker
AVANCE III 500 or AVANCE III 700 using a 5 mm broadband probe with z-Gradient. The
experiments were conducted between 298 K and the temperature was regulated by standard
'H methanol or glycol NMR samples using the topspin 2.1 software (Bruker). The

deuterated solvent was used as an internal standard, CD.Cl, was set to ou = 5.32 ppm and
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Oc = 54.00 ppm, THF-ds to du = 3.58 ppm and dc = 67.57 ppm, DMSO-ds to dx = 2.50 ppm
and dc = 89.51 ppm, CoDo.Cli to du = 591 ppm and Jc = 74.20 ppm,567]
hexafluoroisopropanol-d, (HFIP-d2) plus 0.1% TFA-d, to drx = 4.32 ppm and dc = 67.15 ppm.

7.1.6 Melting Points

Melting points were determined on a Biichi hot stage apparatus and were uncorrected.

7.1.7 Infrared Spectroscopy

Infrared spectroscopy was measured on a Nicolet 730 FT-IR spectrometer in the

evanescence field of diamond.

7.1.8 Mass Spectrometry

Mass spectra were obtained using FD on a VG Instruments ZAB 2 SE-FPD. MALDI-TOF
spectrometry was conducted on a Bruker Reflex ITTOF spectrometer, utilizing a 337 nm
nitrogen laser. Tetracyanoquinodimethane (TCNQ) was used as the matrix substance for
solid state prepared samples. HRESI mass spectrometry was measured on a QTof Ultima 3

Fa. Micromass/ Waters.

7.1.9 Elemental Analysis

Elemental analysis was performed on a Foss Heraeus-Vario EL.

7.1.10 UV-vis Spectroscopy

Solution UV-vis spectra were recorded at 298 K on a Perkin-Elmer Lambda 100
spectrophotometer. Solution photoluminescence spectra were recorded on a SPEX-

Fluorolog I1(212) spectrometer.

7.1.11 Cyclic Voltammetry

Cyclic voltammetry was measured on a Princeton Applied Research Parstat 2273
instrument with anhydrous solvents under argon atmosphere. Tetrabutylammonium
hexafluorophosphate was used as conductive salt at a concentration of 0.1 mol/1. A platinum
working electrode (0.5 mm diameter), a platinum wire as counter electrode, and a silver wire
as quasi-reference electrode were used. The peaks were calibrated versus the half-wave

oxidation peak of the internal standard ferrocene (1 mM).
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7.1.12 Two-dimensional X-ray Wide Angle Scattering (2D-WAXSs)

The 2D-WAXS experiments were performed by using a copper anode X-ray tube, operated
at 85kV/20mA, and Osmic confocal Max-Flux with pinhole collimation and a
two-dimensional MARS345 image plate detector. A double-graphite monochromator for the
CrKo radiation (A = 0.154) was used. The samples were prepared as thin filaments of 0.7 mm
diameter by filament extrusion using a home-made miniextruder and were positioned
perpendicular to the incident X-ray beam and vertical to the 2D detector for the X-ray

experiments.

7.1.13 Thermogravimetic analysis (TGA) and Differential Scanning
Calorimetry (DSC)

Thermogravimetric analysis (TGA) was performed on a Mettler TGA-851 Analyszer at a
heating rate of 10 Kmin-' under N. flow. Differential scanning calorimetry (DSC) was

measured on a Mettler DSC 30 with heating and cooling rates of 10 K/min.

7.1.14 Superconducting Quantum Interference Device (SQUID)
measurements

Magnetic susceptibility data for solvent free samples were collected in the temperature
range of 2.300 K in an applied magnetic field of 1T with a SQUID magnetometer
(MPMS-7, Quantum Design). The data were corrected for the underlying diamagnetism
using Pascal’s constants. Temperature dependent magnetic contributions of the sample

holder was experimentally determined and subtracted from the measured data.

7.1.15 RDE measurements (MPI)

The catalysts ink were prepared as follows. Typically, 20 mg of the compound (cobalt
complex 4-19) was mixed with 80 mg carbon black (KB 600) in 4 ml DCM at rt under
stirring in an open crucible. Additionally, the samples were treated 10 min in an ultra-sonic
bath. After evaporation of DCM, the obtained composites are dried overnight at 60°C in an
oven and subsequently calcined at 470, 600 and 800 °C for 2 h, respectively. 1 mg of the
catalysts composite was dissolved in 1 mL solvent mixture of Nafion (5mol% in H.O) and
EtOH (ratio = 1:9) by sonication. For comparison, a commercially available catalyst of
20wt% Pt supported on black carbon (from Sigma, fuel cell grade) is used and 1 mg/ml Pt-C

suspension is also prepared as the same procedure described above.
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The used glass carbon rotating disk electrode (3 mm in diameter, from Autolab) was
polished mechanically with 0.5 um diamond down to 0.05 um alumina slurry to obtain a
mirror-like surface and then washed with Mill-Q water and acetone and allowed to dry.
1.8 uL catalysts suspension was pipetted on the glassy carbon electrode surface and was
allowed to dry at rt and then heated at 50 °C for 30 min before measurement. This results in
a catalyst loading of 25.5 pg/cm?.

Electrochemical —experiments are conducted using PARSTAT 2273 advanced
electrochemical system. A conventional three-electrode cell was employed incorporating a
working glass carbon RDE (Autolab), an Ag/AgCl, KCl (8 M) electrode as reference
electrode, and a Pt electrode as counter electrode. All potentials were measured and reported
vs. the Ag/AgCl, KCl (8 M) reference electrode. The experiments are carried out in O,
saturated 0.1 M KOH solution for the oxygen reduction reaction. The potential range is
cyclically scanned between -1.2 and +0.2 V at different scan rate of 100 mV/s at the ambient
temperature after purging O, or Ar gas for 15 min. RDE measurements are conducted at

different rotating speeds from 400 to 3600 rpm by using an Autolab Model.

7.1.16 RDDE measurements (Sumitomo)

RRDE measurements were performed using a standard three-electrode-electrochemical cell
including a platinum ring as counter electrode (ring electrode with dimer =7 mm and
douter = 9 mm, 1.4V vs. RHE), a glassy carbon working electrode (disk electrode, d = 6 mm)
and an Ag/AgCl (sat. KCl) reference electrode. Catalyst inks have been prepared by
suspending 5 mg of catalyst and 40 mg carbon black (Ketjen Black KB600) in 15 ml MeOH
and subsequent ultrasonic treatment. The inks were then dried and/or pyrolyzed for 2h at
the corresponding temperature. The RRDE measurements were performed in O, saturated

0.5 M HoSOy solution at a potential scan rate of 5 mVs-! and a rotation speed of 900 rmp.
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7.2 Synthetic Procedures

7.2.1 3,6-Di-tert-butyl-9H-carbazole (4-13)

4-13

38,6-Di-tert-butyl-9-carbazole (4-13) was synthesized following the literature procedures.[153]
5 g (80 mmol, 1 eq) of 9H-carbazole (4-1) and 12 g (90 mmol, 3 eq) ZnCl, (dried at high
vacuum) were suspended in 75 ml nitromethane. Then 10 ml (8.51 g, 90 mmol, p = 0.851
g/ml, 8 eq) BuCl were added slowly. The reaction mixture was stirred at rt for 16 h. The
reaction was quenched with HoO and the aqueous layer extracted with DCM. The organic
layer was washed with H.O, dried over MgSQOs, filtered and the solvent removed in vauo.
After recrystalliszation from hot hexane 5.8 g (20.8 mmol, 69 %) of 3,6-di-fert-butyl-9-
carbazole (4-13) were obtained as colorless crystals.

'"H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 1.47 (s, 18H), 7.37 (dd, *J=8.5 Hz, *J=0.6 Hz, 2H),
7.50 (dd, °*J=8.6 Hz, 'J=1.9 Hz, 2H), 7.91 (s, 1H), 8.11 (d, "J=1.9 Hz, 2H) ppm. *C-NMR
(CD.Cls, 75 MHz, 298 K): 6 = 32.2, 34.9, 110.4, 116.5, 123.6, 123.9, 138.5, 142.6 ppm.
MS (FD, 8 kV) m/z = 279.4- g/mol - calculated for CooHgsN: 279.2 g/mol. Mp 230°C (from
hexane).

The analytic data are in agreement with the literature.[15%]

7.2.2 1,8-Dibromo-3,6-di-tert-butyl-9H-carbazole (4-14)

N
Br H Br

4-14
1,8-Dibromo-3,6-di-tert-butyl-9H-carbazole (4-14) was synthesized following the literature
procedures.['?21 2.5 g (9 mmol, 1 eq) of 3,6-di-tert-butyl-9-carbazole (4-138) was suspended in
300 ml AcOH and heated to 90°C. The flask was covered with aluminum foil. To this
solution 0.95 ml (2.96 g, 18.9 mmol, § = 3.119 g/mol, 2.1 eq) Br. was slowly added. The
reaction was completed after 30 min and the reaction was stopped by the addition of 1 ml

saturated Na,SOs-solution and then cooled to rt. To the solution 400 ml EtOAc was added
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and the organic layer was washed twice with H,O, dried over MgSQO,, filtered and the
solvent removed iz vauo. The crude product was purified by column chromatography using
DCM as eluent. 3.93 g (quant., 9 mmol) of 1,8-dibromo-3,6-di-Zert-butyl-9 H-carbazole (4-14)
were obtained as colorless crystals.

'H-NMR (CD.Cls, 300 MHz, 298 K): & = 1.44 (s, 18H), 7.68 (d, *J=1.6 Hz, 2H), 8.05 (dd,
*J=0.5, 1.6 Hz, 2H), 8.23 (s, 1H) ppm. *C-NMR (CD.Cly, 75 MHz, 298 K): 6 = 32.0, 35.2,
104.2, 116.5, 125.2 , 127.1, 186.7, 145.3 ppm. MS (FD, 8 kV) m/z = 435.6 g/mol - calculated
for CooHa5BraN: 485.0 g/mol. Mp 173°C.

