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Zusammenfassung
In dieser Arbeit wurden Derivate des weitgehend planaren, π-konjugierten Triazatruxenkerns mit bis
zu drei peripheren redoxaktiven Substituenten synthetisiert und hinsichtlich ihrer physikalischchemischen Eigenschaften untersucht. Zunächst wurden die Eigenschaften des peripher
unsubstituierten Triindolgerüsts untersucht (siehe Kapitel III), was als Grundlage für Untersuchungen
an komplexeren funktionalisierten Derivaten dient. Die Ausbildung der Kernstruktur während der
Synthese wird mechanistisch debattiert und es werden verschiedene Synthesewege und mögliche
Funktionalisierungen untersucht. Die Auswirkungen von Modifikationen wie die Variation der
N-Alkylsubstituenten werden diskutiert, wobei der Schwerpunkt auf der Auswirkung auf
spektroskopische und elektrochemische Eigenschaften liegt. Als einer der Kernaspekte der Arbeit
wurden verschiedene Synthesestrategien zu mono- und disubstituierten Triazatruxenen untersucht
und vorgeschlagen. Es sollten dennoch weitere Arbeiten zu diesen Aspekten unternommen werden.
Hierbei ist zu beachten, dass zielgerichtete Synthesen von unsymmetrisch substituierten
Triazatruxenderivaten in der Literatur kaum vertreten sind. Daher wurde ein vielseitiges Verfahren zur
Herstellung geeigneter Vorläuferstrukturen entwickelt, das den Zugang zu komplexeren Strukturen
von Triindolderivaten ermöglicht.
Neben der grundlegenden Untersuchung der Darstellung und der Eigenschaften des TAT Grundgerüsts
wurden unter Anwendung der entwickelten Strategien Verbindungen mit einer, zwei oder drei
peripheren Gruppen synthetisiert. Diese Substituenten enthalten entweder metallorganische oder
vollständig organische funktionelle Gruppen. Es wurden zum einen Rutheniumvinyl (siehe Kapitel IV)
und Triarylaminovinyl (siehe Kapitel V) als elektronenreiche Einheiten verwendet, während zum
anderen die Wirkung der Bindung von elektronenarmen Komponenten mit Trityliumtriazatruxenen
anhand von Dianisylmethyliumsubstituenten getestet wurde (siehe Kapitel VI). Eine Übersicht der
dargestellten Verbindungsklassen ist in Abbildung 1 gezeigt.
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Abbildung 1: Allgemeine Strukturen der synthetisierten und untersuchten (metall-)organischen Triazatruxene mit
Substituenten R.

Insbesondere durch die Anheftung von Ruthenium-Vinylsubstituenten, die sowohl eine IR-sensitive
Markierung als auch eine gute Überlappung der Grenzorbitale mit dem angeschlossenen konjugierten
π-System bieten, wurden die Eigenschaften der Derivate eingehend untersucht. Eine zunehmende
Anzahl von redoxaktiven Substituenten, die an das zentrale Gerüst gebunden sind, führte zu einer
zunehmenden Anzahl von mehr oder weniger eng beieinander liegenden Ein-Elektronen-Wellen und
einer erhöhten intramolekularen Delokalisierung von Ladung und Spin geführt. Durch die Anpassung
des Konzepts[1] von MELVIN ROBIN und PETER DAY an die gemischt-valenten Zustände dieser
Triazatruxen-basierten Verbindungen, die mehr als zwei redoxaktive Komponenten enthalten, konnte
eine Zuordnung zur Klasse II vorgenommen werden. Dies deutet also auch auf eine gegenseitige
Interaktion zwischen den peripheren Endgruppen und dem TAT-Kern hin. Der Einfluss des
Substitutionsmusters wurde ebenfalls untersucht. Der Vergleich von 2- und 3-substituierten Isomeren
zeigte den Einfluss des Funktionalisierungsmotivs auf die chemische Reaktivität und intramolekulare
Kommunikation. Es wurde festgestellt, dass die Substitution in 2-Position und damit para zum
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zentralen aromatischen Kern zu einer stärkeren Kommunikation und Delokalisierung innerhalb des
Moleküls führt als bei den 3-substituierten Derivaten, die den Substituenten para zu den
Stickstoffatomen, aber meta zum zentralen Kern haben. Für die untersuchten Verbindungen sind bis
zu sechs verschiedene Ladungszustände adressierbar, wobei der Kern zwei aufeinanderfolgende EinElektronen-Oxidationen und jeder Rutheniumvinyl- oder Triarylaminovinylsubstituent eine zusätzliche
Oxidation beisteuert.
Für die elektronenziehenden Dianisylmethyliumsubstituenten wurden die anodischen Redoxprozesse
des TAT-Kerns aus dem zugänglichen Messfenster verschoben, während drei kathodische
Redoxprozesse beobachtet wurden. Im Gegensatz zu den Derivaten mit elektronenreichen
Substituenten reduziert die Einbeziehung des elektronenziehenden Trityliumteils den Grad der
intramolekularen Kommunikation und Delokalisierung stark. Die beobachtete Potentialaufspaltung zur
Reduktion der peripheren Substituenten ist auf reine elektrostatische Effekte zurückzuführen.
Anregungen in den gemischtwertigen Formen können als Ladungstransferprozesse vom gemeinsamen
TAT-Kern oder von den Anisylsubstituenten zu den einzelnen Triarylmethylium- bzw. Tritylentitäten
zugeordnet werden, nicht aber von einem Trityl zu einem Tritylium.
Für alle Systeme erwiesen sich die einzelnen Redox-Prozesse als überwiegend reversibel. Während
einige der Ladungszustände gezielt adressiert und spektroskopisch identifiziert und untersucht werden
konnten, ließen sich andere aufgrund von Dis- und Komproportionsgleichgewichten nur als komplexe
Gemische gewinnen. Die damit verbundenen Ladungszustände wurden durch die Zugabe
verschiedener Mengen an chemischen Oxidantien oder Reduktionsmitteln generiert. Alle Experimente
wurden durch quantenchemische Berechnungen unterstützt, die zu Rate gezogen wurden, die
experimentellen Ergebnisse und die zugrunde liegenden molekularen Eigenschaften zu erklären. Mit
Hilfe

der

UV/Vis/NIR-

und

IR-Spektroskopie

und

der

Zuordnung

der

scheinbaren

Ladungsübertragungsanregungen auf Basis von TD-DFT-Berechnungen konnte die tatsächliche Abfolge
der Redoxprozesse bestimmt werden. Diese Studien zeigten, dass bei TATs mit elektronenreichen,
oxidierbaren Substituenten die drei weniger anodischen Redoxprozesse in erster Linie den peripheren
Substituenten mit einem kleinen Beitrag des Kerns zugeordnet werden können und die beiden
anodischsten Oxidationen hauptsächlich auf den Triindolkern selbst zurückzuführen sind. Für alle drei
Klassen von Verbindungen wurde ein faszinierender Polyelektrochromismus beobachtet. Die Existenz
von sechs zugänglichen Redoxzuständen, die jeweils unterschiedliche spektroskopische Eigenschaften
aufweisen, ist ein vielversprechendes Merkmal für eine mögliche Anwendung in funktionellen
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Geräten. Überraschenderweise wurde bei den Tristriarylaminderivaten eine intensive Fluoreszenz
beobachtet.
Zusammenfassend lässt sich sagen, dass Triazatruxene vielversprechende und faszinierende
Eigenschaften aufweisen, aber auch, dass der direkte Zugang und die Kontrolle dieser Eigenschaften
aufgrund der strukturellen Komplexität eher schwierig ist. Im Hinblick auf den Zweck dieses Projekts
wurden die größten Hindernisse für die Synthese und das Verständnis dieser Systeme angegangen und
zumindest teilweise gelöst. Im Rahmen des SFB 767 Projektes wurden mit dieser Arbeit die Grundlagen
für die weitere Arbeit an Triazatruxenen im Allgemeinen und im Besonderen im Rahmen des SFB
Projektes geschaffen. Wie gezeigt wurde, birgt das Triindolgerüst viel Potenzial für den Aufbau
ausgedehnter und flacher redoxaktiver Molekülsysteme und zeigt ein vielversprechendes Verhalten
bei Messungen von Ensembles von Molekülen in Lösung. Darüber hinaus stellen diese Verbindungen
vielversprechende Kandidaten für On-Surface-Messungen an einzelnen Molekülen oder geordneten
Baugruppen davon dar. Im Zuge der Fortführung dieses Projekts erscheinen einige der erarbeiteten
Ansätze, insbesondere ein- und disubstituierte Derivate, für weitere Studien relevant.
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I. Introduction

I.

Introduction
1.

Project Background

This thesis is settled within the SFB 767, a collaborational network of several working groups from the
physics and chemistry departments at the University of Konstanz. SFB 767 is concerned with the
control of nanosystems by external stimuli such as electric, magnetic or electromagnetic fields and
their applications on macroscale dimensions. The project, wherein this work was settled, strives for
the comprehension and manipulation of electronic and magnetic properties of individual molecules
on substrates. This is done with the aim that new functionalities can be attained by controlling and
understanding nanoscale structures and their characteristics and lay a basis for their later
development. The preparation and in-depth characterization of planar, π-conjugated molecules
containing multiple redox-active constituents based on the triazatruxene framework was the objective
of this work.[2] These flat and robust systems provide up to six distinct, separately accessible oxidation
states and should serve as testbeds for examining and controlling the properties of multivalent
molecules in different environments. Therefore, one intriguing aspect of this project is the
investigation of both large ensembles of molecules as present in bulk solutions, and single molecules
deposited on conducting and insulating substrates using scanning tunneling microscopy (STM) and
spectroscopy (STS).
Within this thesis, the central aspects and results of the synthesis of triazatruxene derivatives as well
as their properties in solution will be presented. Electroanalytical techniques like cyclic voltammetry,
square wave voltammetry or normal pulse voltammetry provide insight into their electrochemical
properties while the electronic structures of the accessible redox states are investigated by
spectroscopic methods. IR-, UV/Vis/NIR- and electron paramagnetic resonance (EPR-) spectroscopy
can be applied to probe for changes induced through the manipulation of the oxidation state by an
applied voltage. With these methods at hand the examination of their mixed-valent states provides
insights into intramolecular electron transfer phenomena.[2] Experimental findings like intervalence
charge-transfer bands in electron spectroscopy can be used for determining the electronic coupling
and charge (de)localization in the mixed-valent states. Likewise, the characteristic parameters of an
EPR signal and resolved hyperfine splittings provide insight into the magnetic properties of open-shell
redox states and the distribution of the spin density over the molecule. Being able to use these
techniques upon changing the redox-state grants a deeper understanding of the systems’ qualities and
their suitability for further applications.
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Owing to the structural complexity of these systems and the presence of several, electronically coupled
redox sites experimental methods alone often fail to provide unambiguous information on the
electronic structures of the charged states. Backing information from quantum chemical calculations
is therefore often mandatory to obtain a comprehensive picture. In addition, molecules in solution are
affected by many influences, like interactions with the solvent or other molecules. Single molecules
can therefore behave differently than their ensembles in bulk solution. For that reason, both bulksolution measurements and the investigation of single molecules on a substrate have to be taken into
account. This is the central aspect about the collaboration with the working group of MIKHAIL FONIN
underlying this thesis. His group has deposited triazatruxene molecules on different substrates. Apart
from scanning tunneling microscopy which can be used for investigating the topology of deposited
molecules on the surface, scanning tunneling spectroscopy (STS) is applied to investigate the electronic
and spin states of single molecules in different oxidation states. As a further introduction into the
background of the cooperation underlying this PhD thesis, the basic setup and fundamentals of the
STM technique will be briefly explained.

2.

Scanning Tunneling Microscopy

The scanning tunneling microscope was developed by GERD BINNIG and HEINRICH ROHRER in 1982.[3],[4] In
1986, three years after the demonstration of first impressive STM images[5] (see Figure 1 (b)), the
“fathers” of the STM were granted the Nobel Prize of Physics. Scanning tunneling microscopy
represents one of the most important developments in nanotechnology and surface physics of the
recent past.[6] Nowadays the cost range for STMs varies strongly. While commercial STM devices may
cost up to hundreds of thousands of US dollars, there are also protocols that describe how to build
one’s own device using easily available tools for low-budget production, reducing the costs to less than
one thousand dollars.[7]–[10]
The STM technique is based on an electronically conducting tip (see Figure 1 (a)), which can be
precisely moved atop a surface, providing images with atomic-scale resolution. There are two
measurement methods which can be differentiated by using either current or distance as the constant
parameter. The former is the so-called tunneling current I flowing between two conducting surfaces
which are not in direct contact. The latter is the distance between the probe and the sample surface.
The responses of the piezo voltages controlling the tip height and the measured currents can be
combined to create a profile of the scanned surface. However, the tip is not only able to afford spatial
information concerning the deposited sample. When focusing on a specific point instead of scanning
the topography, measurement of the current in dependence of the applied potential delivers further
2
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insights into the sample’s electronic properties, for example vibrational modes or the density of states.
This technique is known as scanning tunneling spectroscopy. By applying voltage pulses to the sample
the probe’s redox states can also be manipulated.[11]–[13] This can be done by inducing a local field from
the tip controlled by its position and the sample bias. Thereby a switching between different redox
states of a sample offering two[13],[14] or more[12],[15] addressable charge states could be obtained.

(a)

(b)

(c)

Figure 1: (a) Principle setup of an STM[16]; (b) Si(111) surface as one of the first ever recorded STM images[5]; (c) STM image
of triazatruxenes measured on Ag(111) within the SFB project by ANJA BAUER, AG FONIN.

A further important prerequisite for investigating samples by STM is the nonzero conductance of its
tunneling junction. Therefore, samples are deposited on metal or semiconductor surfaces providing
decent tunneling currents. However, electric conductivity of a metallic or semiconducting substrate
imposes a severe impediment for the realization of different charge states as the charge is rapidly
dissipated. In this case, it is necessary to decouple the electronic states of the deposited molecules
from those of the substrate. Such decoupling can be attained by using insulating films of NaCl, thus
preventing the perturbation imposed by the substrate’s electrons.[12],[17] In fact, these films are
deposited often as only a few atomic layers, as they are thin enough to enable a tunneling current,
conserving proper conditions for STM measurements, but also effective in stabilizing charge states
within the sample. Owing to the intrinsic characteristics of different samples there are various
requirements on the insulating layer. Considering these characterisics, hexagonal boron nitride (h-BN),
being more inert and less conductive than NaCl, may be used.
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Figure 2: Electrospray Ionization setup for probe deposition. [6]

Another aspect to consider prior to the measurement is the sample preparation. A variety of different
techniques exists for depositing atoms or molecules on surfacesm, ranging from simple dip or spin
coating of solutions to

more

advanced protocols like MALDI (Matrix-Assisted Laser

Desorption/Ionization).[18] These techniques represent external sample depositions. Since STM
measurements are performed under ultrahigh vacuum (UHV) conditions at pressures of 10-10 to
10-12 mbar an in-situ preparation of the sample is preferred, avoiding contamination and
decomposition after variation of the environmental conditions. For such purposes only vacuum
sublimation and Electrospray Ion Beam Deposition (ESIBD; see Figure 2) are applicable. The latter
method was used for preparing the samples, which were investigated within the framework of this
project. The ESIBD is done by injecting a solution of the analyte through a hollow needle. The liquid
leaving the needle is exposed to a strong electric field. As a consequence an excess charge accumulates
at the liquid’s surface, resulting in a conical meniscus and the formation of a jet of droplets. Driven
towards the counter electrode, these droplets decrease in size by solvent evaporation. As soon as the
Coulomb repulsion exceeds the critical level of surface tension, fission of the unstable droplets occurs.
This affords a spray of solvent molecules, gas phase ions, and droplets containing charged and
uncharged molecules. Through an opening in the counter electrode parts of the spray are transferred
into a vacuum chamber. After several pumping steps and lowering the pressure to UHV conditions, the
molecules are actually deposited on the surface.[6] The actual amount of deposited molecules can be
regulated by controlling the probe current.
Thus, with these prerequisites fulfilled, this cooperation crossing departmental borders could afford
intriguing new insights and results on individual molecules and ensembles thereof on high surface
coverage. Comprehension of both, the behavior and the adressability of molecules – in solution as well
4
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as deposited on insulating surfaces – represents a central aspect of probing and evaluating their
suitability for future technical applications. Facing the demand for steadily growing computational
performance and data storage, multivalent redox systems might play an important role within the
rapidly developing field of molecular electronics.

3.

Molecular Memory

Searching for the origins of modern computing is rather difficult. According to the Oxford English
Dictionary[19] the term “computer” was first used in 1614 by RICHARD BRATHWAITE in the book The yong
mans gleaning,[20] meaning a person making calculations. Nowadays, this personal interpretation is
simply historic and dictionaries refer to computers as “A device or machine for performing or
facilitating calculation”,[19] or a “device for processing, storing, and displaying information”.[21] The
variety of definitions depending on the chosen dictionary also shows the difficulty of identifying the
first computer. Adhering strictly to these definitions it is possible to state that the abacus was the first
“device[…] fascilitating calculation”.[19] Most modern definitions also define a computer to be
“electronic” and to “store, manipulate, and communicate information, perform complex calculations,
or control or regulate other devices or machines” and being “capable of receiving information (data)
and of processing it in accordance with variable procedural instructions”.[19] Following these demands
the first computer is to be found in the 19th or 20th century. The English mathematician CHARLES BABBAGE
is credited for assembling the first mechanical computers in the early 19th century.[21],[22] The plans of
his Analytical Engine describe a programmable, automatic, mechanical, digital computer serving
general purposes. It was to contain a data reader, a mill, a store and a printer as an output device.
Unfortunately BABBAGE’S ambitious plans were defied by the infeasible practical implementation at
that time.[21]
It took another hundred years to develop the mechanical knowledge necessary for functional
computers. In the course of the armament before and during the World War II computer technology
took an immense step forward. In 1936, ALAN TURING was the first scientist to describe the principle of
the modern computer.[23] While TURING’s work serves as the basis of universal computing machines,[21]
it was KONRAD ZUSE’s work to construct the computer Z3, representing the first programmable, fully
automatic computer.[24] The final step still missing compared to modern hardware was the data
storage. This was then done using paper tape and punch cards. In 1948, the Manchester Small-Scale
Experimental Machine, which was invented by TOM KILBURN and FREDERIC WILLIAMS, and its successor,
the Manchester Mark I, represent the first program-stored machines.[25]–[27] Fascination about new
possibilities arising with the ongoing progress had an almost autocatalytic effect boosting further
5
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developments. Meeting the increasing demands for larger, faster storage media, transistorized
computers replaced the vacuum tubes used before.[28] Facing the fast-growing technological evolution,
in 1965, future Intel co-founder GORDON MOORE stated that the number of transistors in a circuit
doubles every year.[29] About ten years later the doubling rate was slightly corrected to once in 18
months. However, for over 50 years, this trend – dubbed as MOORE’s law – could be maintained. With
processor sizes now reaching the nanometer scale it is obvious, that the process of device
miniaturization is reaching the limits of both technological feasibility and economic efficiency.[30] For
this reason, in addition to semiconductor industrie’s top-down approach of minimizing the proportions
of devices, the idea of building functional devices beginning from single atoms and molecules, the socalled bottom-up approach, came into focus. This concept is often closely connected with quantum
computing pioneer RICHARD FEYNMAN. His famous lecture “There’s Plenty of Room at the Bottom”, given
at the American Physical Society meeting on December 29, 1959, retrospectively represents both a
slogan and a first vision of numerous technologies to be developed by FEYNMAN’s intellectual
inheritors.[31],[32]
Several molecular entities mimicking elemental components of electronic circuits have been presented
in pursuing and advancing this concept. Already in 1974 ARIEH AVIRAM and MARK A. RATNER presented
the concept of an electronic rectifier, using a simple organic molecule as shown in Figure 3. They
supported the idea that it should have similar properties as a p-n junction underlying rectifier
functionality.[33] Corresponding to the p-type part in semiconductors the electron-withdrawing
tetracyanoquinodimethane

(TCNQ)

moiety

serves

as

acceptor

while

the

electron-rich

tetrathiofulvalene (TTF) is proposed to be the donor resembling the n-junction. The σ-bridge between
the two moieties is to separate the parts and to inhibit interaction of their π-levels “on the time-scale
of electronic motion to or from the electrodes.”[33] Making this kind of molecule a suitable rectifier, it
is expected that an electron current can only pass in the direction cathode-acceptor-donor-anode.

Figure 3: Example of a potential rectifier molecule as described by AVIRAM and RATNER.[33]
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Since then various molecular systems have been developed imitating structures and functions inspired
by nature or technology. Lately, the field of sub-nanoscale mechanics received particular attention.
Controllable mechanical functions like that of a rotor,[34]–[36] a ratchet[37] or even artificial molecular
muscles[38],[39] have been realized for molecular assemblies. The importance of this field was
highlighted in 2016 when the Noble Prize in Chemistry was awarded to JEAN-PIERRE SAUVAGE, SIR JAMES
FRASER STODDART and BERNARD LUCAS FERINGA “for the design and synthesis of molecular machines".[40]
The foundation of this field was laid in 1983 by SAUVAGE and his co-workers, who linked two molecular
rings as parts of a chain forming an entity they called catenane.[41]–[45] Further exploiting this concept
of mechanical fixation, in 1991 JAMES FRASER STODDART and co-workers described the synthesis of a
rotaxane,[46] a dumbbell-shaped molecule consisting of a polyether chain with adamantyl groups at the
end and a central hydroquinone ring. A tetracationic cyclophane made from two bipyridinium moieties
is trapped around the bar of the dumbbell. When extending the structure, which by the bulky stoppers
now contained two separated, electron–rich hydroquinone rings, the structure behaved as a molecular
shuttle between two degenerate states with the cyclophane occupying a position around one
hydroquinone and alongside the other. Building a bridge from molecular mechanics to molecular data
storage, the group of STODDART used another type of rotaxane (see Figure 4) for building a 160-kilobit
molecular electronic memory.[47] It features a hydrophobic and a hydrophilic end group as stoppers for
the encircling bisbipyridinium hexafluorophosphate. The ground-state conformation is shown
representing the “0” or low conductance-conformation. When the tetrathiofulvalene (TTF) site is
oxidized, the cationic cyclophane moves to the naphthalene site. Rereduction of the TTF+ leads to the
formation of the metastable co-conformer as the “1” or high-conductance state.

Figure 4: Rotaxane used for molecular crossbar memory by STODDART and co-workers.[47]

Sticking to pure numbers, with a size of 0.0011 µm2 and a density of 1011 bits per cm2, the shown
memory cell outperformed modern semiconductor-based devices by far.[47] Nonetheless, it becomes
clear that there is still a lot of development to be done because the system faces problems of bad
nanowire contacts and the loss of bits after several switching cycles set aside the problem of charge
7
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balancing by counter ions and contamination by the oxidizing and reducing agents and their follow
products. Facing the demanding challenges of storing huge amounts of data in a minimum of space,
the quest for other suitable molecular memory devices encouraged a multitude of different research
approaches. Just as the given example of Figure 4, most of the systems, however, suffer from one of
the numerous pitfalls preventing their commercial realization.
Crucial for all of these approaches are the existence of an input and an output of the system.
Effectively, this means the possibility to manipulate and analyze physical properties of the memory
and to establish a contact between the individual bits and the “outer world”. Molecular devices can
hereby be either larger assemblies of molecules in solution or in a surface-integrated state.[48] The
solution state allows for classical synthetic strategies promising a large variety and, hopefully, quantity
of products. There is also a vast array of well-developed methods that offer both the manipulation and
analysis of different properties of molecular systems. Possible stimuli for the input or “writing” may be
the solvent,[49] an applied redox potential,[50] or photo-induced switching.[51],[52] The unconstrained
three-dimensional motion of molecules in solution also helps to avoid the necessity of alignment with
respect to a substrate. However, this freedom also comes with several drawbacks like difficulties in
integrating such units into larger assemblies and in addressing specific units.[48] The other possibilities
of incorporating molecular memory systems are surface-integrated devices. In general, these
interfaces are either modified by the covalent bonding of molecules to a substrate,[53] by selfassembly,[54] or as Langmuir-Blodgett films.[55]
As mentioned above, an appropriate method for both analyzing and manipulating molecules deposited
on a surface is scanning tunneling microscopy (STM). The development of thin insulating
layers,[11],[12],[17] suppressing charge transfer between sample and substrate surface, facilitates
preserving charged states of single atoms or molecules. Combined with the utilization of directed
voltage pulses to switch between two or more stable states, this enables persistent information
storage within a molecular device.[11]–[14],[56],[57] Thin sodium chloride films are predominantly used as
insulating layers, however, depending on the substrate and the deposited sample, hexagonal boron
nitride has also been used.[58] By controlling the applied sample bias and the position of the STM tip
changes of charge states of metalorganic molecules and even single atoms could be realized.[59],[60]
While most systems show switching between two addressable states, a recent example[15]
demonstrated that switching between more than two addressable charge states is also possible in
suitable molecules. Indeed, single Au atoms deposited on thick NaCl films showed a tristate charge
control between neutral, negatively charged and positively charged states.
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The groups of S. ALEX KANDEL and CLAUDE LAPINTE have studied phenylethinyl iron complexes with one,[61]
two[56] and three[62] Cp*(dppe)Fe-C≡C- fragments attached to a phenyl ring by using scanning tunneling
microscopy at 77 K under ultrahigh-vacuum conditions. Investigation of single, deposited molecules,
both in neutral and mixed-valent states, and comparison of the experimental results with those of
quantum chemical calculations have demonstrated the potential of local probe STM for examination
of intramolecular electron transfer properties. These examinations have shown that STM
measurements can provide distinctive images of occupied and unoccupied molecular orbitals, which
can be consulted for determining the electron distributions in mixed-valent molecules.[56],[62]
The implementation of easily switchable compounds with various charge and spin states is therefore
highly desirable in order to study single-molecule properties, like charge or spin delocalization or
intramolecular electron transfer phenomena, but also for the realization of molecule-based electronic
devices. With the spatial resolution of the STM allowing the determination of a molecule’s location,
integrity, shape and orientation, the desired sample should exhibit an easily recognizable and distinct
shape. Probing electronic and magnetic properties also requires long-time stability in different charge
states.[2] Molecules satisfying these demands should be largely planar, should give access to various,
easily addressable charge states, and should allow for synthetic modifications for adjusting their
physical properties and processability.
With respect to these requirements, the core structure of a triindole, also known as triazatruxene
(TAT), was chosen (see Figure 5). Its C3 symmetrical structure allows easy recognition and evaluation
of its integrity and orientation in STM imaging. The molecular core is robust, completely planar, and
grants specific substitution in both the two chemically different aromatic positions (positions 2 and 3;
see Figure 5) and the nitrogen atom of each of the three fused indole subunits. The extended π-system
promises efficient intramolecular charge delocalization and the core itself can already be oxidized by
a total of two electrons in two separate one-electron steps at moderate potentials (see Chapter III.5.1).
Owing to these properties, the triazatruxene core represents a promising candidate for exploring
multivalent molecular systems and a suitable testbed for investigating its properties both as bulk
samples in solution and as single molecules on surfaces.
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Figure 5: The triazatruxene (TAT) core, spatial configuration, and modifyable positions.

Due to the demanding synthesis and challenging modification, triazatruxenes were up to now rather
scarcely investigated. Thus, it was only about 20 years ago[63] that the first intentional synthesis
affording a triazatruxene as the main product was reported, following an almost 150 year history of
research on indole derivatives.

4.

The roots of triazatruxene chemistry

The roots of truxenes and triazatruxenes can be traced back to the mid-19th century. Advances in both
analytical and synthetic chemistry sparked a desire to understand compounds naturally occurring in
plants and animals. Due to its fascinating and intense color, indigo, known as the “blue gold”, received
a great deal of attention. About 25 years after the first demonstrated oxidation of indigo, which yielded
isatine and its derivatives by OTTO LYNNÉ ERDMANN[64] and AUGUSTE LAURENT[65] (see Figure 6), it were C. A.
KNOP[66] and ADOLF VON BAEYER,[67],[68] who, in 1866 demonstrated that the reduction of isatine leads to
oxindole and indole. In 1878, VON BAEYER was the first to report the syntheses of both indigo[69] and
oxindole.[70] Independently from ongoing improvements in the indigo synthesis and its commencing
industrialization,

SIEGMUND GABRIEL and

his

co-worker JULIUS HAUSMANN

reacted

ethyl

(o-cyanophenyl)propanoate with hydrochloric acid, which first resulted in the formation of
α-hydrindone[71] (see Figure 7) and, upon further reaction, in a yellowish solid they correctly suspected
to be a trimeric structure they named “Tri-o-benzylenbenzol”.[72] At the same time OTTO BERGAMI and
CARL LIEBERMANN, a former graduate of VON BAEYER, investigated the action of sulfuric acid on α-truxillic
acid.[73] They named the newly formed condensation product “Truxon” since the suggested structure
contained two carbonyl groups.
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Figure 6: Indole derivatives as roots of triazatruxene chemistry.

Figure 7: The origin of the "truxene".

Reduction of the compound led to a small amount of a hydrocarbon, for which a carbon-to-hydrogen ratio of 9:6 was found.
According to the expected olefinic structure resulting from the elimination of two equivalents of water, the new molecule
was called “Truxen” (see Figure 7). The assumed diene (C18H12) matched the experimentally found carbon-to-hydrogen ratio
and seemed the logical product of the reduction of “Truxon”. The authors then ignored the actually formed trimer with the
composition C27H18 as an alternative structure. A year later LIEBERMANN observed some similarities between their “Truxen”
and HAUSMANN’s “Tri-o-benzylenbenzol”, which was synthesized from completely different starting materials. He realized that
their “Truxon” could also be seen as a polymerized “Indon”.[74] Consequently, the non-olefinic but trimeric carbohydrate was
given the name “Truxen” (engl. truxene), which in fact, is a misnomer on historical grounds.

During the following decades many examples for the polymerization of indoles[75],[76] and the formation
of bi- and triindolic structures[77] appeared, yet, none of them resembled a “hetero-truxene”. In 1964,
HELMUT MÜLLER investigated the intermediary occurrence of 1-methyl-2,3-dehydro-indole during his
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doctoral studies[78] and described the first synthesis of N,N’,N’’-trimethyltriazatruxene (see Figure 8).
He tried to generate N-methyl-indolyne by treating 1-methyl-2-chloroindole with sodium hydroxide
and to trap it with suitable reactants, however the desired product cyclotrimerized, yielding the
aforementioned triindole. Additionally, hydroxide was added to the triple bond and, after
neutralization, N-methyloxindole and the tautomeric enol were obtained as further products.

Figure 8: MÜLLERs unintentional synthesis of the first triazatruxene.[78]

Through the following years others intentionally tried to synthesize the symmetrical trimer. For
example, JAN BERGMAN and NILS EKLUND followed up on MÜLLER’s attempts in order to develop new
synthetic pathways to bi- and triindoles.[79] They achieved yields of up to 81 % for copper-mediated
couplings, but the rather difficult synthesis of the educts and the limited variability of substituents
limited the scope of this method.
Most modern syntheses are based on condensation of three monomers under dehydrating conditions.
The strategy of using catalytic amounts of acids to promote the condensation of indoles was first
suggested by VITTORIO BOCCHI and GERARDO PALLA in 1986.[80] Due to the complex mixtures of bi- and
triindoles generated by their method and the low yields, triazatruxenes were still not well accessible.
Only at the end of the 20th century new and improved syntheses were elaborated. In 1994, GORDON
MACKINTOSH and ANDREW MOUNT described the “polymerisation of indole-5-carboxylic acid” on
electrochemical oxidation.[81] One year later, MICHAEL EISSENSTAT et al. reported the first condensation
of an oxindole using phosphorus oxychloride to build up the desired triazatruxene (see Figure 9 (a)).[63]
Nevertheless, at this point, substitution of the triazatruxene core was restricted to the amine
functionality.
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In 2000, NEIL ROBERTSON et al. took up MACKINTOSH’s idea. In contrast, their trimerization protocol is
based on the bromination rather than oxidation of indole.[82] By the addition of an excess of bromine
to the indole, it does not only undergo a trimerization leading to the triazatruxene structure, but is
also brominated twice for each indole subunit. The thus obtained hexabromotriazatruxene (see Figure
9 (b)) constitutes the first example of the substitution of the aromatic ring system of the triindole.
Through the following years several syntheses of hexasubstituted triazatruxenes were realized based
on ROBERTSON’s protocol for the synthesis of hexabromotriindole.[82]–[87]

Figure 9: Substituted triazatruxenes by EISSENSTAT (left) [56] and ROBERTSON (right).[75]

More recently, the growing interest in fullerenes also began to boost the research on truxenes and
triazatruxenes, since they can be envisioned as periodic building blocks of the fullerene or azafullerene
surface.[83],[88]–[90] Paralleling this development more sophisticated synthesis strategies evolved. In
2007, HIDETAKA HIYOSHI et al. published the first protocol of a condensation reaction of monosubstituted
oxindoles leading to trisubstituted triazatruxenes.[91] The procedure was further improved by LUCA
GINNARI-SATRIANI et al. and by LEI JI et al. Their procedures represent the presently most commonly used
strategies for building up the triazatruxene structure.[92][93] With decent syntheses at hand, the
promising features of triindole derivatives emerged and research began to flourish (see Figure 10).
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Figure 10: Number of annual publications within the field of triazatruxenes (determined with SciFinder®; 25th July 2019).

Although a general increase in publication numbers can be observed, the increase of the number of
publications on triazatruxenes outperforms the general growth rate of scientific publications of about
ten percent per year[94] by far. Triazatruxene research is nevertheless still in its infancy and the full
potential of triazatruxenes can only be gleaned by now.

5.

Triazatruxenes in current research

As already mentioned triazatruxenes are quite robust molecules offering an extended π-conjugated
system. As shown by the group of BERTA GÓMEZ-LOR triazatruxenes form layered structures by
π-stacking upon crystallization (see Figure 11).[95] This group also examined the high hole mobilities of
triazatruxenes, emphasizing their potential as components for molecular electronics and, in particular,
for dye-sensitized solar cells.[96],[97] Depending on the substituents attached to the core, the type of
solvent and the concentration,[98] as well as their ability to form liquid crystals by varying the lengths
of the alkyl chains at the nitrogen atoms and at the core positions[99],[100] triazatruxenes tend to form
various kinds of aggregates in solution. Profiting from these features there have been numerous
examples where symmetric triindoles serve as hole or charge transporting organic layers enhancing
the performance of solar cells. The groups of MOHAMMAD NAZEERUDDIN, MICHAEL GRÄTZEL and SHAHZADA
AHMAD synthesized triazatruxene derivatives and tested them with respect to their suitability for holetransporting layers in perovskite solar cells.[97],[101]–[104] After incorporation into dye-sensitized solar
cells (DSSCs) these devices reached promising light-to-power conversion efficiencies of about
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18 percent. Reaching similar PCE values than 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′spirobiﬂuorene (spiro-OMeTAD), triazatruxene-based hole transporting material promise reduced
production costs as well as an improved stability compared to triarylamine-based materials, which
have been shown to limit the stability of devices over time.[105]

Figure 11: N-trimethyltriindole stacks upon crystallization.[95]

The optical properties of (hexasubstituted) triindoles depend on the π-system and therefore can be
tuned by the length of the conjugated system and even more so, by the introduction of
electron-donating or -withdrawing peripheral substituents.[106],[107] Since it is possible to implement
substituted triazatruxenes into polymeric structures and films substituted triazatruxenes have been
used for the fabrication of organic light emitting diodes (OLEDs) with emission wavelengths covering
almost the complete spectral region of visible light.[108]–[110]
Although there have been great advances regarding the synthesis and derivatization of triazatruxenes,
practicable and reliable protocols for the fabrication of unsymmetrically substituted derivatives are
still lacking. Due to the initially counterintuitive regioselectivity of substitution, especially when the
symmetry is broken, some authors have misinterpreted the structures of the regioisomers they
obtained in their syntheses. Synthetic issues and improvements of existing strategies and protocols
will be further discussed in chapters III.3 and IV.2.
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Another interesting aspect about this project is the introduction of redox-active substituents at the
periphery of the triazatruxene (TAT) core, which enhance their inherent, interesting redox properties
even further. As was already mentioned, unsubstituted triindoles themselves are already capable of
undergoing two consecutive one-electron oxidations at moderately positive potentials due to their
electron-rich nature and the high degree of charge delocalization in their higher oxidation
states.[85],[86],[98],[111]
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II.

Scope and Motivation
As already mentioned, the thesis is part of the SFB 767 research project C14. The first main target of
this work is the development of new synthetic strategies to modified triazatruxenes as planar, redoxactive, (metal)organic molecules. The foundations for the preparation of differently substituted
conjugates of triazatruxenes with additional, peripheral, redox-active substituents were to be laid.
Especially the challenging aspect of asymmetrical functionalization, which is an almost unknown topic
in the literature, was to be tackled. In addition to the syntheses of these compounds, the control and
manipulation of the properties of triazatruxenes were to be investigated. Therefore, the influence of
the attached redox-active functional groups on their electronic and electrochemical properties should
be tested based on their character, the position of substitution, and the number of the substituents.
By this means insight into the intramolecular charge transfer properties and degree of electronic
communication should be obtained. First, the properties of the peripherally unsubstituted triindole
core were examined (see Chapter III.5). Second, the effects of substitution with up to three ruthenium
vinyl moieties were investigated. These modifications offer further insights into the intramolecular
electronic intercomponent communication by extended overlap of molecular orbitals of the peripheral
ruthenium moieties with those of the triindole core. In these systems, the analysis of the band pattern
and stepwise shifts of the CO stretching vibrations for the ruthenium-bonded carbonyl ligands, which
serve as indicative IR probes, provides insight into the changes of electron densities and the charge
distributiions in the various accessible oxidation states. For this reason, mono-, di- and trinuclear
compounds were to be analyzed (see Chapter IV). The functionalized target structures of 2- and 3substituted triazatruxenes with the envisioned peripheral moieties R are depicted in Figure 12.
In addition to the metalorganic ruthenium vinyl-modified triazatruxenes, purely organic systems
should be tested by attaching triarylamines to specific positions of the indole subunits. In particular,
these electron-donating and redox-active triarylamine-substituted triazatruxenes (see Chapter V)
should also offer up to six addressable charge states, just like the ruthenium vinyl derivatives.
In contrast to the formerly tested electron-donating substituents, tritylium substituted systems should
be examined by attaching three dyes, possessing high absorbances, to one triazatruxene core. The
strongly electron-withdrawing carbocations might significantly change the molecular properties when
attached to the electron-rich triazatruxene scaffold, leading to push-pull systems. This will be discussed
in Chapter VI. Since the trimeric core structure is electro-active itself and the substituents were chosen
to be able to contribute further anodic or to add cathodic redox processes, the electrochemistry of all
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compounds was to be investigated. Additionally, the spectroscopic and magnetic properties of the
compounds were to be tested in all accessible charge states.
Other molecular systems of interest are the oxoverdazyl-substituted triindoles. Oxoverdazyls are room
temperature-stable radicals. Therefore, compounds bearing up to three uncoupled/unpaired spins
should be attainable by attaching three of those substituents to the central triazatruxene core.

Figure 12: Target structures with three electroactive or paramagnetic substituents R in the 2- (top) or 3- (bottom) positions
of the triazatruxene core with substituents R shown on the right.

To summarize, the central goals of this thesis were to establish suitable synthetic routes to
triazatruxenes with one to three peripherally attached oxidizable, reducible or paramagnetic
substituents, to study their electrochemical properties, and to generate and investigate all available
redox states of those molecules, in particular with respect to the identity of the redox site(s) and the
charge and spin distributions in their (formally) mixed-valent states.

18

III. Synthesis and properties of the triazatruxene core

III.