The analytic data are in agreement with the literature.l192]

7.2.3 3,6-Di-tert-butyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole (4-16)

(3

N
o- B H

22 S0y
4-16
7.8 ml #-BuLi (1.6 M in hexane, 12.5 mmol, 1.1 eq) was added at 0°C to a solution of 1,8-
dibromo-3,6-di-tert-butyl-9H-carbazole (4-14, 5 g, 11.5 mmol, 1 eq) in degassed THF
(250 ml). After stirring at this temperature for 1 h, the reaction mixture was allowed to
warm to room temperature (rt) while CO. gas was bubbled through the solution for 30 min.
The solvent was then removed iz vacuo and the residue was redissolved in degassed THF
(250 ml). 29.4 ml #BulLi (1.7 M in pentane, 49.9 mmol, 4.3 eq) was slowly added at -78°C
and the reaction mixture was then stirred at 0°C for 8 h. Freshly distilled 2-isopropoxy-
tetramethyl-dioxaborolane (4-15, 11.6 ml, 43.5 g, 57.5 mmol, p = 0.92 g/mol, 5 eq) was
added at -78°C and the reaction mixture was allowed to warm to rt overnight. The mixture
was hydrolyzed at 0°C by addition of 1M aqueous HCI and then diluted with EtOAc. The
organic phase was washed twice with 1M aqueous NaOH and once with 1M NaHCOjs
solutions, dried over MgSOs, filtered, and the solvent removed n vacuo. The crude product
was purified by recrystallisation from hot hexane to afford 2.7 g (5.1 mmol, 50%) of

compound 4-16 as a colorless solid.
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'H-NMR (CD.Cly, 300 MHz, 298 K): 6 = 1.47 (s, 42H), 7.85 (d, 2H), 8.24 (d, 2H), 9.99 (s,
1H) ppm. *C-NMR (CD.Cl,, 75 MHz, 298 K): 8 = 24.9, 31.8, 34.5, 83.76, 119.9, 121.7,
129.8, 140.9, 143.6 ppm. Anal. Found: C, 71.92; H, 8.94; N, 2.63. Calcd for CsosH47BaNO.: C,
72.18; H, 8.92; N, 2.64. MS (FD, 8 kV) m/z = 531.4 g/mol - calculated for for CsoH47B2NO4:
531.7 g/mol. Mp 887°C (from hexane).

7.2.4 Cyclo[bis-(3,6-di-tert-butyl-1,8-di(pyridin-2,6-yl)-9H-carbazole)] (4-18)

(Porphyrinoid 4-18)

(5%

(-0

4-18

132.8 mg (0.26 mmol, 1 eq) of 3,6-di-fert-butyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (4-16), 58.7 mg (0.25 mmol, 1 eq) of 2,6-dibromopyridine
(4-17) and 6 mg (5 umol, 0.01 eq) of Pd(PPhs), were dissolved in toluene (500 ml). EtOH
(200 ml) and 2M K.COs (30 ml, excess) were added to the solution and the reaction mixture
was degassed 3 times. The reaction mixture was stirred at 85°C for 17 h. The solvents were
removed n vacuo, the crude was redissolved in DCM and filtered over 1 cm silica. Crude
impurities were removed by GPC chromatography in DCM. The product was purified by
column chromatography hexane : DCM (1:1) to yield 30 mg (0.04 mmol, 15%) of macrocycle
4-18 as a colorless solid.

'H-NMR (CD.Cl,, 300 MHz, 298 K): 8 = 1.52 (s, 36H), 7.61 (d, "J=1.85 Hz, 4H), 7.68 (d,
*J=7.88 Hz, 4H), 8.22 (t, °J=7.567 Hz, 2H), 8.24 (d, *J=1.69 Hz, 4H), 9.66 (s, 2H) ppm.
BC-NMR (CD.Cly, 75 MHz, 298 K): 6 = 32.1, 85.0, 117.2, 122.6, 124.1, 124.7, 125.9, 136.1,
138.8, 143.4, 159.7 ppm. MALDI TOF (TCNQ as matrix) m/z = 708.42 g/mol - calculated:
708.42 g/mol for Cs0HseN4. EA found: 84.42 % C; 7.77 % H; 7.77 % N — calculated: 84.70 %
G 789% H; 790 % N. HRESI MS (THF 1:1 MeCN): [CsoHseNy+HT"
m/z = 709.4265 g/mol — calculated: 709.4270 g/mol. Mp > 400°C.
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7.2.5 Cobalt(ll)-cyclo[bis-(3,6-di-tert-butyl-1,8-di(pyridin-2,6-yl)-9H-
carbazole)] (4-19)

(Cobalt complex 4-19)

eV

(-0

4-19

25 mg (0.085 mmol, 1 eq) of macrocycle 4-18 and 8 mg (0.046 mmol, 1.3 eq) of Co(OAc).
were put in a microwave-tube and dissolved in 2 ml of dry DMF. The reaction mixture was
stirred for 4 h in the microwave at 170°C and 300 W. It was cooled to rt and poured into
ice-cold water. The precipitate was filtered oft and dried under vacuum to afford 23 mg
(0.030 mmol, 86 %) of cobalt complex 4-19 as a yellow solid.

'"H-NMR (DMF-d;, 500 MHz, 403 K): 8 = -8.47 (s), 5.44 (s), 8.52 (s), 11.63 (s), 45.42
(s) ppm. MALDI TOF (TCNQ as matrix) m/z = 765.80 g/mol - calculated: 765.34 g/mol
tor Cso0Hs50CoNa.

7.2.6 2,6-Dibromo-4-chloropyridine (4-29)

Cl

(2
Br” N” " Br
4-29

According to the literature procedurel?*!7 250 mg (1.1 mmol, 1 eq) 2,6-dibromopyridine
(4-17) was dissolved in 1.5 ml dry THF and cooled to -30°C. To this solution 1.6 ml
(1.6 mmol, 1M in THF, 1.5 eq) TMPMgCI-LiCl were added and the reaction mixture as
stirred for 30 min at this temperature. Then 254 mg (1.2 mmol, 1.1 eq) hexachloroethane
dissolved in 2 ml dry THF were added dropwise and the reaction was allowed to warm to rt
overnight. The reaction was quenched with aqueous NH4Cl solution and extracted with
EtOAc. The organic phase was with HoO and brine, dried over MgSO,, filtered, and the

solvent removed iz vacuo. The crude product was purified by column chromatography using
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hexane : DCM (1:1) and additional crystallization from hot EtOH to give 125 mg
(0.5 mmol, 44%) ot 2,6-dibromo-4-chloropyridine (4-29) as colorless crystals.

'H-NMR (CD.Cl,, 300 MHz, 298 K): 6 = 7.53 (s, 2H) ppm. *C-NMR (CD.Cly, 75 MHz,
298 K): = 127.6, 141.2, 146.8 ppm. Mp 53°C (from EtOH).

The analytic data are in agreement with the literature.[241]

7.2.7 Cyclo[bis-(3,6-di-tert-butyl-1-(4-chloropyridin-2,6-yl)-8-(pyridin-2,6-yl)-
9H-carbazole)] (4-33)

(Porphyrinoid 4-33)

4-33

590.43 mg (1.12 mmol, 1 eq) of 3,6-di-fert-butyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (4-16), 130.48 mg (0.56 mmol, 0.5 eq) of 2,6-
dibromopyridine (4-17), 149.35 mg (0.56 mmol, 0.5 eq) 2,6-dibromo-4-chloropyridine (4-29)
and 13 mg (11.2 umol, 0.01 eq) of Pd(PPhs). were dissolved in toluene (1000 ml). EtOH
(400 ml) and 2M Ko.COs (60 ml, excess) were added to the solution and the reaction mixture
was degassed 3 times. The reaction mixture was stirred at 85°C for 3 d. The solvents were
removed i vacuo, the crude was redissolved in DCM and filtered over 1 cm silica. The crude
product was purified by column chromatography using hexane : DCM (1:1) to yield 60 mg
(0.08 mmol, 7%) of macrocycle 4-33 as a colorless solid.

'H-NMR (CD.Cls, 700 MHz, 298 K): & = 1.50 (s, 18H), 1.51 (s, 18H), 7.59 (d, "J=1.8 Hx,
2H), 7.61 (d, "J=1.8 Hz, 2H), 7.69 (d, °*J=7.8 Hz, 2H), 7.70 (s, 2H), 8.02 (t, *J=7.6 Hz, 1H),
8.23 (d, *J=1.7 Hz, 2H), 8.26 (d, ‘J=1.7 Hz, 2H), 9.66 (s, 2H) ppm. '*C-NMR (CD:Cly,
176 MHz, 298 K): § = 81.2, 31.8, 34.1, 34.2, 116.4, 117.0, 121.5, 121.8, 122.0, 128.3, 128.8,
124.1, 125.0, 125.3, 185.2, 135.8, 137.9, 142.6, 142.7, 145.3, 1568.9, 160.4 ppm. MALDI TOF
(TCNQ as matrix) m/z = 742.98 g/mol - calculated: 742.38 g/mol for CsoHs:CINs. HRESI
MS (THF 1:1 MeCN): [CsoHs CINy+HJ]* m/z = 743.3852 g/mol — calculated:
743.3881 g/mol. Mp > 400°C.
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7.2.8 Biscyclo[bis-(3,6-di-tert-butyl-1,1'-di(pyridin-2,6-yl)-yl)-8,8'-[4,4'-
bipyridine]-2,2',6,6'-diyl)-9H-carbazole)] (4-34)

(Dimer 4-34)

4-34

In a glovebox 78 mg (0.28 mmol, 2 eq) Ni(COD)., 30 mg (0.28 mmol, 2eq) COD and 43 mg
(0.28 mg, 2 eq) 2,2-bipyridine were put into a dry flask and dissolved in 2.25 ml toluene and
1.5 ml DMF. The flask was closed and transferred to the fume hood, heated to 60°C and
stirred for 80 min. To this solution 106 mg (0.14 mmol, 1 eq) of macrocycle 4-33 dissolved
in 2 ml DMF were added to the reaction and the reaction was stirred for 8 d at this
temperature. To reaction was allowed to cool to rt and precipitated into a solution mixture
of MeOH : 1M HCI (1:1). The solid was filtered off and further purified by column
chromatography using hexane : DCM (1 : 1) to yield 30 mg (0.02 mmol, 30%) of dimer 4-34
as a yellow solid.