Synthesis and properties of the triazatruxene core
Before discussing the experimental findings and properties of triazatruxenes derivatives with up to
three peripheral substituents, the properties of the triindole core constituting the basic scaffold of the
examined triazatruxenes shall be discussed in this chapter. First, a brief explanation of both the used
nomenclature and the synthetic strategies based on the available literature will be provided. Second,
a closer look at the mechanism of the cyclotrimerization induced by phosphorus oxychloride will be
taken. The importance of this synthesis step as well as the rather poor yield justify to tackle this subject.
Third, the syntheses of symmetrically trisubstituted triazatruxenes as precursors for further
functionalizations will be discussed in Chapter III.3. Subsequently, various triazatruxenes bearing
different N-alkyl substituents are compared in order to examine the influences of the substituens on
their properties. To these ends, experimental findings obtained within this project/thesis as well as
results from literature sources are taken into account. To conclude this chapter, the properties of
peripherally unsubstituted triazatruxenes are discussed by taking own experimental results into
consideration.

1.

Explanatory Note

In this work and in analogy to the procedure of LEI JI et al.[93] ethyl groups were used as alkyl
substituents at the three nitrogen atoms of the central core. This was reasonable in order to allow the
alkyl substituents to be recognized in STM images without disturbing the planarity of the triazatruxene
structure. In addition, N-substitution often helps to suppress possible chemical follow processes after
oxidation, which can ultimately result in sample decomposition or polymerization.[112]
In the following work most compounds are based on N-ethyltriazatruxenes. For more clarity, and to
avoid complicated compound names, the ethyl moiety will not be mentioned in the labelling of these
molecules. The substituents in the periphery will be referred to as x-substyTAT with x and y indicating
the position of substitution and the number of substituents attached, respectively. For example,
2-Br3TAT is the label of a N-ethyltriazatruxene bearing a total of three bromo substituents, one at the
2-, one at the 2’-, and one at the 2’’-positions (see Figure 13). In particular, all symmetrically
trisubstituted derivatives are fully characterized by numbering only one of the three rings.
2-(TMSA)1TAT describes a monosubstituted triazatruxene with one trimethyl-silylacetylene
substituent at the 2-position. Since the molecule’s symmetry is broken, the three sites have to be
differentiated as shown. In order to allow a better distinction between atoms of the triindole core and
those of substituents attached to it, atoms of the substituents are counted alphabetically starting with
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the alkyl chain at the nitrogen atoms moving further outside. For pointing out effects related to the
alkyl chains (see Chapter III.4) N-substituted compounds with substituents other than ethyl alkyl chains
on the N atoms of the heterocycles will be named NMeTAT, NBuTAT or 2-Br3NMeTAT with the relative
N-alkyl substituent written as superscript following the N atoms.

Figure 13: Numbering and labelling of substituted triazatruxenes.
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2.

Introduction

An important part of this work is the exploration and development of synthetic strategies and to access
differently substituted triazatruxene derivatives, also with different numbers of attachment sites. As
was pointed out in Chapter I.4, there are various procedures for the synthesis of triindoles. Herein, the
protocol by LEI JI et al.[93] was used for the synthesis of the triazatruxene core structure, using
phosphorus oxychloride POCl3 to induce condensation of three oxindoles. Prior to the condensation
step the aromatic framework can be modified by introduction of substituents at nitrogen – especially
alkyl chains – or halogenation at the periphery. Bromination at the 5- or 6- position of the oxindoles
leads to 3- or 2-substituted tribromotriazatruxenes, respectively (see Figure 14). These are suitable for
further functionalization by cross coupling reactions or metal halogen exchange. This
cyclotrimerisation is a crucial step in synthesizing triazatruxenes, yet, limiting the overall yield.
Reported literature yields for this step vary between 20 and 40 percent.[93],[113],[114] Only few protocols
can be found, where higher yields of 60 percent or more have been obtained.[115]–[117] Adapting these
procedures, however, resulted only in yields of 35 percent of the desired triindoles.

Figure 14: Substitution pattern of oxindoles and triazatruxenes.
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On first sight the obstacles of forming trimeric structures seem intuitive since the probability and rate
at which two oxindole monomers connect to dimers should be greater than those for a dimer “finding”
another oxindole for trimerisation. Searching for possible improvements and confronted with the fact
that N-H[101] and N-methyltriazatruxenes[117] are accessible with slightly higher yields, it seemed
reasonable to look into the potential mechanism of the cyclotrimerization reaction. The studies of JAN
BERGMAN and NILS EKLUND from 1980 demonstrated that coupling of 2-iodo-indoles under ULLMANN
conditions results mainly in the formation of 2,2’-biindoles (see Figure 15; compound 3).[79] Since they
also observed the symmetric triindole 4, they conducted further investigations concerning the
reactions of isatines, oxindoles, and indoles under various conditions.[118] They demonstrated the
nucleophilicity of the indolic 3-position and described synthesis routes to both symmetrical and
asymmetrical triindoles.

Figure 15: Bi- and triindole formation according to BERGMAN and EKLUND.[79]

As can be seen from Figure 16, acid-catalyzed coupling of indoles with isatine derivatives leads to
3-substituted triindole which can be deoxygenized and then oxidized to form the asymmetric
triindole 5. A detailed mechanistic study of this reaction was then performed by PAOLA MANINI et al. in
1998.[119] The symmetric trimer NMeTAT (4) could be obtained by reaction of 2-iodoindole with copper
bronze in decent yields (see Figure 15). Since 2-substituted indoles are rather difficult to obtain and
since the reactivity of iodo-substituents complicates further peripheral substitution, the most common
synthesis protocol for building up the triazatruxene core is the described cyclotrimerization induced
by phosphorus oxychloride. The mechanism for this reaction is still not completely understood.
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Figure 16: Formation of asymmetric triindole 5.[118]

In 1996, DAVID BLACK et al. published their investigations on the conversions of indoles and oxindoles
with phosphorus oxychloride.[120] As Figure 17 shows, reaction of 2-phenylindole with 2-oxindole in
refluxing phosphorus oxychloride led to bi- and triindoles 6, 7, and 8 indicating that under these
conditions the 3-position is most likely to be nucleophilic and that the phosphoryl chloride transforms
the 2-oxo-moiety into a leaving group. Based on these findings the reaction mechanism shown in
Figure 18 is proposed. It matches basically the one suggested by BLACK et al.[120] for similar compounds.

Figure 17: Investigation of reaction products for the conversion of 2-oxindole and 2-phenylindole with POCl3.[120]
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Owing to the oxophilicity of phosphorus oxychloride, formation of chloroiminium ion 10 is facilitated
by activation of the 2-oxo functionality. Nucleophilic attack at the electrophilic carbon atom of the
iminium group and subsequent cleavage of the carbon-oxygen bond delivers the chloroiminium ion
10, which is readily converted into the corresponding enamine by loss of a proton. With the enamine
at hand, a STORK-type alkylation with activated 2-oxindole 9 takes place. In the presence of an excess
of phosphorus oxychloride, formation of chlorobiindole 11 occurs, matching with the occurrence of
chlorobiindole 8 as reported by BLACK et al. (see Figure 17)[120] Nucleophilic attack of 11 on a further
equivalent of 9 delivers intermediate 12, which undergoes a FRIEDEL-CRAFTS-type intramolecular
cyclization with subsequent deprotonation and elimination of hydrochloric acid to afford the
triazatruxene scaffold 14.

Figure 18: Suggested mechanism for cyclotrimerization induced by POCl3.
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3.

Functionalization of triazatruxene core structures

As starting materials for further substitution at peripheral positions, brominated triazatruxenes were
used. These lend themselves for metal halogen exchange as well as for cross couplings like HECK or
SONOGASHIRA reactions.

Figure 19: Synthesis of 2-Br3TAT.

Synthesis of 2-Br3TAT (see Figure 19) started from the commercially available 6-bromo isatine which
can be alkylated in good yields. WOLFF-KISHNER reduction converts the isatine into the oxindole, which
can then undergo cyclocondensation when reacted with phosphorus oxychloride. As mentioned above
the yields for this step are quite low, affording the desired tribrominated triazatruxene 2-Br3TAT in
yields of 25 percent. By contrast, the synthsis of regioisomer 3-Br3TAT requires to build up the indole
structure first. It is available from the reaction of N-ethylaniline with chloroacetyl chloride and
subsequent cyclization using aluminum trichloride. The N-ethyloxindole was obtained in yields of
higher than 80 percent (see Figure 21). The para-directing mesomeric effect of the nitrogen atom
allows selective halogenation using N-bromosuccinimide affording 5-bromooxindole. This monomer
can again be cyclotrimerized by phosphorus oxychloride. The yields are slightly higher than for the
2-substituted isomer.

25

III. Synthesis and properties of the triazatruxene core

Figure 20: Synthesis of 3-Br3TAT.

There are literature-known procedures for the postcondensational bromination of triazatruxenes.
However, all attempts of tribrominating the unsubstituted NEtTAT following procedures described in
the literature[101],[109] resulted in mixtures of mono-, di- and tribrominated species. Owing to the small
differences with respect to their polarities only small yields of the desired product could be obtained.
Cyclization of brominated oxindoles thus leads to far better results and much easier purification of
2-Br3TAT and 3-Br3-TAT. Another noteworthy aspect is that, based on the results of the experiments
in this thesis, about 50 percent of the publications[101],[109],[114],[121]–[123] on this topic seem to suffer from
erroneous assignments of the formed regioisomers. The synthesis of asymmetrically substituted
derivatives is discussed in Chapter IV.2.3.

Figure 21: Synthesis of N-ethyltriazatruxene NEtTAT.
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Figure 22: Comparison of possible mechanisms for 2- vs. 3- directing effects upon electrophile aromatic substitution.

In order to unambiguously determine the structures of the triindole derivatives from their NMR
spectra, NMR data of triazatruxenes were compared with those of the respective 2- and 3trisubstituted triazatruxenes formed by condensation of three prefunctionalized oxindoles, being
capable to form only one substitution pattern. In addition, monobromination of NEtTAT was
performed. This represents an important first step for the formation of 2-(RuVin)1TAT (see Chapter IV).
The most likely reason for misinterpreted NMR data is the para-directing character of the nitrogen
atom. In the case of core-unsubstituted triazatruxenes, the influence of the also para-directing
aromatic core containing two nitrogen atoms surpasses the influence of one nitrogen atom in the same
ring, resulting in 2-substitution (see Figure 22 for supposed directing effects). Errors in isomer
assignment have already been noted by CONSTANZA RUIZ et al.[124] Keeping these facts in mind, synthesis
strategies for substituted triazatruxenes have to be judged very carefully.

4.

Role of the N-substituent

The side arms connected to the aromatic triazatruxene as well as the substituents connected to the
three nitrogen atoms exert an influence on the molecules’ properties. At this point, it is appropriate to
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consider the effect of the moieties R attached to the nitrogen atoms. Therefore, molecules with the
following structure (see Figure 23) will be taken into account.

Figure 23: Triazatruxenes bearing various N-alkyl substituents.

First, the 1H-NMR shifts of the hydrogen atoms H1, H2, H3 and H4 are investigated in order to probe for
potential influences of the N-alkyl substituents. The effect of peripheral substituents will be discussed
extensively in Chapter IV.3. Corresponding data for four different triazatruxene derivatives are
collected in Table 1. On comparison there is no clear trend and the actual differences of NMR shifts
between the different compounds are rather small.

1

H-NMR shifts

substituents R

H

H2

H3

H4

methyl[95],[96]
ethyl[93],*
hexyl[101],[125], *
dodecyl[114],[126], *

7.58
7.69
7.64
7.64

7.46
7.49
7.46
7.44

7.34
7.40
7.35
7.34

8.44
8.38
8.30
8.30

1

Table 1: 1H-NMR shifts for various N-alkyl triazatruxenes. All NMR spectra were measured in CDCl3; the values in the table
represent the average of those from cited references and own measurements (*). For each entry the shifts never differed by
more than 0.02 ppm.

In 2014, CONSTANZA RUIZ et al. have investigated the electronic and optical properties of triazatruxenes
with various substituents at the nitrogen atoms, like H, Me or octyl.[127] Cyclic voltammetry (CV)
measurements showed that the methyl-substituted NMeTAT oxidized at 80 mV lower potential than
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the unsubstituted NHTAT, while the half-wave potential of the N-octyl triindole NoctTAT derivative is
only about 2 mV higher than that of NMeTAT. On the one hand the rather small differences point to an
only minor influence of the alkyl substituents, on the other hand it seems puzzling that longer alkyl
chains, which are normally considered as stronger electron donors, have practically no influence on
the oxidation potentials. RUIZ et al. also investigated the molecules by UV/Vis spectroscopy. They found
congruent spectra for all these compounds, which displayed merely a small bathochromic shift upon
elongating the alkyl chain. Matching spectra have also been measured by LEI JI et al.[93] Our DFT
calculations of NEtTAT also confirm the small influence of the N-bonded substituents on the molecules’
electronic properties, because of their small contributions to the crucial frontier molecular orbitals.
These findings are visualized in the molecular orbital contour plot of Figure 24 showing the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the
neutral molecule on the left and the right hand side, respectively.

Figure 24: HOMO (left) and LUMO (right) of NEtTAT.

The alkyl chains however, play an important role for the solubilities of the molecules. While NHTAT
requires acetone, DMF or DMSO to dissolve and is almost insoluble in dichloromethane and apolar
solvents, N-alkyl substituted triindoles dissolve quite readily in dichloromethane. However, after facing
severe solubility problems upon synthesis of verdazyl triazatruxenes (see Experimental Part;
Chapter IX.2.33) this aspect was also investigated. For comparison, various N-alkyl-substituted
triazatruxenes were prepared and their maximum solubilities in three relevant solvents were
measured. Dichloromethane is often used as solvent for further functionalization of the triindole core.

29

III. Synthesis and properties of the triazatruxene core

Pentane as a purely aliphatic solvent is often used for washing steps, but decent solubility in pentane
and also in higher aliphatics, like for example n-hexane might also be desirable and offer new options
for synthesis and isolation. As the third solvent, diethyl ether was chosen for its suitability for
halogen-metal exchange reactions with n-butyl or tert-butyl lithium. The results are shown in Table 2
and Figure 25.

Compound
NHTAT
NEtTAT
NHexTAT
NDodecTAT
2-Br3NEtTAT
2-Br3NBuTAT
3-Br3NEtTAT

solubility in DCM
[mg/mL] [mmol/L]
1.06
373.48
502.29
955.20
7.38
4.69
106.16

3.07
869.43
840.10
1123.26
11.08
6.25
159.34

solubility in n-pentane
[mg/mL]
[mmol/L]
0.76
6.14
6.36
209.56
2.48
0.80
0.86

2.20
14.29
10.64
246.43
3.72
1.07
1.29

solubility in diethyl ether
[mg/mL]
[mmol/L]
11.45
50.18
54.83
273.88
1.75
0.65
8.00

33.15
116.80
91.70
322.06
2.63
0.87
12.01

Table 2: Effects of substituents on the solubility in different common organic solvents.

As is evident from the data in Table 2 and graphically displayed in Figure 25, almost all tested
compounds dissolve best in dichloromethane. Some can be dissolved moderately well in diethyl ether
while, except for the N-dodecyl triazatruxene, all compounds showed poor solubility in pentane. The
solubility of N-alkyl-substituted triazatruxenes is generally significantly higher than that of NHTAT,
which is only slightly soluble in diethyl ether, but almost insoluble in dichloromethane and pentane.
By attachment of alkyl groups the solubility in ether and DCM increases drastically. Peripheral bromosubstituents on the other hand, generally reduce the solubility to a large extent. The only brominated
derivative of the tested compounds, which is decently soluble, is 3-Br3NEtTAT in dichloromethane.
Comparing the N-alkyl substituted triindoles NEtTAT, NHexTAT and NDodecTAT it is obvious that the
solubility in all three tested solvents was slightly higher for the ethyl triazatruxene than for the hexyl
derivative. The same trend can also be seen for the 2-Br3NEtTAT and the 2-Br3NBuTAT. The desired
improved solubility by introducing long alkyl chains could only be observed for the NDodecTAT, which is
by far the best soluble of all the investigated triazatruxenes in all tested solvents and even can be
dissolved in pentane. This might give rise to further synthetic strategies and methods of product

30

III. Synthesis and properties of the triazatruxene core

dichloromethane
n-pentane
diethyl ether

Figure 25: Solubilities of differently substituted triazatruxenes in some common organic solvents.

isolation. The observed tendency towards a strongly enhanced solubility of the C12-substituted
derivative might arise from the sterical demand of the dodecyl groups, impeding extended π-stacking
and intermolecular association phenomena. This is also evident from the lowering of the melting point
to about 64 °C[128] compared to 132 °C for NHexTAT,[129] 203 °C for NEtTAT,[93] or even 350 °C for
NHTAT.[129]
The various modes of intermolecular interactions[98],[130]–[132] and solvation effects[133],[134] for
triazatruxenes have yet been extensively studied by BERTA GÓMEZ-LOR and co-workers. As described by
by CONSTANZA RUIZ et al.,[134] the decreased solubilities of NHexTAT and 2-Br3NBuTAT when compared to
NEtTAT and 2-Br3NEtTAT might be due to secondary intermolecular attractions like CH-π interactions
between the alkyl chains and the core. Moreover, simple linear alkyl substituents with short or midsize chain lengths are still not so bulky that they would interfere with molecular association that
diminishes the solubility. It is therefore to be expected that for significantly improving the solubility of
triazatruxenes long or branched alkyl chains should be used. As described by RUIZ et al.[134] crystal
morphology and molecular assembly are also influenced by the alkyl chains.
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One might also think of attaching, for example, polyethylene glycol chains to the nitrogen atoms to
achieve solubility in water without changing the basic properties of the triindole core. Condensing
differently substituted oxindoles, forming unsymmetrical triazatruxenes, might provide further
advantages and improve chromatographic separation. Moving towards the field of materials science,
the condensation of an N-polyethylene glycol oxindole bearing a hydrophilic moiety with N-alkyl
oxindole as a lipophile can afford amphiphilic triazatruxenes capable to form micellar structures.

5.

Properties of peripherally unsubstituted N-alkyltriazatruxenes

In this chapter, the electrochemical and spectroscopic properties of the N-alkyltriazatruxene core
structure without any substitution at the periphery will be discussed using N,N’,N’’-triethyltriazatruxene NEtTAT as a representative and the most relevant example. This serves as a reference
point for comparison with the more complex structures of modified triazatruxenes bearing peripheral
ruthenium vinyl, triarylamine or diphenylmethylium substituents (see Chapters IV, V and VI).

Cyclic Voltammetry
As can be seen in Figure 26 NEtTAT shows two reversible one-electron oxidation waves at half-wave
potentials of 298 mV (reversibility coefficient r = 0.98) and 916 mV (r = 0.87) on the ferrocene /
ferrocinium scale.

Figure 26: Cyclic voltammogram of NEtTAT; in 0.06 M nBu4NPF6 in CH2Cl2 (E vs. [Cp2Fe]/[Cp2Fe]+ = 0 V, ν = 100 mV/s).
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UV/Vis/NIR spectroscopy
Unlike cyclic voltammetry, spectroscopy is the study of the interaction between matter and
electromagnetic radiation.[135],[136]

Among the spectroscopic techniques, UV/Vis/NIR absorption

spectroscopy is a powerful tool to investigate electronic transitions. These transitions occur from
occupied to unoccupied molecular orbitals, normally from bonding to antibonding orbitals. Since the
energy splitting between those bonding and antibonding orbitals increases with orbital overlap,
σ-orbitals show a larger splitting than π-orbitals. Therefore, the absorption for σ-σ*-transitions is in
the vacuum ultraviolet region, while π-π*-transitions are in the “normal” UV region and can also be
shifted bathochromically towards the visible region of electromagnetic radiation for more extended
π-conjugated chromophores.[137],[138] Modern spectrometers cover often not only cover the ultraviolet
and visible region but can also detect light and therefore measure absorptions in the near infrared
region, which is often defined as the wavelength range in between 750 nm and 2500 nm. Absorptions
in this region can be molecular overtone or combination vibrations.[139] Highly extended, planar
orghanic π-systems with strongly delocalized molecular orbitals can also absorb at such low
energies.[140],[141] The other important origins of intense NIR absorptions are charge transfer processes.
In metal complexes the related bands can arise from ligand-to-metal or metal-to-ligand charge transfer
but can also originate from ligand-to-ligand charge transfer.[137],[139],[142]–[144] The incorporation of a
metal center is though not necessary and there are several examples of purely organic compounds
capable of charge transfer in the NIR.[144]–[146] The occurrence of both π-π*-transitions as well as charge
transfer processes in the charged states of triazatruxenes will be discussed for both substituted as well
as unsubstituted compounds.
Figure 27 shows the results of a spectroelectrochemical measurement of the first redox process of
NEtTAT. While the intensity of the most intense band at 317 nm decreases upon oxidation, new bands
in the visible region at 389 nm and 716 nm grow in. This is accompanied by a change of the visual
impression of the solution from colorless to intense green. Also, new bands in the near-infrared region
evolve, probably due to charge transfer excitations. TD-DFT calculations simulating the spectrum of
the neutral N-ethyltriazatruxene match the experimental spectrum in terms of the observable
absorption bands. The actual positions of the bands are, however, slightly shifted. The related
transitions in the ultraviolet region can all be assigned to π-π* transitions within the aromatic system.
Calculated spectra of NEtTAT, NEtTAT+ and NEtTAT2+ with assignment of the most significant excitations
can be found in Appendix 1. For the singly oxidized NEtTAT+ quantum chemical calculations correctly
predict a decrease of the oscillator strength for the most-intense absorption in the UV region as well
as the occurrence of several new bands in the visible and the NIR region of spectral light. The match
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is, however, only at a qualitative level. Nevertheless, these calculations can be used to assign the
transitions in the UV as π-π*-transitions again. The transitions in the Vis and near infrared can be
identified as charge transfer bands with a concomitant transfer of electron density from the sixmembered isocycles of the indole units to the central arene moiety, but also contain a partial π-π*character (see Figure 28).

Figure 27: UV/Vis/NIR spectroelectrochemistry of the first oxidation of NEtTAT; in 0.1 M nBu4NPF6 in 1,2-C2H4Cl2 at r.t.

Figure 28: Electron density difference maps for the calculated three most intense absorptions of NEtTAT+ at 298 (left),
644 (middle) and 1054 nm (right); (red: increasing electron density, blue: decreasing electron density).
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Upon further oxidation to the dication a bleaching of the charge transfer bands at wavelengths larger
than 500 nm occurs. The spectroscopic behavior of the oxidized species matches results described in
the literature for other N-alkyltriazatruxene derivatives.[127] However, for the dicationic compound, the
TD-DFT-calculated spectrum predicts several bands in the visible and near infrared region, and does
not match with the experimental measurement. The reason for this discrepancy is still unknown.

Figure 29: UV/Vis/NIR spectroelectrochemistry of the second oxidation of NEtTAT in 0.1 M nBu4NPF6 in 1,2-C2H4Cl2 at r.t.

EPR spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy is a very useful tool, which provides insights into
electronic molecular properties in paramagnetic states. The occurrence of an EPR signal itself already
demonstrates the existence of a paramagnetic spin state. The relative spectral “position” of the signals
in combination with the knowledge of the external magnetic field allows the determination of the
LANDÉ factor g. To obtain the LANDÉ factor g the ratio of the measured microwave frequency f and the
applied magnetic field B0 is multiplied by the PLANCK constant h and divided by the BOHR magneton 𝜇𝐵
(cf. equation (III.a))[147]

𝑔=

ℎ∗𝑓
𝜇𝐵 ∗ 𝐵0

(𝑰𝑰𝑰. 𝒂)
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The LANDÉ factor g already provides general information about the character of the free radical. LANDÉ
factors in the range or even below of those for the free electron (ge = 2.0023) indicate a completely
organic character of the radical. For purely organic molecules this information is not very important,
but when there are metal centers incorporated in an organic π-system, the LANDÉ factor offers
information on spin density distributions in particular with respect to metal contributions to the singly
occupied molecular orbital (SOMO). Another valuable information obtainable from EPR spectroscopy
are the hyperfine splittings. Coupling of the unpaired electron with adjacent nuclear spins often leads
to the observable splitting and fine-structuring of the EPR signal. The magnitude and pattern of these
splittings provide information about the coupling nuclei and therefore about the actual (de)localization
of the spin density in the current charge state.

Figure 30: EPR of NEtTAT+ at 20 °C in CH2Cl2.

Electron paramagnetic resonance spectroscopy of the N,N’,N’’-ethyltriazatruxene NEtTAT shows an
isotropic signal without any resolved hyperfine splittings. The determined LANDÉ factor of giso = 1.995
is typical of an organic paramagnetic system and is slightly lower than the value of the free electron
(ge = 2.00232). The obvious absence of resolved hyperfine splittings in particular to the 14N nuclei, both
at room temperature as well as in measurements below the solvent’s freezing point, can be traced to
an extensive delocalization of the unpaired spin over the entire triindole core. As a consequence, the
multitude of couplings leads to signal broadening, making a resolution of individual hyperfine splittings
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impossible. This assumption of a high degree of spin density delocalization is affirmed by the rather
large splitting between the potentials of the first and second oxidations as measured by cyclic
voltammetry. Another hint to extensive delocalization is the existence of low-energy absorption bands
in the near infrared, as those are also often associated with rigid, highly delocalized structures.[139],[144]–
[146]

DFT calculated spin density distributions for the mono- and dication support these assumptions by

showing a delocalization over the entire molecule (see Figure 31). In particular, they explain the
absence of resolved hyperfine splittings to the 14N nuclei by placing hardly any spin density on the NEt
constituents. The dicationic state, which can either have a singlet or triplet ground state, can
unfortunately not be measured using EPR spectroscopy. Because of its highly anodic half-wave
potential, it cannot be generated by typical chemical oxidants. An electrochemical generation is also
impossible as it is limited by the experimental EPR spectroelectrochemical setup. However, DFT
calculations predict that the dication prefers a triplet state. The energy difference between the singlet
and the triplet states is about 15 kJ/mol.

Figure 31: Calculated spin densities for NEtTAT+ (left) and NEtTAT2+ (right) in its triplet state.
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6.

Summary

Since the preparation of triazatruxene derivatives raises certain hurdles, especially about the selective
introduction of peripheral substituents, some of the most common synthesis routes known to
litereature were evaluated with regard to the yields of the preparation and the possibilities of a
subsequent introduction of functional groups. The cyclocondensation of three halogenated oxindoles
induced by phosphorus oxychloride offered the most promising yields for the synthesis of the
triazatruxene core and granted the opportunity of an exchange of the attached halogens for different
moieties. The formation of the triazatruxene throughout synthesis was discussed mechanistically on
the basis of literature known reactions of related systems and a possible mechanism was outlined.
Taking into account also different routes towards triazatruxenes a functionalization of the
unsubstituted triazatruxene core was investigated and directing effects and the influence of different
groups on aromatic substitution reactions were discussed.
Besides focusing on the triazatruxene π-system the alkyl protection groups at the central nitrogen
atoms were identified as a potential target for adjusting some of the molecules’ properties. Thererfore,
the role of these substituents was examined. These groups exert only a very small influence on the TAT
scaffold and its electronic and spectroscopic properties but can be used for adjusting other molecular
characteristics. Tackling the triazatruxenes’ poor solubility in some organic solvents, derivatives with
different alkyl substituents at the central nitrogen atoms were synthesized and their solubility in
common organic solvents was determined.
The properties of peripherally unsubstituted triazatruxenes were investigated as a prerequisite for the
future examination of functionalized derivatives. The TAT core itself shows two almost completely
reversible one-electron oxidations at half-wave potentials of 298 mV (reversibility coefficient r = 0.98)
and 916 mV (r = 0.87) on the ferrocene / ferrocinium scale. For the first oxidation UV/Vis/NIR
spectroscopy shows distinct bands in the UV, Vis and NIR region, which were assigned by TD-DFT
calculations as charge transfer bands with a concomitant transfer of electron density from the sixmembered isocycles of the indole units to the central arene moiety, but also contain a partial π-π*character. For the second oxidation the bands in the Vis and NIR region bleach and only the band in
the UV region is mainly consistent. Due to the high half-wave potential of the second oxidation of the
triazatruxene only the monocationic species can be addressed for measuring EPR spectroscopy. The
spectrum shows an isotropic singulet and LANDÉ factor of giso = 1.995 was determined as to be expected
for this kind of purely organic compound.
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IV.

Ruthenium Vinyl Substituted Triazatruxenes
1.

Introduction

One of the central goals of this work was to build up triazatruxenes with up to three peripheral
substituents, each contributing an additional one-electron redox process. The resulting compounds
were to be investigated with respect to the electronic delocalization as probed by charge and spin
density distributions in their mixed-valent states, where only parts of the peripheral redox sites are
oxidized. These structures should also disclose the ability of the triindole core to act as a conduit and
to electronically couple the peripheral redox sites. This is not a trivial task in particular when
π-conjugation between the peripheral redox sites and the core delocalize the relevant frontier MOs
over the entire system such that no clear-cut distinction between core and periphery exists anymore.
The phenomenon of mixed-valency is widespread in chemistry itself with prominent examples like
Prussian Blue or magnetite, Fe3O4, coming to mind.[148],[149] In accordance with a classification by MELVIN
ROBIN and PETER DAY, systems, where identical or similar redox-active end groups in formally different
oxidation states are connected by a bridge, can be categorized into three principal classes (see Figure
32).[1]

Figure 32: Classes of mixed-valent systems according to ROBIN and DAY.[1]
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•

Mixed-valent systems belong to Class I, when there is no interaction between the appended
two redox centers. The bridge is completely insulating such that the charge and the unpaired
spin reside at just one of those sites.

•

Class II: There is partial delocalization of the charge and spin density over the individual redox
sites. The system’s frontier orbitals extend over the end groups and the bridge. Nevertheless,
the redox sites remain electronically inequivalent in the electronic ground state and can be
differentiated with respect to the local electron density (charge state) by at least one
spectroscopic method. If the rate of intramolecular electron transfer is, however, faster than
the timescale inherent to the spectroscopic technique employed, the system may appear
delocalized. This phenomenon is known as valence detrapping.[150],[151]

•

Class III systems have an intrinsically delocalized electronic ground state. The charge is evenly
distributed over the individual redox sites. This requires strong electronic coupling between
the redox sites and strong interactions between the local frontier MOs of the redox termini
and those of the bridge.

In the case of trisubstituted triazatruxenes, investigation of mixed-valent states might even be more
challenging since such an architecture goes beyond the common design of two redox centers
connected by a common bridge. Due to its trigonal structure up to three – or even six for sixfold
substitution – moieties can be attached and interconnected by the triazatruxene core (see Figure 33).
A further complicating, yet particularly intriguing aspect to be considered is the triindole’s ability not
only to serve as a common bridging ligand, but to also contribute two oxidation states by itself (see
Chapter III.5.1).
Concerning the identity of peripherally appended redox-active substituents, the ruthenium vinyl
moiety Ru(CO)(CH=CH-)Cl(PiPr3)2 was first chosen. The incorporation of these 16 valence electron
entities into extended π-conjugated systems is well established within our working group. In 1986 first
examples of this kind of complexes have been published by TORRES et al.[152] and the group of HELMUT
WERNER[153],[154] demonstrating their facile synthesis by metal hydride insertion into the C≡C bond of a
terminal or internal alkyne. While providing reversible one-electron oxidation processes, ruthenium
vinyl entities also have the ability to stabilize higher oxidation states of the attached aryl system. For
these reasons they have been widely used for exploring mixed-valency, the electronic properties and
the manipulation thereof within π-conjugated systems of differently substituted benzenes[155]–[161],
anthracenes[162],[163], zinc porphyrins[164] or triarylamines,[165] for example.
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Figure 33: Triazatruxene as bridging ligand for mixed-valent systems.

One asset which makes this ruthenium alkenyl entity particularly well-suited for the investigation of
mixed-valent systems is the carbonyl ligand at the ruthenium atom. It can be used as a charge-sensitive
IR probe. The stretching mode of the carbonyl ligand in this type of ruthenium complexes is
represented by an intense band in the infrared region, which can be found roughly at an energy in
between 1900 and 1915 cm-1 for the neutral complexes and at 1950 to 2000 cm-1 for their oxidized
forms. The change of ν(CO) on one-electron oxidation mirrors the change in metal dπ → CO π* back
donation as sketched in Figure 34. The higher the electron density at the metal center is, the stronger
is this backbonding. Since this leads to stronger occupation of antibonding π* orbitals, the C-O bond is
weakened. This results in a lowering of the vibrational frequency with respect to the free CO molecule
(𝜈̃ = 2143 cm-1), which can be monitored spectroscopically. When a metal carbonyl complex is oxidized,
the electron-density at the ruthenium atom decreases. This in turn weakens π-back donation and
strengthens the CO bond. Hence, there is a blue shift of 𝜈̃(CO). For measuring changes in both IR and
UV/Vis while altering the charge state of the probe, an optically and IR transparent thin layer
electrochemical cell as described by FRANTIŠ EK HARTL and co-workers[166] is used.
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Figure 34: Backbonding from metal to carbonyl π*-orbital.

Yet another intriguing aspect of this moiety can be seen in EPR spectroscopy. A particularly efficient
overlap between the Ru 4d orbitals and the frontier orbitals of an unsaturated π-conjugated ligand
allows for extensive delocalization of the spin density onto the organic ligand. This in turn allows for
the detection of an EPR signal even in fluid solution at room temperature, often with resolved
hyperfine splitting to 31P and

99/101

Ru nuclei or protons at the alkenyl ligand. Depending on the spin

delocalization, even more complex structured signals can be found, offering further information on
valence distribution. For these reasons the attachment of one, two and three peripheral ruthenium
vinyl moieties at the 2- and the 3-positions of the triazatruxene core promised to be an ideal starting
point for examining and thereby understanding the systems’ properties and possibilities to control and
reversibly alter them.

2.

Synthesis
Introduction

In order to gain a deeper understanding of the properties and possible manipulation of triazatruxene
derivatives target molecules 2-RuVin1TAT, 2-RuVin2TAT, 2-RuVin3TAT and 3-RuVin3TAT were
synthesized (see Figure 35). Comparison of regioisomers 2-RuVin3TAT and 3-RuVin3TAT should
disclose the impact of the site of attachment, in particular on the electronic properties of the oxidized
forms. Considering KEKULÉ structures and OVCHINNIKOV‘s rule,[167] there should be distinct differences
with respect to spin and charge delocalization between 2- and 3-substituted triazatruxenes. Also,
mesomeric stabilization and inductive effects from electron-donating or withdrawing moieties depend
on the actual substitution site. In addition, appending different numbers of ruthenium vinyl groups to
the periphery of the triazatruxene as in complexes 2-RuVin1TAT, 2-RuVin2TAT and 2-RuVin3TAT varies
the number of redox centers and available redox states and should have a large impact on the
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electronic properties. In triazatruxenes bearing one or two attached redox sites, the threefold
symmetry is broken. This makes all three indolyl substituents electronically different.

Figure 35: The synthesized ruthenium vinyl-substituted triazatruxenes.

Symmetrical ruthenium vinyl triazatruxenes
For the all symmetrically substituted tris(ruthenium vinyl)-TAT derivatives, syntheses started with the
respective tribrominated precursors 2-Br3TAT and 3-Br3TAT. By SONOGASHIRA coupling with
trimethylsilylacetylene, the TMS-protected trialkynes 2-(TMSA)3TAT and 3-(TMSA)3TAT were obtained
in quite good yields of 78 % or 76 %, respectively (see Figure 36 and Figure 37). Deprotection with
potassium hydroxide afforded the trialkynes 2-A3TAT and 3-A3TAT, which could then be
hydroruthenated almost quantitatively, yielding the desired trinuclear triindoles 2-RuVin3TAT and
3-RuVin3TAT (see Figure 36 and Figure 37). Experimental details can be found in Chapter IX.2 while
NMR data for the synthesized ruthenium vinyl derivatives will be discussed in detail in Chapter IV.3.
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Figure 36: Synthesis of 2-RuVin3TAT.

Figure 37: Synthesis of 3-RuVin3TAT.

44

IV. Ruthenium Vinyl Substituted Triazatruxenes

Synthesis of unsymmetrical ruthenium vinyl triazatruxenes
As already mentioned, the synthesis of unsymmetrically substituted triazatruxenes is far more
challenging. The development of synthetic strategies towards such compounds in general was one of
the main goals of this work. The main problems are on the one hand a lack of selectivity when either
three differently substituted oxindoles are condensed to one trimer or when the peripherally
unsubstituted triazatruxene is reacted with substoichiometric amounts of an electrophile. For
example, bromination of the unsubstituted N-ethyltriazatruxene NEtTAT results in a mixture of
compounds containing the starting material as well as mono-, di-, and tribrominated triazatruxenes.
The second problematic aspect is, that these bromo derivatives with different degrees of bromination,
which could readily be used as precursors for further functionalization, are chromatographically
inseparable due to the small polarity differences. In case of the mono-ruthenium vinyl derivate this
problem could be circumvented. As shown in Figure 38, the unsubstituted NEtTAT was reacted with
one equivalent of N-bromosuccinimide.

Figure 38: Synthesis of 2-RuVin1TAT.

The product of this reaction was not isolated, but the crude mixture was used for SONOGASHIRA coupling
with trimethylsilylacetylene. This increased the differences in polarity to such an extent that
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chromatographic separation was possible. Nevertheless, the yield of isolated 2-ethinyltriazatruxene 2A1TAT was only 10 percent over the two steps, and it still contained five to ten percent of di- and
unsubstituted triindole byproducts. This product though could then be deprotected leading to the
crude monoalkynyl compound, which was finally reacted with HRu(CO)Cl(PiPr3)2 to afford the
mononuclear species 2-RuVin1TAT.

Figure 39: Attempt to improve chromatographical separation by long-chain alkylsilyl groups.

Since this method could not properly be used for the synthesis of the dinuclear complex and a more
general synthetic procedure was to be developed, it was further attempted to find improved methods
for separation of mixtures of mono-, di- and, possibly, trisubstituted triazatruxene derivatives. To these
ends the introduction of the dimethyl-octadecyl silyl substituent as protecting groups was tested as
shown in Figure 39. This now enabled the separation of the mono-, di- and triethinylated, silylprotected triazatruxenes. However, attempts to replace the silyl moieties by an iodine atom by
addition of iodochloride could not be achieved. The powerful electrophile was able to deprotect the
starting material, but it also led to an electrophilic aromatic substitution, again resulting in complex
mixtures of oligo-substituted triazatruxenes. Because of this failure to replace the silyl group, a change
of strategy was necessary. In a further attempt, after metalation with tertiary butyl lithium and the
addition of 1.5 equivalents of the dimethyloctadecylsilyl chloride, an excess of N-iodosuccinimide was
added in order to iodinate the partially lithiated species. By this means, a product mixture should be
obtained, which has all bromo substituents of the starting material replaced by either iodine or the
octadecylsilyl protecting group (see Figure 40).
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Figure 40: Attempt to halogenate the preformed mono- and disilylated species.

Unfortunately, the attempt to react the lithiated species with NIS failed. Therefore, hydrogen atoms
were added instead upon work-up of the reaction. In a similar attempt N-bromosuccinimide was used,
but also ended in a mixture of oligosubstituted compounds, partially also bearing bromo and hydrogen
atoms at the 2-positions. In order to circumvent the problem of unselective postlithiation and Lihalogen exchange on trifold substitution, the usage of a substoichiometric amount of tertiary butyl
lithium was tried (see Figure 41). By this means, a mixture of brominated silyltriazatruxenes should be
obtained and chromatographically separated. This reaction unfortunately also afforded triindoles with
bromo, silyl and hydrogen atoms in the 2-positions. As a result another method had to be devised
leading to reductive dehalogenation and substitution of halogeno substituents by hydrogen atoms.