'"H-NMR (CD.Cl,, 500 MHz, 298 K): & = 1.51 (s, 86H), 1.52 (s, 36H), 7.64 (d, "J=1.7 Hx,
4H), 7.71 (d, *J=7.8 Hz, 4H), 7.74 (d, "J=1.6 Hz, 4H), 8.04 (t, *J=7.8 Hz, 2H), 8.14 (s, 4H),
8.25 (d, *J=1.4 Hz, 4H), 8.28 (d, "J=1.4 Hz, 4H), 9.74 (s, 4H) ppm. C-NMR (CD.Cl,,
125 MHz, 298 K): § = 32.0, 82.1, 8.1, 117.8, 117.7, 120.4, 122.7, 128.8, 124.2, 124.7, 125.0,
126.0, 126.1, 136.2, 136.3, 138.8, 148.5, 143.6, 148.4, 159.8, 161.0 ppm. MALDI TOF
(TCNQ as matrix) m/z = 1416.22 g/mol - calculated: 1414.82 g/mol for Cio0H10eNs. HRESI
MS (THF 1:1 MeCN): [CiooHi0eNs+2H7** m/z = 7084188 g/mol — calculated:
708.4192 g/mol. Mp > 400°C.
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7.2.9 Cyclo[bis-3,6-di-tert-butyl-1,8-bis(4-chloropyridin-2,6-yl)-9H-
carbazole)] (4-30)

(Porphyrinoid 4-30)

(259

(-

4-30

595.26 mg (1.12 mmol, 1 eq) of 3,6-di-fert-butyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (4-16), 301.14 mg (1.12 mmol, 1 eq) 2,6-dibromo-4-
chloropyridine (4-29) and 13 mg (11.2 umol, 0.01 eq) of Pd(PPhs). were dissolved in toluene
(850 ml). EtOH (840 ml) and 2M K.COs (50 ml, excess) were added to the solution and the
reaction mixture was degassed 3 times. The reaction mixture was stirred at 85°C for 3 d.
The solvents were removed n vacuo, the crude was redissolved in DCM and filtered over
1 cm silica. The crude product was purified by column chromatography using hexane : DCM
(1:1) to yield 113 mg (0.15 mmol, 18%) of macrocycle 4-83 as a colorless solid.

'H-NMR (CD.Cl, 300 MHz, 298K): 6 = 1.53 (s, 36H), 7.61 (d, *J=1.8 Hz, 4H), 7.72 (s, 4H),
8.27 (d, "J=1.7 Hz, 4H), 9.59 (s, 2H) ppm. *C-NMR (CD.Cl,, 75 MHz, 298K): 6 = 32.1, 35.1,
117.9, 122.5, 128.0, 124.9, 126.0, 136.1, 148.7, 146.3, 161.2 ppm. MALDI TOF (TCNQ as
matrix) m/z = 775.86 g/mol - calculated: 776.34: g/mol for Cs0Hs0CloNs+. HRESI MS (THF
1:1 MeCN): [CsoHs0CloNs+H]* m/z = 777.3488 g/mol — calculated: 777.3491 g/mol.
Mp > 400°C.

7.2.10 Oligomer 4-31

(-0

- - (n=4-60)

4-31
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In a glovebox 110 mg (0.40 mmol, 2 eq) Ni(COD)s, 44 mg (0.40 mmol, 2eq) COD and 60 mg
(0.40 mg, 2 eq) 2,2-bipyridine were put into a dry flask and dissolved in 2.25 ml toluene and
1.5 ml DMF. The flask was closed and transferred to the fume hood, heated to 60°C and
stirred for 80 min. To this solution 166 mg (0.20 mmol, 1 eq) of macrocycle 4-30 dissolved
in 2 ml toluene were added to the reaction and the reaction was stirred for 3 d at this
temperature. The reaction was allowed to cool to rt, the solvents concentrated in vacuo and
precipitated into a solution mixture of MeOH : 1M HCI (1 : 1). The solid was filtered and
this procedure was repeated twice to yield 130 mg oligomer 4-31 as an oligomeric mixture.

'"H-NMR (THF-ds, 500 MHz, 298 K): 6 = 1.521 (s, br, 36H), 7.72-7.90 (m, br, 4H), 8.21-8.39
(m, br, 6H), 10.54 (s, br, 2H) ppm. GPC (THF wvs PS, 303 K, UV detector A = 254 nm):
M, = 8749 g/mol, My = 20993 g/mol, PDI = 5.60; MALDI TOF (TCNQ as matrix)

m/z (max) = 2828.17 g/mol - calculated: 2833.68 g/mol for n= 4.

7.2.11 Cobalt complex 4-32

(5%

(-0

- — (n=4-60)

4-32
33 mg of oligomer 4-31 and 40 mg (excess) of Co(OAc). were put in a microwave-tube and
dissolved in 4 ml of dry DMF. The reaction mixture was stirred for 4 h in the microwave at
170°C and 300 W. It was cooled to rt and poured into ice-cold water. The precipitate was
filtered oft and dried under vacuum to afford 23 mg of cobalt complex 4-19 as a yellow solid.
MALDI TOF (TCNQ as matrix) m/z (max) = 3063.80 g/mol - calculated: 3069.68 g/mol

for n= 4.

7 Experimental Part



7.2.12 3,6-Didodecyl-9-carbazole (4-24)

DV

4-24

5 g (15.4 mmol, 1 eq) of 3,6-dibromo-9H-carbazole (4-23) and 640 mg (0.77 mmol, 0.05 eq)
of Pd(dppt)Cle were dissolved in 160 ml THF (dry). To this solution 77.5 ml (77.4 mmol,
5 eq) of'a 1M solution of dodecylmagnesium bromide in EtoO were added slowly at rt. After
the addition was completed the reaction mixture was heated to 75°C and stirred at this
temperature for 16 h. The reaction was cooled to rt and quenched with MeOH. The solvent
was removed n vacuo and the crude product was purified by column chromatography using
hexane : ethyl acetate (9:1) as eluent. 4.34 g (56%, 8.62 mmol) of 3,6-didodecyl-9 H-carbazole
(4-24) was obtained as a yellowish liquid.

'"H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 0.89 (t, *J=6.8 Hz, 6H), 1.24 (m, 32H), 1.35 (m,
4H), 1.70 (m, 4H), 2.76 (t, °*J=7.9 Hz, 4H), 7.21 (dd, *J=8.2 Hz, 'J=1.6 Hz, 2H), 7.32 (d,
*J=8.2 Hz, 2H), 7.85 (s, 2H), 7.98 (s, 1H) ppm. '*C-NMR (CD:Cl,, 75 MHz, 298 K): 6 = 14.3,
23.1, 29.7, 29.8, 30.0, 30.1, 30.1, 32.3, 32.8, 36.4, 110.6, 119.8, 123.6, 126.8, 134.3, 138.7 ppm.
MS (FD, 8 kV) m/z = 502.9 g/mol - calculated for Cs¢Hs7N: 503.4 g/mol. Mp 67°C.

The analytic data are in agreement with the literature.[256]

7.2.13 1,8-Dibromo-3,6-didodecyl-9H-carbazole (4-25)

N
Br H Br

4-25
1 g (2.0 mmol, 1 eq) of 3,6-didodecyl-9H-carbazole 4-24 was dissolved in 8 ml DCM and
8 ml AcOH. To this solution 777 mg (4.4 mmol, 2.1 eq) NBS were added successively and
the resulting reaction mixture was stirred for 1 h at rt. The reaction was quenched with
water and extracted with DCM. The organic layer was washed with brine, dried over

MgSO,, filtered and the solvent removed n wvacuo. The crude product was purified by
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column chromatography (hexane) to give 1.2 g (90%, 1.8 mmol) of 1,8-dibromo-3,6-
didodecyl-9 H-carbazole (4-25) as a colorless solid.

'H-NMR (CD.Cly, 500 MHz, 298 K): 8 = 0.87 (t, *J=7.1 Hz, 6H), 1.26 (m, 32H), 1.85 (m,
4H), 1.69 (m, 4H), 2.76 (t, *J=7.8 Hz, 4H), 7.45 (d, *J=1.8 Hz, 2H), 7.78 (d, *J=1.8 Hz, 2H),
8.21 (s, 1H) ppm. *C-NMR (CD.Cl,, 125 MHz, 298 K): 6 = 14.3, 23.1, 29.6, 29.7, 29.8, 29.9,
30.0, 80.0, 30.0, 82.8, 32.4, 36.0, 104.2, 119.6, 125.2, 129.6, 136.8, 136.9 ppm. MS (FD, 8 kV)

m/z = 660.6 g/mol - calculated for CssHs5BraN: 659.3 g/mol.

7.2.14 3,6-Didodecyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole (4-26)

Dt
O'B‘o H O,B~o
K Xv
4-26

0.9 ml #-BuLi (1.6 M in hexane, 1.5 mmol, 1.1 eq) was added at 0°C to a solution of 1,8-
dibromo-3,6-didodecyl-9 H-carbazole (4-25, 884 mg, 1.4 mmol, 1 eq) in degassed THF
(20 ml). After stirring at this temperature for 1 h, the reaction mixture was allowed to warm
to rt while CO., gas was bubbled through the solution for 80 min. The solvent was then
removed 7z vacuo and the residue was redissolved in degassed THF (20 ml). 3.6 ml #Buli
(1.7 M in pentane, 5.8 mmol, 4.3 eq) was slowly added at -78°C and the reaction mixture was
then stirred at 0°C for 3 h. Freshly distilled 2-isopropoxy-tetramethyl-dioxaborolane (4-15,
2.7 ml, 2.5 g, 13.4 mmol, p = 0.92 g/mol, 10 eq) was added at -78°C and the reaction
mixture was allowed to warm to rt overnight. The mixture was hydrolyzed at 0°C by
addition of 1M aqueous HCI and then diluted with EtOAc. The organic phase was washed
twice with 1M aqueous NaOH and once with 1M NaHCOs solutions, dried over MgSOy,
filtered, and the solvent removed in wacuo. The crude product was purified by
recrystallisation from EtOH to afford 211 g (0.3 mmol, 21%) of compound 4-26 as a
colorless solid.

'H-NMR (CD.Cl, 500 MHz, 298 K): & = 0.88 (t, *J=7.1 Hz, 12H), 1.27 (m, 32H), 1.36 (m,
4H), 1.45 (m, 24H), 1.70 (m, 4H), 2.77 (t, °*J=7.9 Hz, 4H), 7.61 (d, ‘J=1.4 Hz, 2H), 7.96 (d,
‘J=1.8 Hz, 2H), 9.97 (s, 1H) ppm. *C-NMR (CD.Cl,, 125 MHz, 298 K): 6 = 14.3, 23.1, 25.3,
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29.7, 29.8, 29.9, 30.0, 30.1, 32.3, 32.9, 36.4, 84.2, 122.2, 123.4, 133.2, 133.2, 144.1 ppm. MS
(FD, 8 kV) m/z = 755.2 g/mol - calculated for for C4sH79BaNO,: 755.6 g/mol.