Figure 41: Attempt to partially replace the bromo-substituents by octadecyldimethylsilyl moieties.
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Trimethylsilylacetylene is widely used for the introduction of protected terminal alkynes and can
readily be used for SONOGASHIRA coupling. When KENKICHI SONOGASHIRA et al. proposed their “convenient
synthesis of acetylenes”,[168] they also suggested the usage of various other alkyne reagents suitable
for their coupling, among them propargylic alcohol. Due to the slow conversion of starting materials
under the suggested conditions, especially for electron-poor arenes, improvements to the procedure
were patented[169] and published[170],[171] by EDWARD T. SABOURIN and co-workers, including the
replacement of propargylic alcohol by 2-methyl-3-butyn-2-ol (mebynol). In our case we hoped for a
better chromatographic separation by introducing the polar hydroxy groups and therefore focused on
two new approaches using mebynol as alkynylation reagent. On the one hand NEtTAT waspartially
halogenated using two equivalents of N-bromosuccinimide (NBS), resulting in a mixture of brominated
triazatruxenes with Br atoms in the 2-position. This mixture was then directly used for SONOGASHIRA
coupling with an excess of 2-methyl-3-butyn-2-ol (see Figure 42). Surprisingly, under the chosen
conditions of bromination, despite using 2.1 equivalents of NBS, the formation of monobrominated
compound 2-Br1TAT is presumably favored. This can be concluded from the ratio of the mebynolsubstituted products 2-meby1TAT, 2-meby2TAT and 2-meby3TAT, which were obtained in yields of
36 %, 19 % and 16 %, respectively. Nevertheless, the combined yield of 71 % for all three products
provides a decent option to obtain all precursors for further functionalization within one reaction. By
optimizing the reaction conditions of the halogenation, for example by adjusting the quantity of Nbromosuccinimide, the relative yields of the desired product can be increased. The subsequent
deprotection of the respective protected alkynes was attempted by the addition of potassium butoxide
to a solution of 2-meby2TAT in toluene and heating the mixture under reflux for 4 h. Unfortunately,
this deprotection is quite sluggish and chromatography of the crude products afforded only tiny
amounts of the desired dialkyne 2-A2TAT (10 mg, 8 % yield). This fraction was used for further
hydroruthenation. This afforded the desired 2-RuVin2TAT, which could be identified and characterized
by NMR spectroscopy. Unfortunately, owing to the small amounts of substance obtained from the test
reaction, the product still contained traces of other impurities and could not be analyzed with respect
to its chemical and physical properties. Nevertheless, by the development of this strategy, the
prerequisites for synthesis and isolation of unsymmetrically substituted triazatruxenes have been
provided. Further optimization of this procedure might increase the yield of the disubstitution product.
For more complex substitution motifs and to improve the relative portions of mono-, di- and
trisubstituted compounds the condensation of suitable mixtures of different oxindoles should be
considered as an alternative option. The reaction of a mixture of differently substituted oxindoles with
phosphorus oxychloride might not only allow a better adjustment of the ratio of formed products, but
also grants access to unsymmetrical substitution in 3-position or the introduction of different
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substituents. Additionally, syntheses of hybrid molecules with partial substitution in 2- and 3- position
can be taken into consideration. For the cleavage of the mebynol entity the usage of other
deprotection agents is to be considered as well. A sodium hydride catalyzed cleavage as reported by
STEPHEN J. HAVENS et al.[172] might improve the yields for this step.

Figure 42: Synthesis of 2-RuVin2TAT.

The second approach towards partially ethinylated triazatruxenes started with the tribrominated
starting material 2-Br3TAT. This was reacted under SONOGASHIRA conditions with 2.05 equivalents of
2-methyl-3-butyn-2-ol (mebynol) as shown in Figure 43. The mixture of oligosubstituted derivatives
could be separated chromatographically, yielding 35 percent of the desired 2-Br1,2’-,2’’-meby2TAT.
Deprotection of this compound was tested qualitatively by thin layer chromatography and by the
occurrence of 1H-NMR signals of the free alkyne, but the product was not isolated. However, by this
means the suitability of the mebynol group as an auxiliary for improving chromatographic separation
was demonstrated. The terminal ethinyl groups obtained by mebynol cleavage can be deliberately
used for further functionalization by hydrometallation or reactions like, for example, 1,3-dipolar azide-
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alkyne cycloadditions as described by ROLF HUISGEN et al. [173] The latter are often referred to as “clickreactions”. The alkynes are valuable and flexible building blocks for further functionalization. For
example, they can be reduced to alkenes or aliphatic groups. By ozonolysis both the aldehydes as well

Figure 43: SONOGASHIRA coupling towards mebynol-protected bromotriazatruxenes.

as the carboxylic acids can be obtained. If the alkynes are to be removed completely, oxidative cleavage
either by ozonolysis or treatment with strong oxidants like potassium permanganate followed by
decarboxylation can be considered. These conditions should be compatible with, for example, halogen
substituents, which can be used for further functionalization. Furthermore, the simultaneous presence
of ethinyl and bromo substituents offers ample opportunities for further functionalization. Thus, in a
stepwise fashion, the ethinyl groups can undergo SONOGASHIRA coupling with more active coupling
partners, leaving the bromo substituents untouched. The latter can then be used in a separate crosscoupling to introduce yet other functionalities. Likewise, a targeted synthesis of ethinyl-linked di- and
tri- triazatruxenes can be envisioned.

3.

NMR spectroscopy regarding the triazatruxene core

Understanding NMR spectra of synthesized compounds is crucial for every chemist. The correct
interpretation of the NMR spectra of unsymmetrically substituted triindole derivatives is not trivial,
though, and has led to several incorrect assignments in the literature. It therefore seems prudent to
discuss this matter separately as is done here. As shown in Chapter III.4, the effect of the alkyl
substituents on the NMR shifts of the core protons is only negligible. We therefore focus here on the
influence of peripheral substituents. All signals of the 1H- and 13C-NMR spectra could be identified as
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belonging to substituted or unsubstituted indol moieties and be conclusively assigned by using twodimensional NMR techniques. A differentiation of two identically substituted indoles is still not
possible, due to overlapping signals and lacking options of accurate assignment. Nonetheless, the
assignment of NMR signals to the corresponding moieties is an important prerequisite for the
identification of unsymmetrically substituted triazatruxenes. On the basis of mono- and trisubstituted
derivatives the NMR spectroscopic behavior of triazatruxenes will be discussed. Below the structure of
the monoethinyl triazatruxene 2-A1TAT is shown along with the applied numbering and assignment.
As already described, in all symmetrically substituted derivatives bearing three identical substituents
the positions are not further differentiated, meaning for example that the classification of an 1H-NMR
signal as belonging to H1 in 2-Br3TAT actually refers to positions H1, H1’ and H1’’.

Figure 44: Numbering of atoms for NMR spectroscopic signal assignment.

From the data in Table 3 and Table 4, the effect of electron-donating and electron-withdrawing
substituents on the 1H- and 13C-NMR shifts of symmetrically 3-substituted triazatruxenes becomes
evident, in particular by comparison with the unsubstituted NEtTAT. One would expect that electronwithdrawing substituents preferably lead to a downfield shift. This is actually true for the 1H-NMR shifts
while the protons vicinal to the substituted position are affected more strongly. In the

13

C-NMR

spectra, the substituted carbon atoms are, of course, most affected. For the vicinal positions no clear
trend is visible. The signals of the N-alkyl chains are only slightly shifted, differing only by a maximum
of 0.3 ppm for all investigated compounds. Further tables with NMR data of mono- and trisubstituted
compounds can be found in Appendix 2 and Appendix 3. The central quarternary carbon atoms are
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also rather weakly affected by the peripheral substituents. While the shifts of the C7 and C8 atoms are
almost completely decoupled from the impact of the peripheral substituents, the C5 and C6 carbons
are weakly influenced by their electronic properties.

1

Compound
Et

N TAT
3-(TMSA)3TAT
3-(CHO)3TAT
3-RuVin3TAT

1

H

7.68
7.56
7.75
7.47

H-NMR (400 MHz; CDCl3)
H2
H3
H4
a

7.48 7.38
7.59
8.01
7.16
-

8.37
8.43
8.87
8.02

5.05
4.98
5.05
4.91

b
1.63
1.61
1.74
1.61

Table 3: Effect of the character of substituents on the 1H-NMR shifts of symmetrically trisubstituted triazatruxenes with
different 3-substituents.

13

Compound
Et

N TAT
3-(TMSA)3TAT
3-(CHO)3TAT
3-RuVin3TAT

1

C
110.5
110.4
110.5
110.4

2

C
123.0
127.3
126.3
120.8

3

C
120.0
114.6
129.7
132.2

Table 4: Effect of the character of substituents on the

C-NMR (101 MHz; CDCl3)
C4
C5
C6
C7
121.6 123.7 141.0 138.8
125.9 123.2 140.8 139.1
123.9 122.9 144.3 139.3
116.8 124.1 138.9 139.2
13C-NMR

C8
103.4
103.2
103.9
103.6

a
41.9
42.1
42.1
42.2

b
15.6
15.5
15.6
16.3

shifts of symmetrically trisubstituted triazatruxenes with

different 3-substituents.

Taking a closer look at the role of the substitution position, Table 5 and Table 6 illustrate that the
peripheral substituents do not very much affect the NMR shifts of the N-alkyl moieties. The only
exception is 2-RuVin3TAT. This effect probably arises from a through-space interaction caused by the
proximity of the sterically demanding ruthenium vinyl moiety shielding the N-ethyl protons from the
electromagnetic field. This results in the observed downfield shift. For both substitution patterns, 2and 3-, it becomes obvious that the vicinal positions are affected most. Generally, the 2-substituted
compounds show more significant shift differences between differently substituted congeners of 1H
and especially 13C signals than the corresponding 3-substituted derivatives. This might already point to
a higher degree of intramolecular interaction and electronic delocalization in the 2-substituted
triazatruxene derivatives.
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1

H-NMR (400 MHz; CDCl3)

Compound

H

H2

H3

H4

a

b

2-Br3TAT
2-(TMSA)3TAT
2-RuVin3TAT
3-Br3TAT
3-(TMSA)3TAT
3-RuVin3TAT
NEtTAT

7.77
7.75
7.77
7.44
7.56
7.47
7.68

7.53
7.59
7.16
7.48

7.45
7.46
7.62
7.38

8.12
8.19
8.63
8.28
8.43
8.02
8.37

4.90
4.95
5.44
4.74
4.98
4.91
5.05

1.57
1.58
2.08
1.53
1.61
1.61
1.63

1

Table 5: 1H-NMR shifts of symmetrically trisubstituted N-ethyltriazatruxenes (2- and 3-isomers).

13

Compound
2-Br3TAT
2-(TMSA)3TAT
2-RuVin3TAT
3-Br3TAT
3-(TMSA)3TAT
3-RuVin3TAT
NEtTAT

a

b

103.3
103.5
103.7
102.4
103.2
103.6

41.9
41.9
42.0
41.9
42.1
42.2

15.5
15.7
15.8
15.5
15.5
16.3

110.5 123.0 120.0 121.6 123.7 141.0 138.8 103.4

41.9

15.6

113.5
114.0
105.6
111.8
110.4
110.4

C

2

116.9
117.4
135.0
125.9
127.3
120.8

C

3

C-NMR (101 MHz; CDCl3)
C4
C5
C6
C7

C8

C

1

123.3
124.3
117.5
113.3
114.6
132.2

122.7
121.3
121.9
124.1
125.9
116.8

122.3
123.6
120.6
124.9
123.2
124.1

141.9
140.3
142.0
139.3
140.8
138.9

138.7
139.6
138.4
139.0
139.1
139.2

Table 6: 13C-NMR shifts of symmetrically trisubstituted N-ethyltriazatruxenes (2- and 3-isomers).

A very important aspect, which should be discussed in the following, is the effect of mono- or disubstitution. Hereby the symmetry is broken complicating the assignment of NMR signals. Table 7 and
Table 8 show the NMR shifts of 2-A1TAT in comparison with the unsubstituted NEtTAT and trisubstituted 2-A3TAT. The NMR spectra of the monosubstituted derivative comprise basically of a set
of signals of the two unsubstituted indoles and one set, which is similar to the trisubstituted compound
for the third sidearm. This indicates that, in the reduced state, the influence of one sidearm on the
other is rather small due to the large distance. What makes signal assignment nevertheless difficult, is
the asymmetry that leads to a small deviation from the original signal structure, resulting in
overlapping multiplets. Since the differences are too small, it is not possible to differentiate between
the two unsubstituted indoles.
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1

Compound

H-NMR (400 MHz; CDCl3)
H
H3
H4

1

2

H

a

b

2-A3TAT

7.78

-

7.48

8.20

4.93

1.59

2-A1TAT

7.81
7.68

7.51 - 7.45

7.51 - 7.45
7.40 - 7.34

8.25
8.35

4.95
-

1.57
-

7.66

7.51 - 7.45

7.40 - 7.34

8.33

5.07

1.66

7.68

7.48

7.38

8.37

5.05

1.63

Et

N TAT

Table 7: 1H-NMR shifts of un-, mono-, and tri-ethinylated triazatruxenes.

13

Compound
2-A3TAT
2-A1TAT
NEtTAT

1

C
114.3
114.2
110.6
110.6
110.5

2

C
116.3
115.9
123.2
123.2
123.0

C-NMR (101 MHz; CDCl3)
C4
C5
C6
C7
121.4 123.8 140.3 139.7
121.3 124.1 140.3 139.6
121.7 123.6 140.9 139.2
121.6 123.6 140.9 138.5
121.6 123.7 141.0 138.8

3

C
124.3
124.0
120.2
120.1
120.0

C8
103.4
103.7
103.3
103.3
103.4

a
41.9
41.9
41.9
41.9
41.9

b
15.6
15.7
15.6
15.6
15.6

Table 8: 13C-NMR shifts of un-, mono-, and tri-ethinylated triazatruxenes.

Finally, data for the dialkyne 2-A2TAT as shown in Table 9 and Table 10 confirm, that the three sidearms
are almost independent from each other as far as their NMR shifts are concerned. A similar behavior
was also observed for all other unsymmetrically substituted compounds. This should considerably aid
in the interpretation of their NMR shifts and their identification.

1

Compound
2-A3TAT
2-A2TAT
NEtTAT

1

H
7.78
7.79
7.79
7.66
7.68

H-NMR (400 MHz; CDCl3)
H
H3
H4
7.48
8.20
7.51 - 7.44
8.25 – 8.17
7.51 – 7.44
8.25 – 8.17
7.51 - 7.44
7.36
8.31
7.48
7.38
8.37
2

a
4.93
4.87
5.04
5.05

b
1.59
1.55
1.67
1.63

Table 9: 1H-NMR shifts of un-, di-, and tri-ethinylated triazatruxenes.
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13

Compound
2-A3TAT
2-A2TAT
NEtTAT

1

C
114.3
114.3
114.2
110.6
110.5

2

C
116.3
116.4
116.1
123.3
123.0

3

C
124.3
124.3
124.2
120.3
120.0

C-NMR (101 MHz; CDCl3)
C4
C5
C6
C7
121.4 123.8 140.3 139.7
121.4 124.1 140.3 139.3
121.4 124.1 140.3 139.0
121.7 123.7 140.9 138.9
121.6 123.7 141.0 138.8

C8
103.4
103.5
103.5
103.3
103.4

a
41.9
41.9
41.9
41.9
41.9

b
15.6
15.6
15.6
15.6
15.6

Table 10: 13C-NMR shifts of un-, di-, and tri-ethinylated triazatruxenes.

4.

Quantum Chemical Calculations

As a powerful means to obtain deeper insights into the electronic structures, quantum chemical
calculations have been carried out for the ruthenium vinyl triazatruxenes in all accessible charge states.
The trisubstituted compounds 2-RuVin3TAT and 3-RuVin3TAT can exist in five different oxidation states
ranging from the neutral to the pentacationic state. In addition, they can also establish equilibria of
different valence tautomers. In such a complex situation, DFT calculations can aid in rationalizing the
experimentally observed properties of these systems and the origin of their prominent electronic
transitions. The Appendices Appendix 4, Appendix 5 and Appendix 6 display the calculated energies of
each related individual charge and spin state for complexes 2-RuVin1TAT, 2-RuVin3TAT and
3-RuVin3TAT as well as the relative population of those spin states at room temperature according to
a BOLTZMANN-GIBBS distribution in tabular form. In the following chapters, quantum chemical data,
which are compared with experimental results, always pertain to those of the energetically favored
states.
The ground state electronic structures of the full models of all complexes were calculated by density
functional theory (DFT) methods using the Gaussian 09 program packages.[174] Open shell systems were
calculated by the unrestricted KOHN-SHAM approach (UKS).[175] The quasirelativistic WOOD-BORING
small-core pseudopotentials (MWB)[176],[177] and the corresponding optimized set of basis functions for
Ru[178] and 6-31G(d) polarized double- basis sets[179] for the remaining atoms were employed together
with the PERDEW, BURKE, ERNZERHOF exchange and correlation functional (PBE0).[180],[181] The GaussSum
program package was used to analyze the results,[182] while the visualization of the results was
performed with the Avogadro program package.[183] Graphical representations of molecular orbitals
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were generated with the help of GNU Parallel[184] and plotted using the vmd program package[185] in
combination with POV-Ray.[40]

5.

Cyclic Voltammetry†

Considering the two redox processes of peripherally unsubstituted NEtTAT and the ability of ruthenium
vinyl or other redox-active endgroups, each contributing one reversible oxidation state, such
trisubstituted triazatruxenes should undergo up to five one-electron oxidations and, offer access to a
total of six oxidation states. However, not only the number of accessible redox processes, but also the
corresponding half-wave potentials are expected to be strongly influenced by the number and
character of substituents. The impact of the conjugated π-system at the ruthenium vinyl moiety was
first investigated by JÖRG MAURER et al.,[157] who compared ruthenium hexenyl, ruthenium styryl and
ruthenium pyrenenyl complexes. Upon extension of the π-conjugated system the vinyl ligand
contribution to the frontier molecular orbitals increases. This amplification of the ligands’ “noninnocent”[186],[187] character also leads to a better stabilization of the positive charge, when the
respective complex is oxidized. Therefore the half-wave potentials of the redox-processes decrease, in
case of the given examples from 470 mV for the hexenyl complex (nBu-CH=CH)Ru(CO)Cl(PPh3)2 to
330 mV for the styryl and to 195 mV for the pyrenenyl analogues. The electronic properties of such
complexes can also be strongly modified by the introduction of suitable substituents to a given aryl
alkenyl template. In order to demonstrate the effect of electron-withdrawing and electron-donating
substituents, ruthenium styryl complexes with different substituents in para-position of the phenyl
ring have been investigated by the group of RAINER WINTER. The latter ranged from the strongly
electron-withdrawing nitro group to the strongly electron-donating NMe2 substituent as the extreme
cases. While the electron-poor para-nitrostyrenyl derivative (4-NO2C6H4-CH=CH)Ru(CO)Cl(PiPr3)2
shows a reversible one-electron oxidation at 471 mV,[188] the respective para-dimethylamino
derivative is much more readily oxidized at a half-wave potential of -190 mV.[188],[189] For redox-active
metal complexes with non-innocent ligands, both the influence of the ligand on the metal and that of
the metal ion on the ligand have to be considered. As already mentioned in Chapter IV.1, ruthenium
vinyl-substituents offer a stabilizing effect when incorporated into a positively charged metalorganic

†

All discussed half-wave potentials in this chapter refer to the Fc/Fc+ redox couple and were measured at room
temperature with a velocity of 100 mV/s using the setup described in the materials and methods part (Chapter IX.1).
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molecule.[157],[190]–[192] When the connected aromatic system, as in the case of the here investigated
triazatruxene core, is also able to contribute redox-processes by itself a mutual influence is to be
expected. The attachment of up to three peripheral ruthenium vinyl moieties should thus exert a
strong impact on the triazatruenes’ electrochemical properties.
First, the effects of changing the number of the vinylruthenium appendices will be investigated
comparing 2-(RuVin)1TAT and 2-(RuVin)3TAT. As can be seen from Figure 45, the monoruthenium
triazatruxene complex shows three redox waves in cyclic voltammetry. While the first and the second
oxidation are mainly reversible the most anodic oxidation appears only partially reversible on the CV
timescale. The small additional waves marked by an asterisk are due to a minor impurity arising from
the mentioned difficult separation of the oligosubstituted TMS-ethinyl triindoles leading to the
formation of 2-(RuVin)2TAT byproduct upon hydroruthenation.