7.2.15 Cyclo[bis-(3,6-didodecyl-1,8-di(pyridin-2,6-yl)-9H-carbazole)] (4-27)

Porphyrinoid 4-27

(3%

(-0

4-27

134.9 mg (0.18 mmol, 1 eq) of 3,6-didodecyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9H-carbazole (4-26), 41.8 mg (0.18 mmol, 1 eq) of 2,6-dibromopyridine (4-17) and
2 mg (1.8 pmol, 0.01 eq) of Pd(PPhs)s were dissolved in toluene (500 ml). EtOH (200 ml)
and 2M K.COs (30 ml, excess) were added to the solution and the reaction mixture was
degassed 3 times. The reaction mixture was stirred at 85°C for 15 h. The solvents were
removed iz vacuo and the crude was redissolved in DCM and filtered over 1 c¢m silica. The
crude product was purified by column chromatography hexane : DCM (1:1) to yield 20 mg
(17.3 pmol, 10%) of macrocycle 4-27 as a colorless solid.

'H-NMR (CD.Cl,, 700 MHz, 298 K): 8 = 0.87 (t, *J=7.1 Hz, 12H), 1.27 (m, 72H), 1.77 (m,
8H), 2.86 (t, *J=7.7 Hz, 8H), 7.39 (d, *J=1.7 Hz, 4H), 7.65 (d, *J=7.1 Hz, 4H), 7.99 (d,
‘J=1.83 Hz, 4H), 8.00 (t, *J=7.8 Hz, 2H), 9.66 (s, 2H) ppm. *C-NMR (CD.Cls, 176 MHz, 298
K): 8§ = 14.2, 23.1, 29.7, 29.9, 30.0, 30.1, 32.3, 32.6, 36.3, 120.3, 122.6, 124.4, 124.8, 128.7,
185.0, 186.3, 138.7, 159.5 ppm. MALDI TOF (TCNQ as matrix) m/z = 1157.33 g/mol -
calculated: 1156.92 g/mol for CsoH116Ns. HRESI MS (THF 1:1 MeCN): [Cs0HsoNs+HT*

m/z = 1157.9232 g/mol — calculated: 1157.9278 g/mol.
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7.2.16 Cobalt(ll)-cyclo[bis-(3,6-didodecyl-1,8-di(pyridin-2,6-yl)-9H-
carbazole)] (4-28)

(Cobalt complex 4-28)

(5

(-0

4-28

15 mg (0.013 mmol, 1 eq) of macrocycle 4-27 and 3 mg (0.017 mmol, 1.3 eq) of Co(OAc).
were put in a microwave-tube and dissolved in 2 ml of dry DMF. The reaction mixture was
stirred for 4h in the microwave at 170°C and 300 W. It was cooled to rt and poured into ice-
cold water. The precipitate was filtered of and dried under vacuum to afford 10 mg
(8.2 umol, 63 %) of cobalt complex 4-28 as a yellow solid.

MALDI TOF (TCNQ as matrix) m/z = 1213.79 g/mol - calculated: 1213.85 g/mol for
CsoH114CoNa.

7.2.17 3,6-Di-tert-butyl-1,8-diiodo-9H-carbazole (4-35)

DV

4-35
According literature proceduref!>%] 100 mg (0.23 mmol, 1 eq) 3,6-di-tert-butyl-9-carbazole
(4-18) was dissolved in 3.5 ml acetic acid. 1 ml H.O, 0.1 ml HoSO4, 26.1 mg (0.115 mmol,
0.5 eq) HIO4*2H,O and 58.4 mg (0.23 mmol, 1 eq) I, were added and the reaction was
heated to 80°C for 18.5 h. The reaction mixture was allowed to cool down to rt and was
poured into HoO. The aqueous layer was extracted three times with ethyl acetate. The
organic layer was washed with NaHCOs (sat.), Na.SsOs (sat.) and brine, it was dried over
MgSO,, filtered and the solvent was evaporated. The crude product was recrystallized from

hot EtOH to yield 62 mg (0.12 mmol, 50%) of 3,6-di-tert-butyl-1,8-diiodo-9 H-carbazole (4-
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35) as a yellow solid. '"H-NMR (CD.Cl;, 300 MHz, 298 K): 8 = 1.44 (s, 18H), 7.86 (d,
*J=7.9 Hz, 2H), 7.89 (s, 1H), 8.06 (d, *J=8.0 Hz, 2H) ppm. *C-NMR (CD.Cl,, 75 MHz,
298 K): 6 = 382.0, 35.1, 76.0, 117.6, 124.5, 33.21, 139.7, 145.6 ppm. MS (FD, 8 kV)
m/z = 531.4 g/mol — calculated: 530.9 g/mol for CaoHasloN. Mp 166°C (from EtOH).

The analytic data are in agreement with the literature.[152]

7.2.18 2,5-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrole (4-37)

o, L3 0
O H O

4-37
According to the literaturel?57] 2.01 g (8 mmol, 1.1 eq) bispinacolatodiboronate and 10 mg
(0.023 mmol, 0.003 eq) of 4,4'-di-tert-butylbipyridine (dtbpy) were put into a flask and were
transferred into a glovebox. In here 10 mg (0.012 mmol, 0.0015 eq) of the catalyst
[IrCI(COD)7J. and 15 ml octane were added. The flask was then transferred outside the
glovebox and 500 mg (7.5 mmol, 1 eq) of freshly distilled pyrrole was added under argon.
The reaction mixture was heated to 80°C for 16.5 h. The solvent was removed iz vacuo and
the crude product was dissolved in hot heptane. The hot solution was filtered and was
allowed to crystallize at 4°C. 2,5-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrrole (4-37) was recrystallized again from hot heptane to yield 1.37 g (4.3 mmol, 60%) of
as colorless crystals. "TH-NMR (CD.Cl,, 300 MHz, 298 K): = 1.30 (s, 24H), 6.70 (d,
*J=2.8 Hz, 2H), 9.27 (s, 1H,-NH) ppm. *C-NMR (CD.Cls, 75 MHz, 298 K): 8 = 24.9, 84.1,

120.4 ppm. Mp 194°C. The analytic data are in agreement with the literature.[257]
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7.2.19 Cyclo[bis-(3,6-di-tert-butyl-1,8-di(1H-pyrrol-2,5-yl)-9H-carbazole)]
(4-38)

(Porphyrinoid 4-38)

sV
(>0

4-38

396.4 mg (0.74 mmol, 1 eq) of 3,6-di-fert-butyl-1,8-diiodo-9 H-carbazole (4-85), 239.3 mg
(0.81 mmol, 1 eq) of 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole (4-37)
and 9 mg (5 umol, 0.01 eq) of Pd(PPhs)s were dissolved in toluene (1000 ml). EtOH (400 ml)
and 2M K.COs (60 ml, excess) were added to the solution and the reaction mixture was
degassed 3 times. The reaction mixture was stirred at 85°C for 17h. The solvents were
removed n vacuo, the crude was redissolved in EtOAc and filtered over 1 cm silica. The
crude product was purified by column chromatography using hexane : EtOAc (3:1) as eluent.
Additionally, the crude was suspended in hexane and the precipitated was filtered off to yield
46 mg (0.04 mmol, 10%) of macrocycle 4-18 as a greenish solid.

'H-NMR (THF-ds, 700 MHz, 298 K): & = 1.53 (s, 86H), 6.73 (d, *J=2.22 Hz, 4H), 7.72 (d,
*J=1.80 Hz, 4H), 8.07 (t, *J=1.80 Hz, 4H), 10.53 (s, 2H), 11.13 (s, 2H) ppm. '*C-NMR
(THF-ds, 176 MHz, 298 K): 6 = 32.4, 35.4, 109.1, 115.4, 118.6, 122.8, 126.3, 133.8, 136.9,
143.7 ppm. 'HYN-NMR (THF-ds, 700MHz, 298K): 8 = -231.35 (pyrrole), -271.68
(carbazole) ppm. MALDI TOF (TCNQ as matrix) m/z = 684.36 g/mol - calculated:
684.42 g/mol for CisHzNi.. HRESI MS (THF 1:1 MeCN): [CsoHsoNy+HTJ*

m/z = 685.4290 g/mol - calculated 685.4270 g/mol.
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7.2.20 3,6-Di-tert-butyl-1,8-bis((trimethylsilyl)ethynyl)-9H-carbazole (4-43)

N

H
I \
,ISi\ /S{\
4-43

According to the literature procedure?76J 100 mg (0.19 mmol, 1 eq) of 3,6-di-tert-butyl-1,8-
diiodo-9H-carbazole (4-85), 2 mg (9.5 pmol, 0.05 eq) Pd(OAc)., 2 mg (9.5 umol, 0.05 eq) Cul
and 7.5 mg (28.5 umol, 0.15 eq) PPhs were dissolved in 2 ml dry THF under argon
atmosphere. To this solution 8 ml diisopropylamine were added and the reaction mixture
was heated to 60°C. Then 60 pl (46 mg, 0.47 mmol, 2.5 eq) TMSA were added and the
reaction was stirred for 1.5 h at this temperature. The reaction was stopped and the solvent
removed n vacuo. The crude product was purified by column chromatography using hexane :
DCM (9:1) to afford 51 mg (0.11 mmol, 57 %) of 3,6-di-tert-butyl-1,8-
bis((trimethylsilyl)ethynyl)-9 H-carbazole (4-43) as a yellowish solid.

'"H-NMR (CD.Cl,, 300 MHz, 298 K): 8 = 0.34 (s, 18H), 1.43 (s, 18H), 7.60 (d, ‘J=1.8 Hx,
2H), 8.09 (d, *J=1.8 Hz, 2H), 8.39 (s, 1H) ppm. '*C-NMR (CD.Cl,, 75 MHz, 298 K): = 0.5,
82.2, 85.3, 99.4, 101.9, 105.9, 118.4, 123.9, 127.4, 139.8, 143.7 ppm. MS (FD, 8 kV)
m/z = 470.9 g/mol - calculated for CsoH41NSie: 471.8 g/mol.

The analytic data are in agreement with the literature.[276]

7.2.21 3,6-Di-tert-butyl-1,8-diethynyl-9H-carbazole (4-44)

o
/A
4-44
27.1 mg (57.5 pumol, 1 eq) of 3,6-di-tert-butyl-1,8-bis((trimethylsilyl)ethynyl)-9 H-carbazole
(4-48) was dissolved in 5 ml dry THF at rt under argon atmosphere. To this solution 0.2 ml
(0.20 mmol, 3.4 eq) of a 1M TBAF solution (in THF) were added. The deprotection was

tfollowed by TLC chromatography and was completed after 10 min. The reaction was

stopped and EtOAc was added and extracted with water. The organic layer was washed
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with brine, dried over MgSOy, filtered and the solvent removed iz vacuo. The crude product
was purified by column chromatography using hexane : DCM (4 : 1) to afford 16 mg (48.8
umol, 85 %) of 3,6-di-tert-butyl-1,8-diethynyl-9 H-carbazole (4-44) as a yellowish solid.
'H-NMR (CD.Cls, 300 MHz, 298K): 6 = 1.44 (s, 18H), 8.52 (d, 2H), 7.65 (d, *J=1.8 Hz, 2H),
8.18 (d, *J=1.8 Hz, 2H), 8.54 (s, 1H) ppm. *C-NMR (CD.Cl,, 75 MHz, 298K): 6 = 32.0, 35.0,
80.5, 81.7, 104.3, 118.5, 123.6, 127.9, 139.5, 143.3. MS (FD, 8 kV) m/z = 328.4 g/mol -
calculated for CosHasN: 827.2 g¢/mol. Mp 87°C.

The analytic data are in agreement with the literature.[276]

7.2.22 4-Methylbenzenesulfonyl azide (4-45)

ot
4-45

According to the literature procedurel®”™ 1 ¢ (5.8 mmol, 1 eq) of 4-methylbenzene-1-
sulfonyl chloride (4-49) was dissolved in 16 ml acetone. To this solution 16 ml H.O were
added and the reaction mixture was cooled to 0°C. Then 342 mg (5.3 mmol, 1 eq) NaNj
were added and the reaction was stirred for 2 h at this temperature. Acetone was removed
tn vacuo and the aqueous layer was extracted with EtOAc which was again removed iz vacuo.
975 mg (4.9 mmol, 94%) of 4-methylbenzenesulfonyl azide (4-45) was obtained as a colorless
liquid which was stored at -30°C.

'H-NMR (CD.Cls, 300 MHz, 298 K): = 1.44 (s, 18H), 3.52 (d, 2H), 7.65 (d, ‘J=1.8 Hz, 2H),
8.18 (d, 'J=1.8 Hz, 2H), 8.54 (s, 1H) ppm. 3*C-NMR (CD.Cl,, 75 MHz, 298 K): 6 = 21.9,
127.8, 130.7, 185.8, 146.9 ppm.

The analytic data are in agreement with the literature.[277J

7.2.23 1,8-Diazido-3,6-di-tert-butyl-9H-carbazole (4-46)

N
N, H N;

4-46

7 Experimental Part



4.9 ml n-BuLi (1.6 M in hexane, 7.9 mmol, 1.1 eq) was added at 0°C to a solution of 1,8-
dibromo-3,6-di-fert-butyl-9 H-carbazole (4-14, 3.1 g, 7.2 mmol, 1 eq) in degassed THF
(100 ml). After stirring at this temperature for 1 h, the reaction mixture was allowed to
warm to rt while CO. gas was bubbled through the solution for 20 min. The solvent was
then removed iz vacuo and the residue was redissolved in degassed THF (100 ml). 19.2 ml
tBuLi (1.7 M in pentane, 30.8 mmol, 4.3 eq) was slowly added at -78°C and the reaction
mixture was then stirred at 0°C for 30 min. 11.3 g (57.3 mmol, 8 eq)
4-methylbenzenesulfonyl azide (4-45) was added at -78°C and the reaction mixture cooled at
this temperature for 16 h. An aqueous solution of NH4Cl was added and the reaction was
allowed to warm to rt. The mixture was extracted with EtOAc and the organic layer washed
with water and brine, dried over MgSOs, filtered, and the solvent removed iz vacuo. The
crude product was purified by column chromatography hexane : DCM (3 : 1) and subsequent
crystallisation from hot hexane afforded 743 mg (2.1 mmol, 30%) of 1,8-diazido-3,6-di-zert-
butyl-9 H-carbazole (4-46) as a yellow solid.

'"H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 1.46 (s, 18H), 7.29 (d, *J=1.5 Hz, 2H), 7.87 (d,
‘J=1.5 Hz, 2H), 8.17 (s, 1H) ppm. *C-NMR (CD.Cl,, 756 MHz, 298 K): 6 = 32.0, 85.3, 113.1,
118.7, 123.7, 124.9, 130.0, 144.6 ppm. MS (FD, 8 kV) m/z = 3860.7 g/mol - calculated for

CaoHasN7: 861.2 g/mol. Mp 140°C (decomposition).

7.2.24 Cyclo[bis-(3,6-di-tert-butyl-1,8-di(1,2,3-triazol-1,4-yl)-9H-carbazole)]
(4-38)

(Porphyrinoid 4-48)

4-48

154.88 (0.43 mmol, 1 eq) 1,8-diazido-3,6-di-tert-butyl-9H-carbazole (4-46), 140.31 (0.43
mmol, 1 eq) 3,6-di-tert-butyl-1,8-diethynyl-9 H-carbazole (4-44), 85 mg (0.43 mmol, leq)
sodium ascorbate, 57 mg (0.11 mmol, 025 eq) TBTA and (0.11, 0.25 eq) copper(II) sulfate

pentahydrate were dissolved in 9 ml dry THF under argon atmosphere. To this solution
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0.9 ml triethylamine were added and the reaction was heated to 60°C and stirred for 3 d.
Then 5 ml aqueous saturated NaNs solution was added and the reaction mixture was stirred
additionally for 2 h at 60°C. The reaction was finally quenched with 5 ml aqueous saturated
NH,4Cl solution. The aqueous and organic phases were separated and the organic layer
concentrated iz vacuo. The resulting suspension was precipitated in MeOH and filtered to
afford 50 mg (0.07 mmol, 17%) of macrocycle 4-48 as a colorless solid.

'"H-NMR (THF-ds, 700 MHz, 298 K): 6 = 1.54 (s, 18H), 1.56, (s, 18H), 8.10 (d, *J =1.8 Hx,
2H), 8.18 (d, *J =1.7 Hz, 2H), 8.24 (d, *J =1.8 Hz, 2H), 8.41 (d, *J =1.7 Hz, 2H), 9.48 (s, 1H),
9.82 (s, 2H), 10.25 (s, 1H) ppm. '*C-NMR (THF-ds, 176 MHz, 298K): d = 32.4, 32.6, 35.8,
36.1, 116.1, 118.2, 118.5, 118.8, 122.7, 124.4, 126.8, 128.6, 133.5, 139.4, 144.8, 146.5, 146.6
ppm. HRESI MS (THF 1:1 MeCN): [CssHusNs+H]* m/z = 689.4099 g/mol - calculated
689.4080 g/mol. Mp > 400°C.

7.2.25 1-Azido-3,6-di-tert-butyl-8-(4-(3,6-di-tert-butyl-8-ethynyl-9-carbazol-1-
yl)-1,2,3-triazol-1-yl)-9-carbazole (4-50)

4-50
'H-NMR (CD.Cls, 250 MHz, 298 K): 6 = 1.48 (s, 9H), 1.50 (s, 9H), 1.55 (s, 9H), 1.57 (s, 9H),
7.837 (d, *J=1.6 Hz, 1H), 7.71 (d, *J=1.8 Hz, 1H), 7.81 (d, *J=1.5 Hz, 1H), 7.91 (d, *J=1.8 Hx,
1H), 7.98 (d, *J=1.8 Hz, 1H), 8.19 (d, *J=1.56 Hz, 1H), 8.20 (d, '*J=1.8 Hz, 1H), 8.22 (d,
‘J=1.4Hz, 1H), 8.78 (s, 1H), 9.94 (s, 1H), 10.62 (s, 1H) ppm. MS (FD, 8 kV)
m/z = 689.2 g/mol - calculated for C4sHasNs: 688.4 g/mol.
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7.2.26 8,8'-(1,1'-(3,6-Di-tert-butyl-9H-carbazole-1,8-diyl)bis(1,2,3-triazole-4,1-
diyl))bis(3,6-di-tert-butyl-1-ethynyl-9H-carbazole) (4-51)

O o

SRS \

N= H N
S0
4-51
'H-NMR (CD.Cl,, 250 MHz, 298 K): 6 = 1.48 (s, 18H), 1.55 (s, 18H), 1.60 (s, 18H), 3.48
(s, 2H), 7.68 (d, *J=1.8 Hz, 2H), 7.87 (d, '*J=1.6 Hz, 2H), 7.92 (d, ‘J=1.8 Hz, 2H), 8.20 (m,

4H), 8.36 (d, *J=1.5 Hz, 2H), 8.78 (s, 1H), 10.56 (s, 2H), 10.89 (s, 1H) ppm. MS (FD, 8 kV)
m/z = 1017.3 g/mol - calculated for CgsH735No: 1015.6 g/mol.

7.2.27 3,6-Dibromobenzene-1,2-diamine (5-14)

Br
NH,

NH,
Br

5-14

According to the literature procedurel**] 5 ¢ (17 mmol, leq) of 4,7-dibromo-2,1,3-
benzothiadiazole (5-18) were suspended in 170 ml EtOH and cooled to 0°C. To this
suspension 11.4 g (300 mmol, 17.6 eq) NaBH4 were added portionwise and the reaction
mixture was stirred 16h at rt. EtOH was removed iz vacuo, to the resulting slurry 100 ml
H.O were added and the crude product was extracted wit Et;O. The organic layer was
washed with brine, dried over MgSO4, filtered and the solvent removed in vacuo. The
resulting solid was dried in HV to give 4.1 g (15.6 mmol, 92%) of 3,6-dibromobenzene-1,2-
diamine (5-14).

'H-NMR (CD.Cl,, 300 MHz, 298 K): 6 = 3.94 (s, 4H), 6.84 (s, 2H) ppm. '*C-NMR (CD.Cl.,
75 MHz, 298 K): § = 109.7, 123.3, 134.1 ppm. Mp 91°C.

The analytic data are in agreement with the literature.[340]
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7.2.28 1,4,7,10,13,16-Hexabromodiquinoxalino[2,3-a:2',3'-c]phenazine (5-16)

5-16

4.5 ¢ (17 mmol, 8 eq) 3,6-dibromobenzene-1,2-diamine 5-14 and 1.8 g 85.6 mmol, 1 eq)
hexaketocyclohexane octahydrate 5-15 were dissolved in 60 ml EtOH and heated to reflux
tfor 15 h. The reaction mixture was cooled to rt and filtered over a silica frit. The green solid
was suspended in 30% HNOs and heated to reflux for 8 h. The solid was again filtered off
and dried at HV to give 4.1 g (4.8 mmol, 85%) of compound 5-16.