*
*

Figure 45: Cyclic voltammogram of 2-RuVin1TAT; recorded in 0.06M nBu4BArF6 (E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).

The first oxidation takes place at a half-wave potential of -34 mV. As obvious from the HOMO in
Figure 47, it can be assigned to mainly the indolyl ruthenium vinyl moiety but there are also
contributions of the two unsubstituted indole moieties. The parent metalorganic compound
constitutes an expanded relative of the unsubstituted NEtTAT. Other reference systems serving as
points of comparison are the aforementioned ruthenium styryl (RuSty) and the N-ethyl carbazole
substituted complex 3-RuVin1Cb (see Figure 46).[193]
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Figure 46: Structure of the ruthenium vinyl carbazole 3-RuVin1Cb.[193]

The mononuclear triazatruxene therefore represents an extended derivative of the latter. A closer look
at the highest occupied molecular orbitals of NEtTAT, RuSty and RuVin1TAT substantiates this notion
(see Figure 47). It is to be mentioned that for all DFT calculations of ruthenium vinyl triazatruxenes the
triisopropylphosphane ligands at the metal centers have been replaced by trimethylphosphane ligands
to reduce the computing effort without severely affecting the precision of the calculation.[194]

Figure 47: HOMOs of NEtTAT (left), 2-RuVin1TAT (middle) and RuSty (right).

𝟎/+𝑰

compound

𝑬𝟏/𝟐

NEtTAT
2-RuVin1TAT
3-RuVin1Cb
RuSty

299 mV
-34 mV
21 mV
280 mV

+𝑰/+𝑰𝑰

+𝑰𝑰/+𝑰𝑰𝑰

𝑬𝟏/𝟐

𝑬𝟏/𝟐

916 mV
223 mV
477 mV
850 mV*

972 mV
-

+𝑰𝑰𝑰/+𝑰𝑽

+𝑰𝑽/+𝑽

𝑬𝟏/𝟐

𝑬𝟏/𝟐

-

-

Table 11: Comparison of half-wave potentials of triazatruxene and ruthenium vinyl derivatives; in 0.1M solution of nBu4PF6 in
CH2Cl2; measured at ν = 0.1 V/s. *Forward peak potential of an irreversible process.
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Upon attachment to the electron-rich triazatruxene moiety the π-system is expanded compared with
the basic ruthenium styryl fragment or NEtTAT. Therefore, the positive charge of the corresponding
radical cation is more delocalized. This stabilizes the radical cation leads to a significant cathodic shift
of the oxidation potentials as can be seen from Table 11. While the half-wave potentials of the first
oxidation for the peripherally unsubstituted NEtTAT is at 299 mV, that of the styryl ruthenium at
280 mV and that of the carbazole complex 3-RuVin1Cb is 21 mV, complex 2-RuVin1TAT is already
oxidized at a significantly lower potential of -34 mV. In particular, comparison between 2-RuVin1TAT
and 3-RuVin1Cb clearly shows the effect of fusing the carbazole to two further indoles. Quite
revealingly, the impact on the half-wave potential of the second, even more ligand-based oxidation is
notably larger than that on the first oxidation. As can also be seen from Table 11 the half-wave
potential of the second oxidation of 2-RuVin1TAT is also cathodically shifted in comparison to the first
oxidation of the NEtTAT and the second oxidation of 3-RuVin1Cb. The final oxidation though is more
anodically shifted in comparison with the second oxidation of the unsubstituted derivative, probably
as a consequence to the increased charge and the concomitantly larger Coulombic repulsion of the
2-RuVin1TAT (2+/3+ process as compared to +/2+ process in NEtTAT).

Figure 48: Cyclic voltammogram of 2-RuVin3TAT; recorded in 0.06 M nBu4BArF6 (E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).

Figure 48 shows the cyclic voltammogram of 2-RuVin3TAT. As could be expected, five separate redox
processes are accessible. The second, third and fourth redox processes mutually overlap and therefore
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engage in dis- and comproportionation reactions. The overlapping waves obviously represent
close-lying energies of the corresponding “redox” orbitals. All processes are at least partially reversible
and, on eye sight, seem to approach full chemical reversibility except for the final oxidation. Note that
the complexity of the voltammograms preclude us from exactly determining the reversibility
coefficients of the higher oxidation processes. Despite the pentacationic character the reversibility for
the most anodic redox process - here the fifth – is still increased in comparison to the monosubstituted
2-RuVin1TAT. The values of the half-wave potentials shown in Table 12 underline the stabilizing effect
of introducing three ruthenium vinyl moieties. Despite already bearing a tetracationic charge, the halfwave potential of the fifth redox process is significantly more cathodically shifted than those of the
second oxidation of NEtTAT and the third one of 2-RuVin1TAT. Figure 50 shows the extended
delocalization of the HOMO in the neutral state of 2-RuVin3TAT as well as the spin density in the
molecule’s monocationic state.

Figure 49: Structures of the di- and trinuclear ruthenium vinyl carbazoles 3,6-RuVin2Cb and 3,6,N-RuVin3Cb.[193]

𝟎/+𝑰

compound

𝑬𝟏/𝟐

NEtTAT
2-RuVin1TAT
2-RuVin3TAT
3-RuVin3TAT
3-RuVin1Cb
3,6-RuVin2Cb
3,6,N-RuVin3Cb

299 mV
-34 mV
-122 mV
-55 mV
21 mV
-75 mV
-43 mV

+𝑰/+𝑰𝑰

+𝑰𝑰/+𝑰𝑰𝑰

𝑬𝟏/𝟐

𝑬𝟏/𝟐

916 mV
223 mV
131 mV
72 mV
477 mV
197 mV
229 mV

972 mV
227 mV
132 mV
609 mV
421 mV

+𝑰𝑰𝑰/+𝑰𝑽

𝑬𝟏/𝟐

389 mV
494 mV
689 mV

+𝑰𝑽/+𝑽

𝑬𝟏/𝟐

746 mV
652 mV
-

Table 12: Comparison of half-wave potentials of un-, mono- and trisubstituted ruthenium vinyl triazatruxenes; in 0.1M
solution of nBu4PF6 in CH2Cl2; measured at ν = 100 mV/s.
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Nevertheless, the first oxidation potential of 2-RuVin3TAT (and also 3-RuVin3TAT) is still positive to
that in the similar carbazole complexes with two or three ruthenium vinyl substituents. In the latter
complexes, two of these strongly stabilizing moieties are attached to the same carbazole unit, whereas
in the triazatruxene complexes, they only interact via one common phenyl ring.

Figure 50: HOMO of 2-RuVin3TAT (left) and spin density of the radical cation 2-RuVin3TAT+ (right).

Figure 51: Cyclic voltammogram of 3-RuVin3TAT; recorded in 0.06M nBu4BArF6 (E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).
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In 3-RuVin3TAT the first oxidation takes place at a more anodic redox potential than in 2-RuVin3TAT,
but at a more cathodic potential than in 2-RuVin1TAT. This is also borne out by the energies of the
corresponding HOMOs of the two complexes, i.e. -4.81 eV for 2-RuVin3TAT as compared to -4.92 eV
for 3-RuVin3TAT. Moreover, while the HOMO of 2-RuVin1TAT and 3-RuVin3TAT (see Figure 52) extend
predominantly over one sidearm and the triindole core, the HOMO of 2-RuVin3TAT (see Figure 50) also
shows larger contributions of the two other metal centers.

Figure 52: HOMOs of 2-RuVin1TAT and 3-RuVin3TAT.

The second and third oxidation of 3-RuVin3TAT are consecutively overlapping. By deconvolution of
square wave voltammograms half-wave potentials of 72 mV and 132 mV were determined indicating
that these take place at significantly lower potentials than those of the 2-RuVin3TAT+/2+ and
2-RuVin3TAT2+/3+oxidations. Regarding the higher potential of the first oxidation, a possible
explanation for this behavior is a weaker communication based on the meta-substitution relative to
the common aromatic core. Since the other ruthenium vinyl substituents are less affected by prior
oxidations the respective potentials for the following ruthenium-centered oxidations are less impaired
and take place at more anodic potentials. The question why the fourth oxidation takes place at a
significantly higher potential and the fifth oxidation again at a lower potential is still to be answered.
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6.

IR Spectroscopy
Introduction

As already explained in Chapter IV 1., ruthenium vinyl substituents provide useful information about
intramolecular charge and spin delocalization in the mixed-valent states. While the oxidation state of
the metal ion in neutral pentacoordinated ruthenium vinyl complexes of the type
RCH=CH-Ru(CO)Cl(PR’3)2 is ruthenium (II), its charge state might be envisioned to increase to formally
Ru(III) on oxidation. However, this simple picture does not apply in the presence of “non-innocent”
ligands as it is the case here. Thus, the accrual oxidation state of ruthenium can be thought of 2+δ
(with 0 ≤ δ ≤ 1), even in the case of a simple mononuclear alkenyl ruthenium complex. According to
quantum chemical calculations, δ is ca. 0.5 for hexenyl, 0.23 for phenyl and 0.16 for pyrenyl.[186],[187]
Systems consisting of two identical redox sites, which are connected by a bridging ligand, can be
classified according to ROBIN and DAY as described in Chapter IV 1.[1] For determining the actual
affiliation to one of these classes, charge-sensitive labels like carbonyl ligands at the metal centers
provide quantitative information about local charge and electron densities. Figure 53 shows
schematically the relative absorption energies of IR labels in mixed-valent complexes as proposed by
CHRISTOPHER G. ATWOOD and WILLIAM E. GEIGER.[150] Based on the shifts of carbonyl CO bands in metal
carbonyl complexes in consecutive oxidation states, a charge distribution parameter Δρ can be
calculated using equation (IV.a).

𝛥𝜌 =

𝛥𝜈̃𝑜𝑥 + 𝛥𝜈̃𝑟𝑒𝑑
′
′ −𝜈
2(𝜈̃𝑜𝑥
̃𝑟𝑒𝑑
)

(𝑰𝑽. 𝒂)

Figure 53: Scheme of absorption energies of IR labels in mixed-valent complexes.[150]
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′
′
As shown schematically in Figure 53, 𝜈̃𝑟𝑒𝑑
and 𝜈̃𝑜𝑥
are the corresponding energies of the carbonyl

vibrations in the neutral and dicationic states. 𝛥𝜈̃𝑜𝑥 is defined as the energy difference between the
′
carbonyl shifts of the dication 𝜈̃𝑜𝑥
and that of the high-energy band in the mixed-valent state 𝜈̃𝑚𝑒𝑎𝑠(𝑜𝑥) .

Likewise, 𝛥𝜈̃𝑟𝑒𝑑 is the difference between the carbonyl shifts of the low-energy band in the
′
mixed-valent state 𝜈̃𝑚𝑒𝑎𝑠(𝑟𝑒𝑑) and that in the completely reduced state 𝜈̃𝑟𝑒𝑑
. Values for Δρ can vary

between 0 and 0.5 indicating the degree of charge delocalization between the two M(CO)n sites. For
class I systems the oxidation process is completely localized on one metal center and the stretching
frequency of the corresponding carbonyl ligands will match those of an isolated or mononuclear
complex in the oxidized state. The shift of the other IR label will be completely unaffected by this
′
′
oxidation. Therefore 𝜈̃𝑜𝑥
= 𝜈̃𝑚𝑒𝑎𝑠(𝑜𝑥) and 𝜈̃𝑟𝑒𝑑
= 𝜈̃𝑚𝑒𝑎𝑠(𝑟𝑒𝑑) leading to a delocalization parameter

Δρ = 0. Complete delocalization on the other hand leads to systems of class III. For this kind of systems
′
′
equation (IV.a) predicts a Δρ of 0.5, because 𝛥𝜈̃𝑜𝑥 + 𝛥𝜈̃𝑟𝑒𝑑 = 𝜈̃𝑜𝑥
− 𝜈̃𝑟𝑒𝑑
. In this case the IR bands for

equal modes of the M(CO)n fragments appear as a single band. In all other cases, two separate bands
can be observed in the monooxidized state. In practice a Δρ value of 0.3 means, that 30 % of the total
charge lost from both metal entities stem from the one metal site and 70 % from the other.
For the borderline case of a pentacoordinated ruthenium complex bearing five innocent ligands
carbonyl shifts of 120 cm-1 upon oxidation have been reported by STEPHEN J. SHERLOCK et al.[195]
Ruthenium vinyl substituents are “non-innocent”, which leads to a delocalization of the frontier
orbitals. This strongly attenuates the local loss of electron-density at the metal center upon oxidation.
The carbonyl stretching frequency of a ruthenium hexenyl complex (Bu-CH=CH)Ru(CO)Cl(PiPr3)2 occurs
at 1906 cm-1 in the neutral state and is shifted by 77 cm-1 to 1983 cm-1 upon oxidation.[157] Further
extension of the conjugated π-system of the alkenyl ligand amplifies rhis effect. This demonstrates that
even simple alkenyl ligands behave as “non-innocent”. The carbonyl bands of the respective styryl
((Ph-CH=CH)Ru(CO)Cl(PiPr3)2)

and

1-pyrenyl

((1-Pyr-CH=CH)Ru(CO)Cl(PiPr3)2)

complexes

are

blue-shifted by 65 cm-1 and 48 cm-1, respectively on oxidation. With an increase of charge
delocalization, the ruthenium entity is less affected upon oxidation of the metalorganic compound.[157]
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IR spectroscopy of ruthenium vinyl triazatruxenes
The same behavior can also be seen for ruthenium vinyl triazatruxenes. In Table 13 band positions and
the relative carbonyl shifts of RuSty, 2-RuVin1TAT, 2-RuVin3TAT and 3-RuVin3TAT for the neutral,
mono-, and dicationic states are listed. The decreasing shifts of the carbonyl bands are a consequence
of the increasing extension of the conjugated π-system.

compound

𝛎̃(CO)0
[cm-1]

𝛎̃(CO)+
[cm-1]

𝛎̃(CO)2+
[cm-1]

𝜟𝛎̃(CO)0/+
[cm-1]

𝜟𝛎̃(CO)+/2+
[cm-1]

RuSty
2-RuVin1TAT

1911
1910

2-RuVin3TAT

1910

3-RuVin3TAT

1909

3-RuVin1Cb

1909

1979
1919
1943
1916
1958
2005

3,6-RuVin2Cb

1909

3,6,N-RuVin3Cb

1911

1976
1943
1917
1937
1913
1948
1958
1918
1946
1916
1946

65
33
7
27
4
39
49
9
37
5
35

36
2
6
3
10
47
42
14
1
14

1960
1917
1960

Table 13: Carbonyl band positions and shifts upon oxidation for ruthenium vinyl triazatruxenes and ruthenium styryl;
in CH2Cl2.

compound

𝛎̃(CO)0
[cm-1]

𝛎̃(CO)+
[cm-1]

𝛎̃(CO)2+
[cm-1]

𝛎̃(CO)3+
[cm-1]

𝛎̃(CO)4+
[cm-1]

𝛎̃(CO)5+
[cm-1]

RuSty
2-RuVin1TAT

1911
1910

-

-

1910

1979
1919
1943

-

2-RuVin3TAT

1976
1943
1917
1937

1954

1971

1989

3-RuVin3TAT

1909

1913
1948

1916
1958

1960

3-RuVin1Cb

1909

2005

-

3,6-RuVin2Cb

1909

1960

-

-

-

3,6,N-RuVin3Cb

1911

1958
1918
1946
1916
1946

1964
1984
2001
-

1917
1960

1968

-

-

1987
2001
-

Table 14: Carbonyl band positions for ruthenium styryl, ruthenium vinyl triazatruxene and ruthenium carbazyl complexes in
accessible charge states; in CH2Cl2.
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In case of the monosubstituted RuSty and 2-RuVin1TAT of course only one carbonyl band is observable
in all oxidation states. Quite revealingly, the Ru(CO) band shows a rather uniform shift for both
oxidations. This demonstrates that the respective frontier MOs are strongly mixed between the
ruthenium vinyl and the triazatruxene constituents. As a consequence, there are rather uniform
metal/ligand contributions to both oxidations, defying an assignment of the redox event to either the
ruthenium or the ligand (see Table 14). The respective spectroelectrochemical measurements for the
first and second oxidation of 2-RuVin1TAT can be found in Appendix 7 and Appendix 8. Comparison
with RuSty and 3-RuVin1Cb suggests, that by extended delocalization of the charge over the triindole
scaffold, metal contribution to the oxidation is further decreased, leading to a smaller shift of the
carbonyl stretch. DFT calculations confirm the experimental findings. The calculated HOMOs in both
the neutral and monocationic states are delocalized over the entire molecule. Computation of the CO
stretch energies predict values of 1913 cm-1 for the neutral state, of 1938 cm-1 for the monocation, and
of 1996 cm-1 for the dication. Those results qualitatively match with the experimental results.
Obviously, the calculations overestimate the ruthenium contribution to the second oxidation.

Figure 54: IR spectra of carbonyl bands for 2-RuVin3TAT upon addition of up to five equivalents of “Magic Blue” as chemical
oxidant (ox.); measured in CH2Cl2.
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For the trisubstituted derivatives the oxidized forms were generated by addition of a chemical oxidant,
since this allowed a more precise adjustment of the overall oxidation state. Figure 54 shows the
measured IR spectra in the region of the Ru(CO)bands for all six accessible charge states of
2-RuVin3TAT. Since 4,4’,4’’-tris(bromophenyl)aminium hexafluoroantimonate was used as oxidizing
agent, which has a redox potential of 700 mV vs. the ferrocene/ferrocenium couple,[196] addition of
five or more equivalents does not lead to a complete oxidation of the 2-RuVin3TAT to its pentacationic
form, considering that the half-wave potential for the fifth oxidation is 746 mV. Incomplete formation
formation of the pentacation is also obvious from the measured IR spectrum, which consists of two
overlapping bands, one of which can be clearly assigned to the tetracation. Another observation is that
both the first and second oxidation lead to a two-band pattern, indicating that the oxidation affects
the three ruthenium vinyl substituents to different degrees. Deconvolution of the spectrum of the
monooxidized species is shown in Appendix 9. Two bands can be identified, one at 1917 cm-1 and one
at 1937 cm-1 in a ratio of roughly 2:1. This band pattern can be assigned as follows: two ruthenium
moieties are less strongly affected by the oxidation while the third moietiy is more strongly affected.
This is also confirmed by DFT calculations of both the HOMO orbital in the neutral state, the β-LUSO
of the radical cation and that of the spin density in the monocation as shown in Figure 55.

Figure 55: HOMO of 2-RuVin3TAT (left), β-LUSO (middle) and spin density (right) of the radical cation 2-RuVin3TAT+•

This behavior also represents the effect of further extending the conjugated system. The shifts for both
kinds of carbonyl bands are lower than that for the monosubstituted 2-RuVin1TAT and far lower than
that of the complex RuSty. They are even lower than those observed for the similar carbazole
complexes 3,6-RuVin2Cb and 3,6,N-RuVin3Cb (see Figure 49) with two or even three appended
ruthenium vinyl moieties. This trend matches the increasing delocalization of the frontier orbitals as
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shown in Appendix 10 and Appendix 11. The dication also has a pattern of two Ru(CO) bands. The two
features at 1919 cm-1 and 1943 cm-1 in an intensity ratio of ca. 1:2 indicate, that two ruthenium vinyl
moieties are more strongly affected than the third one. In fact, the α-HOSO has main contributions
from just one sidearm (representing the Ru(CO) unit with the lower stretching frequency), while the
β-LUSO is delocalized over the other two (representing predominant charge loss from these sites). This
is also mirrored by the spin densities, which also concentrate on two of the three ruthenium vinyl
moieties (see Figure 56).