'H-NMR (D.SO4, 250 MHz, 298 K): 6 = 8.84 (s, 6H). Maldi-TOF (TCNQ):
m/z = 854.77 g/mol — calculated: 851.58 g/mol for CosHsBrsNg. Mp > 400°C.

The analytic data are in agreement with the literature.C!*+]

7.2.29 Hexa-tert-butyl 2,2',2",2"",2"",2"""-(diquinoxalino[2,3-:2',3'-
c]phenazine-1,4,7,10,13,16-hexayl)hexakis(1-pyrrole-1-carboxylate)
(5-18)

(HPHATPN 5-18)

5-18

1.12 g (1.32 mmol, 1 eq) of 1,4,7,10,18,16-hexabromodiquinoxalino[2,3-a:2',3'-
¢ phenazine (5-16) 2.78 g (13.19 mmol, 10 eq) (1-(fert-butoxycarbonyl)-1H-pyrrol-2-
yl)boronic acid (5-17) and 152 mg (0.13 mmol, 0.1 eq) Pd(PPhs), were dissolved in 50 ml
toluene under an argon atmosphere. To this solution 20 ml of EtOH and 20 ml of a

2M K:COs solution were added and the reaction mixture was heated to 85°C for 20 h. The
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solvents were concentrated iz vacuo and the aqueous layer was extracted with DCM. The
organic layer was washed with HoO and brine, dried over MgSOs, filtered and the solvents
removed n vacuo. The crude product was purified by column chromatography using hexane :
DCM : ethyl acetate (1:1:0.1) to give 1.13 g (0.82 mmol, 62 %) of compound 5-18 as a
purple solid.

'H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 0.91 (s, 54H), 6.46 (t, *J=3.8 Hz, 6H), 6.67 (dd,
*J=38.8 Hz, 6H), 7.45 (dd, °*J=3.3 Hz, 6H), 7.89 (s, 6H) ppm. *C-NMR (CD.Cl,, 75 MHz,
298 K): 8 = 27.5, 83.0, 110.7, 116.9, 124.6, 131.0, 181.5, 134.3, 142.3, 148.1, 149.4 ppm.

Mp 200°C (decomposition). The analytic data are in agreement with the literature.[14+]

7.2.30 1,4,7,10,13,16-Hexa(1H-pyrrol-2-yl)diguinoxalino[2,3-a:2',3'-
c]phenazine (5-19)

(HPHATN 5-19)

5-19

A thin layer of 2.570 g (1.87 mmol) of HPHA'TN 5-18 dissolved in THF was prepared into a
flask. Then the flask was heated to 180°C under vacuum in an oil bath for 60 min. The
purple color of compound 5-18 turned to dark lavender and 1.331 g (1.72 mmol; 92%) of
HPHATN 5-19 was obtained.

'H-NMR (DMSO-ds, 500 MHz, 298 K): 6 = 6.33 (s, 6H), 6.85 (s, 6H), 7.19 (s, 6H), 8.36 (s,
6H), 11.74 (s, 6H) ppm. *C-NMR (DMSO-ds, 1256 MHz, 298 K): 8 = 108.6, 109.7, 120.7,
126.7, 126.8, 128.7, 131.1, 1388.9 ppm. Maldi-TOF (TCNQ): m/z = 772.33 g/mol —
calculated: 774.27 g/mol for CisHsoN o [144]

The analytic data are in agreement with the literature.[144]
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7.2.31  3,4,5-Tris(dodecyloxy)benzaldehyde (5-20)

OC12Hps

OC12Hzs
OC1Hys
5-20

According to the literature procedurel®?] 1.0 ¢ (5.8 mmol, 1 eq) 38,4,5-
trihydroxybenzaldehyde (5-88) and 8.7 g (8.5 ml, 35 mmol, 6 eq) 1-bromododecane (5-39)
were dissolved in 35 ml DMF. To this solution 2.4 g KoCOs (17.4 mmol, 3 eq) and 60 mg KI
(0.4 mmol, 0.06 eq) were added. The reaction mixture was heated to 70°C and stirred for
18 h. After cooling to rt the reaction was quenched with water and extracted with DCM.
The organic layer was dried over MgSQOs, filtered and the solvent removed n vacuo. The
resulting crude product was purified by column chromatography using hexane : DCM (3 : 1)
as eluent, to obtain 3.5 g (5.3 mmol, 92%) of 3,4,5-tris(dodecyloxy)benzaldehyde (5-20) as a
colorless solid.
'"H-NMR (CD.Cl,, 300 MHz, 298 K): & = 0.88 (m, 9H), 1.28 (m, 48H), 1.38 (m, 6H), 1.72 (m,
6H), 4.03 (m, 6H), 7.08 (s, 2H), 9.82 (s, 1H) ppm. *C-NMR (CD:.Cl,, 75 MHz, 298 K):
&= 14.8, 28.1, 26.4, 26.5, 29.7, 29.8, 29.8, 29.9, 30.0, 30.1, 30.1, 30.1, 30.2, 30.8, 2.3, 69.6,
73.9, 107.9, 132.0, 144.3, 154.3, 191.4 ppm. HRESI MS (THF 1:1 MeCN): [C4sH7304+Na*
m/z = 681.5811 g/mol — calculated: 681.5798 g/mol. Mp 52°C.

7.2.32 4-Dodecylbenzaldehyde (5-21)

(0]
\

5-21
According to the literature procedurel?3®] 1.8 ¢ (54 mmol, 1 eq) I-bromo-4-
dodecylbenzene (5-84) was dissolved in 10 ml dry THF under argon atmosphere and was
cooled to -78°C. To this solution 8.5 ml (13.5 mmol, 1.6 M in hexane, 2.5 eq) n-BuLi was
added slowly and stirred for 1 h at this temperature. Finally, 1 ml (18.5 mmol, 2.5 eq) DMF
(dry) was added and the reaction mixture was allowed to warm to rt overnight. The reaction
mixture was hydrolyzed at 0°C by the addition of 1M aqueous HCI and then diluted with
EtOAc. The organic phase was washed twice with 1M aqueous NaOH and once with 1M

NaHCOs solutions, dried over MgSOy, filtered, and the solvent removed iz vacuo. The crude
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product was purified by column chromatography using hexane : EtOAc (100 : 2) as eluent to
give 1.0 g (8.65 mmol, 70%) of 4-dodecylbenzaldehyde (5-21) as a colorless liquid.

'H-NMR (CD.Cl,, 300 MHz, 298 K): 6 = 0.87 (m, 3H), 1.29 (m, 18H), 1.63 (m, 2H), 2.69 (t,
*J=7.6 Hz, 2H), 7.34 (d, *J=8.0 Hz, 2H), 7.77 (d, *J=8.0 Hz, 2H), 9.65 (s, 1H) ppm. '*C-NMR
(CD:Cls, 75 MHz, 298 K): § = 14.3, 23.1, 29.6, 29.7, 29.8, 29.9, 30.0, 30.1, 31.5, 32.3, 36.5,
129.4, 130.0, 134.9, 150.9, 193.2 ppm. HRESI MS (THF 1:1 MeCN): [CisH20O7J*
m/z = 275.2375 g/mol — calculated: 275.2375 g/mol.

7.2.33 4-(2-Hexyldecyl)benzaldehyde (5-23)

CeH13

A C )—CsH17

5-23

5 g (22 mmol, 1 eq) 2-(4-Bromophenyl)-1,3-dioxolane (5-36) and 200 mg (0.29 mmol,
10%mol) 1,1'-bis(diphenylphosphino)ferrocene’]dichloronickel(II) were suspended in 200 ml
anhydrous THF. A freshly prepared Grignard solution, made from 0.8 g magnesium
(33 mmol, 1.5 eq) and 10 g (83 mmol, 1.5 eq) 7-(bromomethyl)pentadecane in 200 mL
anhydrous THF, were transferred via cannula into the suspension. The mixture was stirred
at 45 °C for 12 h. The solvent was removed iz vacuo and the crude product was purified by
column chromatography using hexane as eluent to give 0.8 g (2.4 mmol, 10% over two
steps) of 4-(2-hexyldecyl)benzaldehyde (5-23) as a colorless liquid.

'H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 0.89 (m, 6H), 1.26 (m, 24H), 1.68 (m, 1H), 2.64 (d,
*J=7.2 Hz, 2H), 7.35 (d, *J=8.1 Hz, 2H), 7.80 (d, *J=8.1 Hz, 2H), 9.96 (s, 1H) ppm. '*C-NMR
(CDCls, 75 MHz, 298 K): 6 = 14.2, 14.3, 23.0, 23, 1, 26.9, 29.7, 29.9, 30.3, 32.2, 32.3, 33.5,
33.6, 40.0, 41.2, 129.9, 130.2, 134.8, 150.1, 192.2 ppm. MS (FD, 8 kV) m/z = 330.5 g/mol -
calculated for CasHss0: 330.3 g/mol.

7.2.34 1-Dodecyl-4-ethynylbenzene (5-35)

:—@—012st

5-35
1.6 g (4.9 mmol, 1 eq) 1-Bromo-4-dodecylbenzene (5-34) was dissolved in 14 ml anhydrous

THF under argon atmosphere. To this solution 16 ml diisopropylamine, 30 mg (25 pmol,
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5%mol) Pd(PPhs)s and 10 mg (52 umol, 10%mol) Cul were added. The reaction mixture was
heated to 60°C and 1.4 ml ethynyltrimethylsilane was added through a septum. The reaction
was strirred for 12 h at this temperature. The reaction mixture was filtered over a silica frit
and the solvent removed i vacuo. The crude product was redissolved in THF and 6 ml of a
IM TBAF solution was added and stirred for 1 h at rt. The solvent was again removed n
vacuo and the crude product was purified by column chromatography (hexane) affording
330 mg (1.22 mmol, 25%) of 1-dodecyl-4-ethynylbenzene (5-35) as a colorless liquid.

'H-NMR (CD.Cls, 300 MHz, 298 K): 8 = 0.88 (t, *J=6.4 Hz, 3H), 1.26 (m, 18H), 1.59 (m,
2H), 2.60 (t, *J=8.0 Hz, 2H), 3.08 (s, 1H), 7.16 (d, *J=8.2 Hz, 2H), 7.37 (d, *J=8.2 Hz, 2H)
ppm. *C-NMR (CD.Cls, 75 MHz, 298 K): § = 14.3, 23, 1, 29.6, 29.7, 29.8, 29.9, 30.0, 30.1,
31.6, 82.3, 86.2, 76.7, 84.1, 119.5, 128.8, 132.3, 144.6 ppm. MS (FD, 8 kV)

m/z = 270.2 g/mol - calculated for CooHso: 270.5 g/mol.

7.2.35 4-((4-Dodecylphenyl)ethynyl)benzaldehyde (5-22)

0
\ —

5-22

307.5 mg (1.14 mmol, 1 eq) 1-Dodecyl-4-ethynylbenzene (5-85) and 209.3 mg (1.14 mmol,
1 eq) 4-bromobenzaldehyde (5-26) were dissolved in 4 ml anhydrous THF under argon
atmosphere. To this solution 16 ml diisopropylamine, 15 mg (13 pmol, 10%mol) Pd(PPhs)
and 5 mg (26 umol, 20%mol) Cul were added. The reaction mixture was heated to 60°C and
stirred for 8 h at this temperature. The reaction mixture was filtered over a frit and the
solvent removed iz vacuo. The crude product was purified by column chromatography using
hexane : DCM (2:1) as eluent, affording 255 mg (0.68 mmol, 60%) of 4-((4-
dodecylphenyl)ethynyl)benzaldehyde (5-22) as a colorless liquid.

'H-NMR (CD.Cls, 300 MHz, 298 K): 8 = 0.88 (t, *J=7.0 Hz, 3H), 1.27 (m, 18H), 1.61 (m,
2H), 2.63 (t, *J=8.0 Hz, 2H), 7.20 (d, *J=8.2 Hz, 2H), 7.47 (d, *J=8.2 Hz, 2H), 7.67 (d,
*J=8.2 Hz, 2H), 7.85 (d, *J=8.2 Hz, 2H), 10.00 (s, 1H) ppm. *C-NMR (CD.Cls, 756 MHz, 298
K): 8 = 14.3, 28.1, 29.6, 29.7, 29.8, 29.9, 30.0, 30.1, 31.6, 32.3, 36.2, 88.3, 93.9, 119.9, 129.0,
129.8, 130.0, 132.0, 132.3, 185.8, 144.9, 191.6 ppm. MS (FD, 8 kV) m/z = 374.6 g/mol -
calculated for Co7H340: 874.6 g/mol.
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7.2.36 4-((3,4,5-Tris(decyloxy)phenyl)ethynyl)benzaldehyde (5-24)

o OC1oH24
\ —_
OC1oH24

5-24

882 mg (0.67 mmol, 0.98 eq) 1,2,3-Tris(decyloxy)-5-ethynylbenzene (5-40), 126 mg
(0.68 mmol, 1 eq) 4-bromobenzaldehyde (5-26), 60 mg (51 pmol, 10%mol) Pd(PPhs): and
30mg (158 pumol, 20%mol) Cul were dissolved in 5 ml anhydrous THF and 20 ml
diisopropylamine. The reaction mixture was heated to 60°C and stirred for 2 h at this
temperature. The reaction mixture was filtered over a frit and the solvent removed n vacuo.
The crude product was purified by column chromatography using hexane : EtOAc (6 : 1) as
eluent, affording 355 mg (77%, 0.53 mmol) of compound 5-24 as a colorless liquid.

'H-NMR (CD.Cls, 300 MHz, 298 K): 6 = 0.88 (t, *J=6.6 Hz, 9H), 1.29 (m, 42H), 1.79 (m,
6H), 3.93 (dt, °J=6.5 Hz, 6H), 6.77 (s, 2H), 7.66 (d, *J=8.3 Hz, 2H), 7.85 (d, *J=8.3 Hz, 2H),
10.00 (s, 1H) ppm. *C-NMR (CD.Cl,, 756 MHz, 298 K): 6 = 14.3, 23.1, 26.5, 29.7, 29.8, 30.0,
30.1, 80.1, 80.2, 30.7, 82.3, 82.4, 69.5, 73.9, 89.6, 94.2, 110.5, 117.1, 129.8, 129.9, 132.3, 185.9,
136.0, 153.5, 191.6 ppm. HRESI MS (THF 1:1 MeCN): [CisH70O4+Na]*
m/z = 697.5192 g/mol — calculated 697.5172 g/mol.

7.2.37  4-(3-Hexylthiophen-2-yl)benzaldehyde (5-25)
N : fl
CeH1s
5-25
1.4 g (8.15 mmol, 1.5 eq) 2-(3-Hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(5-41), 1 g (5.43 mmol, 1 eq) 4-bromobenzaldehyde (5-26), 300 mg (26 umol, 5%mol)
Pd(PPhs)s were dissolved in 10 ml toluene under argon atmosphere. To this solution 5 ml
EtOH and 5 ml 2M K.COs solution were added and the reaction was heated to 85°C for
16 h. The solvents were reduced in vacuo and DCM was added to the residue. The organic
layer was extracted with water and washed with brine, dried over MgSQO, filtered and the
solvent removed iz vacuo. The crude product was purified by column chromatography using
hexane : DCM (3 : 1) as eluent to afford 817 mg (3.00 mmol, 55%) of 4-(3-hexylthiophen-2-

yl)benzaldehyde (5-25) as a yellow liquid.
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'H-NMR (CD.Cl,, 300 MHz, 298 K): 8 = 0.89 (m, 8H), 1.84 (m, 6H), 1.65 (m, 2H), 2.643 (t,
*J=7.8 Hz, 2H), 7.02 (s, 1H), 7.85 (s, 1H), 7.75 (d, °*J=8.8 Hz, 2H), 7.85 (d, *J=8.4 Hz, 2H),
9.97 (s, 1H) ppm. *C-NMR (CD.Cl,, 75 MHz, 298 K): 6 = 14.2, 23.0, 29.4, 30.8, 30.9, 32.1,
121.1, 126.1, 126.9, 130.7, 185.5, 140.6, 142.5, 145.4, 191.6 ppm. HRESI MS (THF 1:1
MeCN): [C17H20OS+HT]* m/z = 273.1319 g/mol — calculated 273.1313 g/mol.

7.2.38 General procedure for the preparation of HPHATN 5-27 to 5-33

HPHATN 5-19 and the corresponding aldehydes 5-20 to 5-26 (4.5 eq) were suspended in
4 ml DCM and 2 ml THF. To this solution 0.5 ml TFA were added and the reaction mixture
was degassed. The compounds were reacted under microwave irradiation (8 x 6 h, 85°C,
50 W). The reaction mixture was concentrated iz vacuo and the crude product was
precipitated from MeOH. The solid was filtered oft and purified by Soxhlet extraction with
acetone affording the corresponding trinuclear compound 5-27 to 5-33. Note that all

melting points were Mp > 400°C.

7.2.39 HPHATN 5-27

5-27

Prepared from 119 mg (0.15 mmol, 1 eq) HPHATN 5-19 and 190 mg (0.70 mmol, 4.5 eq) 4-
dodecylbenzaldehyde (5-21). Yield: 75 mg (0.05 mmol, 32%) of compound 5-27 as a black
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solid. 'H NMR (C3sDaFsO plus 0.1% C2DFs0., 700 MHz, 298 K): 6 = 0.74 (m, 9H), 1.14 (m,
54H), 1.50 (m, 6H), 2.54 (m, 6H), 6.09 (d, 6H), 6.15 (d, 6H), 6.62 (s, 6H), 6.92 (d, *J=7.3 Hx,
6H), 7.11 (d, °*J=7.8 Hz, 6H) ppm. *C NMR (C3sD.FsO plus 0.1% C.DFsO., 176 MHz,
298 K): 6 = 10.6, 20.8, 26.9, 27.0, 27.1, 27.2, 27.3, 27.4, 27.5, 28.8, 29.8, 33.0, 126.8, 129.4,
129.7, 130.1, 183.7, 185.0, 185.5, 143.2, 143.8, 148.6, 149.1, 149.5 ppm. Maldi-TOF (TCNQ):
m/z = 1538.78 g/mol — calculated: 1536.88 g/mol for CiosHi0sN1e. HRESI MS (THF 1:1
MeCN): [CiosH10sN12+2H7%" m/z = 769.4471 g/mol — calculated: 769.4488 g/mol.

7.2.40 HPHATN 5-28

5-28

Prepared from 69 mg (0.09 mmol, 1 eq) HPHATN 5-19 and 150 mg (0.40 mmol, 4.5 eq) 4-
((4-dodecylphenyl)ethynyl)benzaldehyde (5-22). Yield: 137 mg (0.07 mmol, 82%) of
compound 5-28 as a black solid. '"H NMR (CsDoFsO plus 0.1% C.DF3s0., 500 MHz, 298 K):
0 = 0.65 (m, 9H), 1.07 (m, 54H), 1.51 (m, 6H), 2.42 (m, 6H), 5.92 (d, *J=4.7 Hz, 6H), 5.99 (d,
*J=4.7 Hz, 6H), 6.40 (s, 6H), 6.88 (d, *J=8.2 Hz, 6H), 7.02 (d, *J=8.2 Hz, 6H), 7.24 (d,
*J=8.2 Hz, 6H), 7.30 (d, *J=8.2 Hz, 6H) ppm. *C NMR (CsD.F60 plus 0.1% C:DF3O,
176 MHz, 298 K): 8 = 10.6, 20.3, 26.9, 27.1, 27.2, 27.3, 27.3, 27.4, 27.4, 29.0, 29.8, 33.7, 91.5,
96.4, 127.1, 129.0, 129.6, 129.7, 130.3, 131.9, 135.1, 185.2, 148.5, 144.1, 144.5, 144.8, 149.8 |
ppm. Maldi-TOF (TCNQ): m/z = 1842.36 g/mol — calculated: 1843.02 g/mol for
Ci2oH120N12. HRESI MS (THF 1:1 MeCN): [Cio9H 120N 12+2H7]%" m/z = 919.4977 g/mol —

calculated: 919.4958 g/mol.
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7.2.41 HPHATN 5-29

5-29

Prepared from 100 mg (0.13 mmol, 1 eq) HPHATN 5-19 and 191 mg (0.58 mmol, 4.5 eq) 4~
(2-hexyldecyl)benzaldehyde (5-23). Yield: 117 mg (0.06 mmol, 52%) of compound 5-29 as a
black solid. 'H NMR (CsD.FsO plus 0.1% C.DF30,, 700 MHz, 298 K): 6 = 0.81 (m, 18H),
1.22 (m, 72H), 1.63 (m, 3H), 2.58 (d, *J=6.6 Hz, 6H), 6.18 (d, *J=4.5 Hz, 6H), 6.23 (d,
*J=4.5 Hz, 6H), 6.70 (s, 6H), 7.01 (d, *J=7.7 Hz, 6H), 7.20 (d, *J= 7.7 Hz, 6H) ppm. Maldi-
TOF (TCNQ): m/z = 1707.27 g/mol — calculated: 1705.07 g/mol for C,17H152N 2. HRESI
MS (THF 1:1 MeCN): [Cii7HisoNio+2H7]?** m/z = 853.5408 g/mol — calculated:
853.5427 g/mol.