Figure 56: α-HOSO (left), β-LUSO (middle) and spin density distribution of 2-RuVin3TAT2+ in its triplet state.

The tri-, tetra- and pentacations have only one single carbonyl band. This indicates that all ruthenium
moieties are within a (nearly) identical electronical environment. Therefore, the third oxidation is
mainly located on the third ruthenium vinyl sidearm as the α-HOSO (see Figure 56) indicates. This is
further confirmed by a symmetrical spin density distribution in the tricationic state as shown in Figure
57, as calculated for the quartet ground state. The third oxidation is accompanied by a further blue
shift of the Ru(CO) bands by 35 and 11 cm-1, respectively, to a value of 1954 cm-1.
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Figure 57: Calculated spin density distributions for the tri-, tetra- and pentacations of 2-RuVin3TAT in the respective spin
ground states (3Q, 4T and 5D).

The fourth oxidation is also properly accessible and shows one carbonyl band at 1971 cm-1. As already
described, the pentacation cannot be obtained in pure form owing to the high redox potential of the
fifth oxidation, which exceeds that of the chemical oxidant. This results in an only partial oxidation,
which leads to the occurrence of two carbonyl bands. Nevertheless, the CO band position of the
pentacation can be determined by spectral deconvolution as 1989 cm-1. Although the already
introduced classification of mixed-valent systems according to ROBIN and DAY[1] was devised for
systems with two redox-centers connected by a common bridge, this classification can be applied up
to a certain degree to the here described ruthenium vinyl triazatruxenes, as well. For the mono- and
dicationic state of 2-RuVin3TAT, two of the respective redox centers can be summarized as one joint
entity. In case of the monocationic state one of the three substituents is affected more strongly by the
oxidation, while the carbonyl shifts for the other two triindole sidearms less strongly affected. This
behavior matches that of a binuclear class II system. For the second oxidation one of the two
“remaining” redox centers contributes more to the oxidation while the other is less affected. This also
matches a class II behavior. For the tri-, tetra-, and pentacation only one carbonyl band is visible
indicating that all three ruthenium moieties are in the same valence state.
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Figure 58: IR spectra of carbonyl bands for 3-RuVin3TAT; measured in CH2Cl2.

For the 3-RuVin3TAT, just as for its regioisomer, the cationic states were prepared by chemical
oxidation with 4,4’,4’’-tris(bromophenyl)aminium hexafluoroantimonate. The measured spectra are
shown in Figure 58. The monocationic species shows a two-band pattern with bands at 1913 cm-1 and
1948 cm-1 (see Table 14). The relative intensities are in a ratio of 4:5. One should, however note here
that, in many cases, the intensity of the Ru(CO) stretching vibration generally increases on oxidation
and that the intensities of the CO bands in multinuclear complexes in several Ru(CO) entities are also
influenced by the orientations of the local dipoles of the CO stretch relative to the dipole vector of the
entire molecule. Thus, the band intensities of the Ru(CO) bands do not necessarily reflect the number
of Ru(CO) entities involved in this vibrational mode.
Nevertheless, the enhanced energy differences between the energies of the individual CO bands
compared to the 2-isomer indicate that the 3-RuVin3TAT isomer has a less delocalized electronic
ground state than the corresponding 2-isomer.
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Figure 59: Calculated α-HOSO (left) and spin density (right) of 3-RuVin3TAT+.

For the dication two bands at 1916 cm-1 and 1958 cm-1 are obtained. Again, the relative CO band shifts
of 3-RuVin3TAT are smaller and the energy difference between the individual CO vibrations is larger
than for the 2-isomers. The stepwise oxidations of both compounds are always biased to one
ruthenium vinyl sidearm, but in case of 2-RuVin3TAT the carbonyl frequencies of the two other
sidearms are influenced more strongly than in case of 3-RuVin3TAT, indicating better charge
delocalization. These observations are supported by DFT calculations as well. The third oxidation
renders all three ruthenium vinyl sites again electronically equivalent. Our finding that the carbonyl
stretch is found at a lower frequency for 2-RuVin3TAT than for 3-RuVin3TAT indicates larger ligand
contributions and charge delocalization in the former isomer.
Building on Geiger’s original approach for utilizing the relative CO band shifts to derive the charge
distribution in the mixed-valent state of a dinuclear ligand-bridged complex, and adapting it to the
present case of trinuclear systems, we propose the following. In the neutral and tricationic states, all
three ruthenium vinyl entities can be viewed as being isovalent. The energy difference between the
CO stretches of these two states thus reflects the effect of oxidizing the respective
R-CH=CH-Ru(CO)Cl(PiPr3)2 entity in the corresponding environment. Dividing the CO band shifts of the
CO bands at higher and lower energies (the former representing the site(s) which is (are) more affected
by oxidation, the latter the other(s)) by the total CO band shift between the 3+ and 0 states should
thus indicate, how the total charge is distributed over the three ruthenium sites in the + and 2+ states.
This is illustrated in Figure 60 and represented in equations (IV.b) and (IV.c).
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Figure 60: Scheme of the determination of the local charge distribution in 2-RuVin3TAT+ (left) and 2-RuVin3TAT2+ (right) from
carbonyl shifts in IR spectroscopy.

𝛥𝑞+ =

𝛥𝜈2 + 𝛥𝜈1 + 𝛥𝜈1
′ − 𝜈′
𝜈𝑜𝑥
𝑟𝑒𝑑

(𝑰𝑽. 𝒃)

𝛥𝑞2+ =

𝛥𝜈2 + 𝛥𝜈2 + 𝛥𝜈1
′ − 𝜈′
𝜈𝑜𝑥
𝑟𝑒𝑑

(𝑰𝑽. 𝒄)

For 2-RuVin3TAT+ one thus obtains values of 0.61 for the one and of 0.16 for the other two Ru sites,
indicating that ca. 66 % of the total charge reside on one site and 17 % on each of the other sites
(assuming that the individual Δq+ values add up to 1.00). Similar calculations for 2-RuVin3TAT2+ would
then provide values of 0.75, 0.75 and 0.20, indicating that two Ru sites bear each 44 % and one the
remaining 12 % of the total positive charge on all ruthenium sites.
An equivalent procedure for 3-RuVin3TAT+ accordingly provides Δq+ values of 0.76, 0.08 and 0.08,
corresponding to the notion that 83 % of the total charge loss at all Ri sites reside on one of them while
the remaining 17 % are equally distributed over the remaining two sites. 3-RuVin3TAT+ would then
yield Δq2+ values of 0.96 0.96 and 0.08, indicating that the two oxidized sites contribute 48 % of the
total charge each while the remaining one accounts for 4 %.
Even if these attempts to quantify the distribution of the positive charge(s) over the three sidearms
are only qualitatively correct one should note that, like an unsymmetric substitution, oxidation of the
symmetrically trisubstituted complexes to the + and 2+ states also causes a symmetry breaking in the
electronic ground state owing to unequal distributions of the charge and the spin over the three
sidearms.
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By the addition of four equivalents of the chemical oxidant to a solution of 3-RuVin3TAT, the
tetracationic species was formed. Surprisingly a three-band pattern was observed. This might result
from different reasons. If the measured spectrum belongs to the pure tetracationic 3-RuVin3TAT4+ the
oxidation has again led to an asymmetrical distribution of charge and spin, which results in a different
environment for all three carbonyl moieties. Another explanation might also be the co-existence of
different charge states at the same time arising either from a slight deviation of the amount of added
4,4’,4’’-tris(bromophenyl)aminium hexafluoroantimonate (“Magic Blue”) from the ideal amount of
four equivalents. It could also be caused by instability of the higher charged molecules on the timescale
of sample preparation and measurement. A similar behavior showing three bands can also be found
for the pentacationic form. Unfortunately, comparison of these puzzling results with quantum
chemical calculations does not provide clarification. Calculated IR spectra for the tetra- and
pentacations of both molecules predict two-band patterns for 2-RuVin3TAT4+, 2-RuVin3TAT5+ and
3-RuVin3TAT5+, but a single band for 3-RuVin3TAT4+. Additionally, the experimental vibrational
frequencies are significantly lower than those predicted by the calculations (see Appendix 12).
Besides information on the CO of IR labels like the carbonyl ligand also other information can be gained
from IR spectroscopy. The mixed-valent forms where only part of the available redox sites are oxidized,
often exhibit electronic bands at very low energy, in the near infrared. Those are due to electronic
excitations in an extended, open-shell, π-conjugated chromophore and may also contain
intramolecular intervalence charge-transfer contributions from the reduced to the oxidized
sites.[139],[144],[146] 2-RuVin1TAT+ thus exhibits a sharp band at 7000 cm-1 (see Appendix 13). Upon further
oxidation the band broadens and is shifted hypsochromically while bleaching. The origin of this band
will be discussed in the following chapter and in the context with the triruthenium complexes.
IR/NIR spectra of 2-RuVin3TATn+ in all accessible oxidation states are shown in Figure 61. While the
neutral compound does not show any electronic transitions in this energy régime, an intense
absorption at about 6000 cm-1 can be observed for both the the mono- and dicationic species. From
quantum chemical calculations the origin of this transition in 2-RuVin3TAT+ can be deduced as a
β-HOSO to β-LUSO transition, involving a charge transfer from the two less affected sidearms to the
third ruthenium styryl entity, which was predominantly involved in the first oxidation. In 2-RuVin3TAT2+
the origin of this band remains essentially unaltered, now encompassing charge-transfer from the
remaining “reduced” to the “oxidized” sites. Additional transitions of higher energies of ca. 7500 to
8000 cm-1 (1250 to 1330 nm) correspond to charge transfer processes from the triazatruxene core to
the peripheral substituents, which were mainly involved in the corresponding oxidations. This
assumption also matches the bleaching of those bands upon further oxidation to the tetra- and
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pentacationic states. Based on these findings the prominent NIR bands of 2-RuVin1TAT+ can be
explained as arising from charge transfer from the triindole core to the ruthenium vinyl moiety. The
bleaching of this band during the further oxidation to 2-RuVin1TAT+ matches with the observations on
2-RuVin3TAT4+ and 2-RuVin3TAT5+, where the TAT donor is oxidized.

Figure 61: IR spectra of 2-RuVin3TAT after addition of up to five equivalents of “Magic Blue” as chemical oxidant;
measurement in CH2Cl2; the asterisks mark removed measurement artifacts.

Figure 62: Electron density difference maps for the calculated three most intense IR absorptions of 2-RuVin3TAT in its
monocationic (left, 5906 cm-1), dicationic (middle, 3906 cm-1) and tricationic state (right, 10800 cm-1);
(red: increasing electron density, blue: decreasing electron density).
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In contrast, the NIR spectra of the regioisomer 3-RuVin3TATn+ (see Appendix 14) contain fewer and
weaker transitions in all oxidation states. This trend is accordingly reflected by the smaller oscillator
strengths in the quantum chemical TD-DFT calculations. Just as before, the NIR transitions are due to
charge transfer processes from the yet unoxidized arms of the molecule towards those, which have
already contributed to an oxidation. These kinds of of low-energy bands are found to shift
hypsochromically on each further oxidation step. This behavior is common to all three investigated
compounds. In case of the more delocalized 2-RuVin3TATn+ the most bathochromic band is found at
energies below 8000 cm-1 for mono- and dicationic species while the respective transitions for
2-RuVin1TAT and 3-RuVin3TAT are found at higher energies of about 7200 cm-1 and 8500 cm-1
respectively and are by far weaker. Figure 63 shows electron density difference maps for the most
intense NIR absorptions of 3-RuVin3TAT in its mono-, di-, and tricationic states.

Figure 63: Electron density difference maps for the calculated three most intense IR absorptions of 3-RuVin3TAT in its
monocationic (left, 7707 cm-1), dicationic (middle, 8746 cm-1) and tricationic state (right, 12087 cm-1); (red: increasing electron
density, blue: decreasing electron density).

7.

UV/Vis/NIR spectroscopy

As already described in Chapter III.5.2 UV/Vis/NIR spectroscopy is a useful tool to gain deeper insight
into intramolecular charge transfer processes and electronic communication. First, the properties of
the mononuclear complex 2-RuVin1TAT are discussed, illuminating the mutual interactions of a
ruthenium vinyl substituent and the triazatruxene core. This shall lay the basis for the interpretation
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of the spectra of the trinuclear complexes. Figure 60 shows the experimental and TD-DFT-calculated
spectra of 2-RuVin1TAT in its neutral form.

Figure 64: Experimental (left) and calculated (right) spectra of 2-RuVin1TAT.

The calculation matches quite well with the experimental results. As shown in Figure 61, the structured
bands in the ultraviolet region can be assigned to π-π* transitions within the aromatic with only minor
involvement of the appended ruthenium vinyl moiety. The energy density difference maps illustrate
the charge fluctuations connected with the corresponding transitions.

Figure 65: Electron density difference maps for the calculated three most intense absorptions of 2-RuVin1TAT at 316 (left),
317 (middle) and 348 nm (right); (red: increasing electron density, blue: decreasing electron density).

The metal contribution is rather small for all those transitions but increases for the lower-energy
transitions. The three excitations occur predominantly from the HOMO and HOMO-1 to the LUMO+1,
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LUMO+2, and LUMO+3. The calculated oscillator strength for the HOMO-LUMO transition, which is
located in the visible region, is close to zero.

Figure 66: Experimental (left) and calculated (right) spectra of 2-RuVin1TAT+.

Upon oxidation, the intense UV bands are partially bleached, while there are new bands in the visible
and NIR region. The quantum chemically calculated spectrum again complies qualitatively with the
experimental data as it is shown in Figure 66. The three most prominent excitations, which are included
in Figure 67, all have a π-π* character with minor electron transfer from the ruthenium atom. For all
three transitions, the vinylruthenium appended indole (carbazole) moiety, which is primarily involved
in the oxidation, serves as the acceptor unit towards the other two indole rings, which act as the
donors. While the broad NIR band corresponds to the nearly pure β-HOSO-1 to β-LUSO transition and
the calculated sharp Vis band from the α-HOSO to α-LUSO+1 transition, the UV band constitutes of a
combination of several contributions including molecular orbitals ranging from the HOMO-13 to the
LUMO+4.

Figure 67: Electron density difference maps for the calculated most intense absorptions of 2-RuVin1TAT+ at 316 (left),
451 (middle) and 1052 nm (right); (red: increasing electron density, blue: decreasing electron density).
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Figure 68: Experimental (left) and calculated (right) spectra of 2-RuVin1TAT2+.

Formation of the dicationic species leads to a bleaching of both the NIR transitions and the occurrence
of a new band in the Vis/NIR border region. This transition is represented by a broad more intense
band and some weaker transitions in the TD-DFT calculations. The latter can all be assigned to charge
transfer processes from the two unsubstituted indoles to the extended ruthenium indole moiety in
addition to a small π-π* character (see Figure 69). The band at lowest energy also features some charge
transfer from the chloro ligand to the metal indolyl acceptor.

Figure 69: Electron density difference maps for calculated absorptions of 2-RuVin1TAT2+ at 725 (left), 856 (middle) and 907 nm
(right); (red: increasing electron density, blue: decreasing electron density).

Another intriguing aspect concerning the spectrum of the dicationic species is its similarity to that of
the NEtTAT monocation as shown in Figure 27 in Chapter III.5.22. All principal features of the spectrum,
including the two NIR bands at 1000 and 1200 nm, the Vis/NIR band at 780 nm and the Vis band at
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450 nm concur with the spectrum of NEtTAT+. As can be seen from Figure 65, the calculation-based
assignment of those bands indicates a predominantly triazatruxene-based character with only small
ruthenium vinyl contribution.

Figure 70: Electron density difference maps for calculated absorptions of 2-RuVin1TAT2+ at 443 (left) and 1055 nm (right);
(red: increasing electron density, blue: decreasing electron density).

Figure 71: Experimental (left) and calculated (right) spectra of 2-RuVin3TAT and 2-RuVin3TAT +.

For the trisubstituted 2-RuVin3TAT and 3-RuVin3TAT the assignment of the electronic bands is even
more challenging because of the multitude of charge and spin states, that sometimes interact cia
excitations that lead to a crossing of the spin surfaces. Figure 71 compares experimental and calculated
spectra of 2-RuVin3TAT and 2-RuVin3TAT+.
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Figure 72: Electron density difference maps for calculated absorptions of 2-RuVin3TAT at 342 (left) and 343 nm (right); (red:
increasing electron density, blue: decreasing electron density); (red: increasing electron density, blue: decreasing electron
density).

The neutral species 2-RuVin3TAT has a similar absorption as NEtTAT and 2-RuVin1TAT with one intense
UV band at 367 nm, which is calculated to be profile comprised of two π-π* transitions at 342 and
343 nm. The related electron density difference maps are shown in Figure 72. Starting from NEtTAT,
the high-energy band common to all compounds is shifted bathochromically upon extension of the
conjugated system leading to experimentally determined maxima of the bands at 324 nm for
2-RuVin1TAT and 367 nm for 2-RuVin3TAT. Likewise, there is a strong resemblance between the
spectra of 2-RuVin1TAT+ and 2-RuVin3TAT+. The principal difference is a shift of the NIR transitions to
lower energy. All calculated low-energy bands are associated with sizable charge transfer from the
remaining reduced vinyl/styryl ruthenium moieties to the ruthenium vinyl appended carbazole moiety
which is most strongly affected by oxidation. They can thus be identified as IVCT-type transitions as
shown in Figure 69.
Besides this expected alteration of the energy of the high-energy π-π* transitions for the monocation,
the similarity between the spectra of mono- and trinuclear derivatives is apparent. The bands in the
visible and near-infrared range are matching. Just as before, the band in the visible region of spectral
light is caused by charge transfer from all three peripheral metal centers towards the styryl unit, which
is predominantly involved in the first oxidation. Furthermore, the broad NIR absorption band finds its
representation in both compounds and is caused by charge transfer processes from both sides towards
the styryl bridge. For 2-RuVin3TAT, however, the absorption band constituting of several excitations is
broader and extends from 700 nm to 2000 nm. The additional low-energy bands can be identified with
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the help of quantum chemical calculations as intervalence charge transfer transitions from the two
mainly unoxidized ruthenium nuclei to the third redox center as it is shown in Figure 73.

Figure 73: Electron density difference maps for absorptions of 2-RuVin3TAT+ at 953 (left), 960 (middle), and 1693 nm (right);
(red: increasing electron density, blue: decreasing electron density).

Figure 74: Experimental (left) and calculated (right) spectra of 2-RuVin3TAT2+ and 2-RuVin3TAT3+.

The second and third oxidation are then accompanied by a hypsochromic shift of the low-energy bands
(see Figure 74). According to TD-DFT calculations the underlying transitions in 2-RuVin3TAT2+ can be
classified as charge transfer bands with a shift of electron density from the still unoxidized sidearm to
the two oxidized ruthenium vinyl moieties (see Figure 75). This also holds for the Vis band at 460 nm.
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Figure 75: Electron density difference maps for absorptions of 2-RuVin3TAT2+ at 451 (left), 454 (middle), and 960 nm (right);
(red: increasing electron density, blue: decreasing electron density).

Figure 76: Electron density difference maps for absorptions of 2-RuVin3TAT3+ at 422 (left), 803 (middle) and 804 nm (right);
(red: increasing electron density, blue: decreasing electron density).