7.2.42 HPHATN 5-30

5-30

Prepared from 100 mg (0.13 mmol, 1 eq) HPHATN 5-19 and 383 mg (0.56 mmol, 4.5 eq)
3,4,5-tris(dodecyloxy)benzaldehyde (5-20). Yield: 250 mg (0.09 mmol, 71%) of compound
5-30 as a black solid. "TH-NMR (CsD2FsO plus 0.1% CoDF30., 500 MHz, 298 K): 8 = 0.84 (t,
27H, °J= 6.8 Hz), 1.24 (m, 144H), 1.43 (m, 18H), 1.75 (m, 18H), 8.89 (t, 12H, *J= 6.1 Hxz),
4.12 (t, 6H, °J= 6.8 Hz), 6.12 (d, 6H, °J=4.7 Hz), 6.18 (d, 6H, °*J=+.7 Hz), 6.37 (s, 6H), 6.59 (s,
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6H) ppm. *C NMR (C3sDoFsO plus 0.1% C:DFs0,, 176 MHz, 298 K): § = 10.7, 20.4, 23.8,
23.9, 26.9, 27.1, 27.8 27.4, 27.6, 27.9, 29.9, 74.0, 107.7, 128.9, 130.3, 133.8, 135.0, 185.1,
138.7, 1438.6, 144.1, 146.8, 149.8, 151.0 ppm. Maldi-TOF (TCNQ): m/z = 2693.08 g/mol —
calculated: 2696.01 g/mol for Ci77Hg50N1209. HRESI MS (THF 1:1 MeCN):

[C177H250N1209+2H7%* m/z = 1345.9829 g/mol — calculated: 1345.9893 g/mol.

7.2.43 HPHATN 5-31

OC1oH21

OC1oH21
OC1oHz1 OC1gHz1

5-31

Prepared from 66 mg (0.08mmol, 1 eq) HPHATN 5-19 and 260 mg (0.39 mmol, 4.9 eq) 4-
((3,4,5-tris(decyloxy)phenyl)ethynyl)benzaldehyde (5-24). Yield: 213 mg (0.077 mmol, 97%)
of compound 5-31 as a black solid. 'TH NMR (CsD.FsO plus 0.1% CoDF30., 700 MHz,
298 K): 8 = 0.76 (m, 27H), 1.84 (m, 126H), 1.78 (m, 18H), 3.95 (m, 18H), 5.99 (d, 6H), 6.12
(d, 6H), 6.50 (s, 6H), 6.97 (d, *J= 7.8 Hz, 6H), 7.34 (d, °*J= 8.6 Hz, 6H) ppm. Maldi-TOF
(TCNQ): m/z = 2741.44 g/mol — calculated: 274:3.84 g/mol for CissHs2sN1o09. HRESI MS
(THF 1:1 MeCN): [CissH20sN12O9 ]2t m/z = 1869.8903 g/mol — calculated:
1369.8954 g/mol.
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7.2.44 HPHATN 5-32

5-32
Prepared from 120 mg (0.15 mmol, 1 eq) HPHATN 5-19 and 172 mg (0.92 mmol, 6 eq) 4-
bromobenzaldehyde (5-26). Yield: 165 mg (0.13 mmol, 87%) of compound 5-82 as a black
solid. "TH NMR (CsD.F6O plus 0.1% C2:DFs0,, 700 MHz, 298 K): 8 = 5.99 (d, *J= 3.5Hx,
6H), 6.10 (d, °*J= 3.5Hz, 6H), 6.49 (s, 6H), 6.90 (d, *J= 7.6Hz, 6H), 7.49 (d, *J= 7.6Hz, 6H)
ppm. Maldi-TOF (TCNQ): m/z = 1271.10 g/mol — calculated: 1266.05 g/mol for
CeoHssBrsNio. HRESI MS (THF 1:1 MeCN): [CooH7sN12Ss+H7* m/z = 1267.0586 g/mol —

calculated: 1267.0579 g/mol.

7.2.45 HPHATN 5-33

5-33

Prepared from 120 mg (0.15 mmol, 1 eq) HPHATN 5-19 and 230 mg (0.85 mmol, 5.6 eq) 4-
(3-hexylthiophen-2-yl)benzaldehyde (5-25). Yield: 150 mg (0.10 mmol, 65%) of compound
5-33 as a black solid. 'H NMR (CsD:FsO plus 0.1% C.DFs0., 700 MHz, 298 K): 6 = 0.76
(m, 27H), 1.34 (m, 126H), 1.78 (m, 18H), 3.95 (m, 18H), 5.99 (d, 6H), 6.12 (d, 6H), 6.50 (s,
6H), 6.97 (d, *J= 7.8Hz, 6H), 7.34 (d, *J= 85Hz, 6H) ppm. Maldi-TOF (TCNQ):
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m/z = 1707.27 g/mol — calculated: 1705.07 g/mol for CissHasN1209. HREST MS (THF 1:1
MeCN): [CooH7sN12Ss+2H7%* m/z = 766.2870 g/mol — calculated: 766.2896 g/mol.

7.2.46 General procedure for the preparation of cobalt complexes 5-42 to
5-44

Procedure A: The corresponding HPHATN derivative (1 eq) was dispersed in DMF/THF
(8 : 1) while argon was bubbled through the suspension. Then Co(OAc). (6 eq) were added
to the reaction mixture and the reaction was placed into a microwave for 8 x 2 h at 180°C
(800 W). The reaction was allowed to cool to rt and poured into water. The precipitate was
filtered oft and dried under high vacuum.

Procedure B: Difterent from procedure A, the reaction was performed in a round bottom flask

at 60°C for 20 h.

7.2.47 Cobalt complex 5-42

5-42

Prepared by procedure A from 55 mg (20 umol, 1 eq) HPHATN 5-30 and 22 mg (124 umol,
6 eq) Co(OAc)2in 2 ml DMF and 1 ml THF. Yield: 52 mg (18 pmol, 89%) of complex 5-42
as a black solid. Maldi-TOF (TCNQ): m/z = 2862.47 g/mol — calculated: 2866.76 g/mol for
Ci77Hg52C03sN 1200,
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7.2.48 Cobalt complex 5-43

5-43
Prepared by procedure B from 330 mg (0.26 mmol, 1 eq) HPHATN 5-32 and 280 mg (1.58
mmol, 6 eq) Co(OAc). in 15 ml DMF and 5 ml THF. Yield: 353 mg (0.24 mmol, 94%) of
complex 5-43 as a black solid. Maldi-TOF (TCNQ): m/z = 1441.12 g/mol — calculated:
1439.83 g/mol for CegHsoBrsCosN o,

7.2.49 Cobalt complex 5-44

5-44

Prepared by procedure B from 203 mg (0.13 mmol, 1 eq) HPHATN 5-33 and 138 mg (0.78
mmol, 6 eq) Co(OAc). in 10 ml DMF and 8 ml THF. Yield: 220 mg (0.12 mmol, 92%) of
complex 5-44 as a black solid. Maldi-TOF (TCNQ): m/z = 1708.74 g/mol — calculated:
170434 g/mol for Co9H75CosN12Ss.
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8 Appendix

8.1 Crystal Strucutres

8.1.1 3,6-Di-tert-butyl-1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole (4-16)

e
%?; gjé\%?@{(’/ ] i%

7 . b

CsoH47BoNOs, M = 531.85, monoclinic, space group P C2/c, a=13.9158(6) A,
b=25.9695(9) A, c=10.1072(3) A, B = 121.2687(19)°, V' = 3122.04 (4) A%, T = 120 K, Z = 4,
D. =1.130 gem™, 16718 reflections measured, 4966 unique reflections, R = 0.0008, 2692
reflections observed (I > 3o (I)). Refinement on F, R = 0.045, Rw = 0.054-

Cambridge Crystallographic Data Centre identifier: CCDC-859758.
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8.1.2 Porphyrinoid 4-18

o

CsoHs5eN4*4.5THE  (CosHssN4Os5), M = 1032.46, orthorhombic, space group P22,2,,
a=8.9009(8) A, b=22.2751(9) A, c=29.7836(9) A, V'=5905.3(4) A%, T =120 K, Z=4,
D. =1.161 gem, 27036 reflections measured, 11884 unique reflections, Ri: = 0.046, 8509
reflections observed (I > 26 (I)). Refinement on F, R = 0.053, Rw = 0.058.

Cambridge Crystallographic Data Centre identifier: CCDC-787489.
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8.1.3 Cobalt complex 4-19

Cs0Hs0N4Co*HoO*4. 5 THE (CesHssN4CoOs.5), M = 1108.40, orthorhombic, space group
P22,2;, a = 9.1483(4) A, b=21.8882(9) A, ¢=29.7527(9) A, V'=5957.7(4) A%, T =120 K,
Z=4, D.=12386 gcm3. 29056 reflections measured, 10964 unique reflections,
9174 reflections observed (I > 26 (I)). Refinement on F, R = 0.063, Rw = 0.063.

Cambridge Crystallographic Data Centre identifier: CCDC - 787490
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8.1.4 1,8-Diazido-3,6-di-tert-butyl-9H-carbazole (4-46)

Co0HosN7, M = 861.45, triclinic, space group P-1, a =6.0820(2) A, b= 10.2880(5) A,
c=15.961009) A, V=940.79(8) A%, a=79.545(3)°, B =284.492(3)°, y=73.533(3),
T=120K, Z=2, D. = 1.27 gcm, 8865 retlections measured, 4235 unique reflections, R =
0.0004, 2934 reflections observed (I > 36 (I)). Refinement on I, R = 0.048, Rw = 0.058.

Cambridge Crystallographic Data Centre identifier: CCDC-859757.
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8.1.5 Porphyrinoid 4-48 and TBAF

CsoHssNo, M = 465.69, monoclinic, space group P C2/c, a = 32.0463(9) A, b = 10.1050(3) A,
¢=20.7437(9) A, B =127.7510(14)°,V = 5311.3(3) A3, T=120 K, Z=38, D. = 1.16 gcm®?,
18905 reflections measured, 6002 unique reflections, R.. = 0.0003, 4846 reflections observed
(I > 26 (I)). Refinement on I, R = 0.043, Rw = 0.045. For clarity reasons only the major
isomer is shown.

Cambridge Crystallographic Data Centre identifier: CCDC-859756.
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