The trication has its broad NIR absorption feature further shifted to higher energy. The electron density
difference maps in Figure 76 indicate that the three oxidations have taken place on the three
ruthenium vinyl sidearms. As a consequence, these three moieties all act as the electron acceptors
while the TAT core structure is the electron donor. Additionally, and in contrast to the mono- and
dicationic species, the quantum chemical calculations predict the reestablishment of the threefold
symmetry. Those observations match the results from IR spectroscopy, which shows only one band for
the three carbonyl entities at this stage.
The

addition

of

four,

respectively

five

equivalents

of

the

oxidizing

agent

4,4’,4’’-tris(bromophenyl)aminium hexafluoroantimonate leads to the spectra shown in Figure 77.
Those are even more difficult to be interpreted. On the one hand DFT calculations indicate that the
energy difference between the doublet and quartet state of the tetracation is only 2.7 kJ mol-1, which
leads to an equilibrium between those states. Based on a BOLTZMANN-GIBBS calculation at room
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temperature 25 % of all molecules populate the doublet state, while 75 % exist in the energetically
slightly favored quartet state. For the fifth oxidation, the half-wave potential is ca. 50 mV above the
redox potential of the chemical oxidant, resulting in only partial oxidation to the pentacationic species.
Moreover,

the

sample

still

contains

unreduced

4,4’,4’’-tris(bromophenyl)aminium

hexafluoroantimonate and 2-RuVin3TAT4+. With the oxidant and its derivatives absorbing strongly in
the relevant region of the electromagnetic spectrum[197] a proper allocation of the observed bands is
prevented. Therefore, the experimental and calculated spectra of the tetra- and pentacationic forms
(see Figure 77) are not further discussed.

Figure 77: Experimental (left) and calculated (right) spectra of 2-RuVin3TAT4+ and 2-RuVin3TAT5+.

3-RuVin3TAT displays a similar behavior as its regioisomer 2-RuVin3TAT both in the neutral and
monocationic forms. The UV/Vis spectrum of the neutral molecule shows a two-band pattern in the
ultraviolet region with absorption maxima at 332 and 359 nm (see Figure 78). Both bands occur at
energies in between those of the mononuclear 2-RuVin1TAT and the trinuclear 2-RuVin3TAT. Since
quantum chemical calculations identify the related excitations as π-π* transitions of the extended
triazatruxene core, this result is completely in line with those from cyclic voltammetry and IR
spectroscopy and confirms the previous assumptions that 2-RuVin3TAT is better conjugated than
3-RuVin3TAT.
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Figure 78: Experimental (left) and calculated (right) spectra of 3-RuVin3TAT and 3-RuVin3TAT+.

The experimentally determined transitions of the monocationic species 3-RuVin3TAT+ are again well
reproduced by quantum chemical calculations. According to Figure 75, all principal transitions can be
classified as charge transfer bands arising from electron density shifts from the two unoxidized
sidearms and the core towards the third indolyl substituted alkenyl ruthenium substituent, which
predominantly contributed to the first oxidation.

Figure 79: Electron density difference maps for calculated absorptions of 3-RuVin3TAT+ at 370 (left), 679 (middle) and 1298 nm
(right); (red: increasing electron density, blue: decreasing electron density).

The di- to pentacationic states of 3-RuVin3TAT have again been prepared by addition of
4,4’,4’’-tris(bromophenyl)aminium hexafluoroantimonate as chemical oxidant. As Figure 75 shows,
there are only some minor absorption bands for both the dication as well as the trication. The broad
NIR absorption band, prominent in the dicationic species, has its origin in a charge transfer from the
triindole core and which is more the remaining unoxidized sidearm to the two other sidearms (see
Figure 80). Nevertheless, comparison with similar transitions of 2-RuVin3TAT shows a higher donor
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character of the third sidearm while there is less electron density loss from the triazatruxene core. This
again affirms that 3-RuVin3TATn+ are less delocalized than their 2-isomers and that metal contributions
to the individual oxidation processes are larger, as it was already indicated by the 16 % large CO band
shift on threefold oxidation.

Figure 80: Experimental (left) and calculated (right) spectra of 3-RuVin3TAT2+ and 3-RuVin3TAT3+.

Figure 81: Electron density difference maps for calculated absorptions of 3-RuVin3TAT2+ at 414 (left) and 1143 nm (right);
(red: increasing electron density, blue: decreasing electron density).

The other bands of the dicationic species are rather less conclusive. They comprise of different charge
transfer processes predominantly from the unoxidized sidearm to the triindole core. In case of the
trication, there are no strong bands detectable except for the UV signal of the
4,4’,4’’-tribromophenylamine. The broad, but very weak NIR band with a maximum absorption at ca.
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1200 nm can be assigned to a small electron density shift from the triindole core to the three sidearms
based on quantum chemical calculations. For the 3-RuVin3TAT3+, however, interpretation of spectra is
quite difficult. As already shown, the second and third oxidation waves are consecutively overlapping
(see Chapter IV.5). Additionally, for the trication there is an equilibrium between the doublet and the
quartet state, leading to a ratio of 23 % to 77 % at room temperature, which further complicates the
assignment. Concerning with quantum chemical calculations, no common direction of electron
transfer processes is identifiable. This might be a potential explanation for the lack of strong
absorptions in the UV/Vis/NIR range.

Figure 82: Experimental (left) and calculated (right) spectra of 3-RuVin3TAT4+ and 3-RuVin3TAT5+.

As Figure 82 indicates, the spectra of 3-RuVin3TAT after the addition of four respectively five
equivalents are very similar. This is probably a result of a lack of stability of the highly oxidized,
pentacationic form, which is rereduced in the course of sample preparation. The tetracationic species,
however, shows two significant bands, one in the visible region and a broad absorption in the NIR.
Calculations assign them as several weak charge transfer bands, predominantly from the TAT core
structure to the peripheral substituents.
An intriguing observation are the contributions of the various entities of the molecules towards the
sequential oxidations. The least anodic and therefore first oxidations predominantly involve one
ruthenium styryl moiety. The second and third oxidations are also mainly contributed by the peripheral
substituents and the benzene ring they are attached to. The two final oxidations are then mainly
contributed by the triindole core. Within the three molecules, however, the charge and spin densities
show a different degree of delocalization. Thus, the extension of the conjugated metal-organic
π-systems increases with every ruthenium vinyl moiety. This is convincingly shown by the data from
cyclic voltammetry and UV/Vis spectroscopy of the neutral and the oxidized forms. Nevertheless, the
2- and 3-isomer of the mixed-valent tris(ruthenium vinyl) triazatruxene congener differ substantially
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with respect to their efficiency to delocalize the charge and the spin , with substantially superior
performance of the 2-isomer. This is unanimously shown by the smaller total CO band shifts, and the
more uniform CO band shifts of the Ru(CO) bands on stepwise oxidation and the higher intensities of
the (IV) CT bands.
The potential of ruthenium vinyl substituted triazatruxenes as polyelectrochromic compounds is
demonstrated can be seen in Figure 83. The solutions are strongly diluted, especially for the higher
oxidation states. Again, 2-RuVin3TAT outperforms the 3-isomer in this respect.

0

+

2+

3+

4+

Figure 83: Optical impression of solutions of 2-RuVin3TAT in different charge states; in CH2Cl2, different concentrations.

8.

EPR spectroscopy

Electron paramagnetic resonance spectroscopy of the oxidized forms of ruthenium vinyl triazatruxene
complexes was performed after chemical oxidation using a suitable oxidant providing the required
redox potential. Figure 84 shows the EPR spectrum of 2-RuVin1TAT+ in dichloromethane solution at
room temperature and at -150 °C.

87

IV. Ruthenium Vinyl Substituted Triazatruxenes

Figure 84: EPR spectra of 2-RuVin1TAT+ at room temperature with simulation (left) and at -150 °C (right); in dichloromethane.

The experimental EPR spectrum at room temperature was simulated as also shown in Figure 84. The
LANDÉ factor of g = 2.017 is in the typical range for metalorganic ruthenium vinyl complexes.[157],[198],[199]
The hyperfine splitting can be simulated as two couplings to

31

P-nuclei with a hyperfine coupling

constant of 10.4 G and one coupling to a 99/101Ru atom with 6.1 G. At -150 °C and therefore for a frozen
solution, an isotropic signal with a LANDÉ factor of 2.021 is found. The EPR spectrum of the dioxidized
form 2-RuVin1TAT2+ at room temperature is shown in Figure 85. It was simulated using a twocomponent fit with one signal at a LANDÉ factor of g = 2.0152 and couplings to two 31P-nuclei with
10.4 G and one coupling to a 99/101Ru atom of 8.7 G. The second component shows an isotropic signal
at g = 1.999, indicating an organic character. This shows the presence of two non-coupled or weakly
coupled spins, one located at a indolylruthenium-type moiety and one at the TAT core.
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Figure 85: EPR and simulation thereof (left) and spin density distribution for 2-RuVin1TAT2+.

The trisubstituted radical cations of the complexes 2-RuVin3TAT and 3-RuVin3TAT show isotropic
signals in various accessible oxidized states without any resolved hyperfine splittings (see Figure 86
and Appendix 15). The same behavior can be observed for all higher oxidized forms. In the case of
3-RuVin3TAT+ some signal broadening is observed, which may result from hyperfine splitting to the
ruthenium nuclei.
The failure to observe resolved hyperfine splittings to particularly the 31P nuclei, on first sight, seems
at odds, with a largely localized spin density at one or two ruthenium vinyl moieties in the mono- and
dications as inferred by the quantum chemical calculations. This, however, doesn’t take into account
that spin delocalization may prevail on the slower EPR timescale, thus smearing the overall spin density
over all available redox sites. Such phenomenon, known as valence (de)trapping, has been
demonstrated on some occasions.[150],[151],[190],[200]–[205] [151],[200],[201],[203],[204]
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Figure 86: EPR spectra of 2-RuVin3TAT+ (left) and 3-RuVin3TAT+ (right) at room temperature in CH2Cl2.

Moreover, the computed spin densities in the monocationic states indicate an increasing
delocalization of the spin density in the order 2-RuVin1TAT+ < 3-RuVin3TAT+ < 2-RuVin3TAT+ (see Figure
87).

Figure 87: Calculated spin densities of 2-RuVin1TAT+, 2-RuVin3TAT+ and 3-RuVin3TAT+.
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9.

Summary

As already discussed for peripherally unsubstituted derivatives there are several obstacles and
difficulties to the preparation of symmetrically but especially unsymmetrically substituted
triazatruxenes. Therefore, one of the central aspects examined in this chapter was the development
of suitable synthetic strategies to access peripherally substituted triazatruxenes. By means of the
synthesis strategy presented, 2- and 3-substituted triruthenium vinyl triazatruxenes could be obtained
in good yields using trihalogenated precursors. These building blocks offer versatility with regard to
further functionalization with different substituents.
In contrast to the comparatively uncomplicated synthesis of symmetrical trisubstituted triazatruxenes,
the preparation and isolation of unsymmetrical mono- and difunctionalized compounds have been
found challenging and are, in case of disubstitution, still unknown in literature. General procedures for
the synthesis of triindoles bearing one, two or three peripheral substituents have been elaborated.
Although further testing and optimization is still necessary, the presented method grants a promising
access to versatile precursors for various target compounds. With these methods at hand, not only an
unsymmetrical substitution pattern, but also the introduction of different substituents at the three
peripheral sidearms can be conceived. As model compounds for the investigation of the impact of both
the number and position of substituents attached to the triindole core, monomeric 2-RuVin1TAT, as
well as the trinuclear complexes 2-RuVin3TAT and 3-RuVin3TAT have been synthesized. Disubstituted
2-RuVin2TAT has been prepared in a test reaction proving the applicability of the newly developed
synthesis strategy. Due to the small amount of the target compound obtained by applying different
synthetic approaches and its contamination with remaining side products, 2-RuVin2TAT could up to
that point not be investigated with respect to its physical properties.
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Figure 88: Synthesized ruthenium vinyl-substituted triazatruxenes.

Due to the rather complex structure of triazatruxenes the interpretation of NMR spectra is quite
difficult. For this reason 1H and 13C-NMR spectra of the synthesized compounds are not only analyzed
and assigned, but the impact of diffent substituents and the role of the position of their attachment is
discussed exemplarily. This should serve as a guide for rapid evaluation and signal assignment within
spectra of future compounds.
After this excursus on the characterization of the synthesized molecules their electrochemical
properties were examined. At first, specific properties of the ruthenium vinyl substituents and their
stabilizing impact on higher oxidation states are discussed referring to suitable examples known to
literature. Besides the mere stabilization caused by this substituent, each moiety contributes a most
commonly reversible one-electron oxidation in addition to those already addressable Therefore, the
number of accessible redox processes resulting from stepwise one-electron oxidations increases from
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two to five on introduction of one to three ruthenium vinyl moieties at the TAT core structure. Every
ruthenium vinyl moiety contributes one additional redox process.
Following these introductory considerations, the electrochemical properties of the monoruthenium
vinyl triazatruxene 2-RuVin1TAT and the unsubstituted NEtTAT are compared to those of the kind of
structure related compounds ruthenium styryl RuSty and ruthenium vinyl carbazole 3-RuVin1Cb.
Beside the expected stabilizing effect by attachment of the ruthenium vinyl moiety to the
unsubstituted triazatruxene, the half-wave potentials of the three metalorganic compounds reveal the
role of an expansion of the conjugated π-system. These decrease from 280 mV for the first oxidation
of the ruthenium styryl to 21 mV and -34 mV (each vs Fc/Fc+) for 3-RuVin1Cb and 2-RuVin1TAT.
Quantumchemical calculations support the increasing expansion of the HOMOs of these molecules in
that same order. For the trisubstituted ruthenium vinyl triazatruxenes 2-RuVin3TAT and 3-RuVin3TAT
five redox processes are accessible. The complexity of these systems can be seen from the fact that
the half-wave potentials for the 2- isomer are more cathodic for the first and fourth redox process
compared to the related oxidation of 3-RuVin3TAT but more anodic for the second, third and fifth.
Examination of these findings involves properties of structure related carbazoles and also the un- and
monosubstituted triazatruxenes as well as quantum chemical calculations.
The redox sequence as well as charge and spin delocalization and intramolecular transfer processes
have therefore been further explored by IR, UV/Vis/NIR and EPR spectroscopy and have been
supported by quantum chemical calculations. IR spectroscopy supports the prior observations.
Comparing band positions and the relative carbonyl shifts of RuSty, 2-RuVin1TAT, 2-RuVin3TAT and
3-RuVin3TAT for the neutral, mono-, and dicationic states the decreasing shifts of the carbonyl bands
are a consequence of the increasing extension of the conjugated π-system. By extended delocalization
of the charge over the triindole scaffold, metal contribution to the oxidation is further decreased than
for RuSty and 3-RuVin1Cb. This is also in line with quantum chemical calculations. For the trisubstituted
derivatives the oxidized forms were generated by addition of a chemical oxidant. For the mono- and
dicationic forms of 2-RuVin3TAT and 3-RuVin3TAT two-bands patterns can be found for the carbonyl
stretching indicating an asymmetric distribution of the electron density in these oxidized states. As
these band are roughly at an intensity ratio of 2:1 this indicates that two ruthenium moieties are less
strongly affected by the oxidation while the third moietiy is more strongly affected. This is also
confirmed by DFT calculations of both the HOMO orbital in the neutral state, the β-LUSO of the radical
cation and that of the spin density in the monocation. The dication also has a pattern of two Ru(CO)
bands but the ratio is inverted. For the tricationic form there is again only one band, so the third
oxidation renders all three ruthenium vinyl sites again electronically equivalent From these finding and
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related quantum chemical calculations the consecutive oxidation of the individual sidearms with a
slight contribution of the two others and the common core is supposed. All indolyl-ruthenium vinylbased oxidations occur prior to those of the TAT core itself.
Building on William E. Geiger’s original approach for utilizing the relative CO band shifts to derive the
charge distribution in the mixed-valent state of a dinuclear ligand-bridged complex, and adapting it to
the present case of trinuclear systems a model is proposed. This can be used for the determination of
the local charge distribution from carbonyl shifts in IR spectroscopy for the oxidized states of the monoand dicationic states of the triazatruxene derivatives.
UV/Vis spectroscopy of the ruthenium vinyl triazatruxenes indicates that there are hardly no
transactions in the visible region and the NIR for all compound’s ground states. The spectra are similar
to the spectrum of NEtTAT and quantum chemical calculations confirm the small contribution of the
appended ruthenium vinyl substituents. Upon oxidation though, intense absorptions can be observed.
They can be identified as π-π* transitions, but mainly consist of bands that stem from charge transfer
processes from the yet unoxidized parts of the molecules to the ones which were predominantly
involved in a oxidation. The least anodic and therefore first oxidations mainly involve one ruthenium
styryl moiety. The second and third oxidations are also mainly contributed by the peripheral
substituents and the aromatic ring they are attached to. The two final oxidations are then mainly
contributed by the TAT core. Within the three investigated molecules, however, the charge and spin
densities show a different degree of delocalization. Thus, the extension of the conjugated metalorganic π-systems increases with every ruthenium vinyl moiety. This is convincingly shown by the data
from cyclic voltammetry and UV/Vis spectroscopy of the neutral and the oxidized forms. Nevertheless,
the 2- and 3-isomer of the mixed-valent tris(ruthenium vinyl) triazatruxene congener differ
substantially with respect to their efficiency to delocalize the charge and the spin , with substantially
superior performance of the 2-isomer. This is unanimously shown by the smaller total CO band shifts,
and the more uniform CO band shifts of the Ru(CO) bands on stepwise oxidation and the higher
intensities of the (IV) CT bands. Ruthenium vinyl substituted triazatruxenes also have demonstrated
an impressive potential as polyelectrochromic compounds appearing in different colors in the
accessible redox states shifting from almost colorless in the ground state to red, dark red, brownish
and green for the higher oxidation states.
Electron paramagnetic resonance spectroscopy of the oxidized forms of the ruthenium vinyl
triazatruxenes 2-RuVin1TAT, 2-RuVin3TAT and 3-RuVin3TAT was performed at room temperature and
in a frozen solvent matrix. While the trinuclear derivatives show only isotropic signals for all oxidation
states, for 2-RuVin1TAT a hyperfine splitting was observed. The spectrum could be simulated indicating
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couplings with the two 31P nuclei and a coupling to a 99/101Ru atom. The fact that no such splitting is
observable for 2-RuVin3TAT and 3-RuVin3TAT might be due to valence (de)trapping. Spin delocalization
may prevail on the slower EPR timescale smearing the overall spin density over all available redox sites.
The results obtained from cyclic voltammetry, IR, UV/Vis/NIR and EPR spectroscopy are in line with
each other and also with quantum chemical calculations. Although the classical approach for the
classification of mixed-valent compounds by MELVIN B. ROBIN and PETER DAY is designed for systems
containing two redox-centers connected by a bridging ligand, their model can be adapted for the
present case of up to three redox-active substituents attached to a bridge, which is redox-active itself.
Based on both the consecutive redox processes in electrochemistry and the results from the
spectroscopic measurements a class-II behavior can be derived. All data show that 2-RuVin3TAT+/2+
have more strongly coupled electronic ground states than the 3-isomer and enjoy a better orbital
overlap between the TAT core structure and the ruthenium vinyl appendices. By increasing the number
of peripheral stabilizing entities, the delocalization of charge and spin also increases. This has an even
greater impact than the issue of the localization of those substituents.
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V.
1.

Triarylamine-substituted Triazatruxenes
Introduction

Previous studies have shown promising results on mixed-valent compounds incorporating
triarylamines as redox-active moieties.[190],[206] Due to the high stability of their associated radical
cations they can also be used as one-electron oxidants[196] as long as para-substitution avoids the
detrimental benzidine type rearrangement.[207] Introducing various substituents, the triarylamines’
properties like their electron-donating and mesomerically stabilizing effect can be altered. Therefore,
adjusting these “screws” offers control of their electrochemical and spectroscopic properties. The
intriguing spectroscopic features have been shown, amongst others, by WALTHER POLIT. In his PhD
thesis[206] and in related publications[165],[190] multinuclear ruthenium vinyl triarylamine complexes have
been examined and shown an immense increase in NIR absorption upon oxidation.

Figure 89: Polyelectrochromism of triarylamines.[190]

The intense absorption arises from intervalence charge transfer between the triarylamine moiety and
the attached metalorganic ruthenium styryl unit. In this work the properties of ruthenium vinyls and
triarylamines as substituents within an organic delocalized π-system were compared and found to
show qualitatively similar behavior. Therefore, triarylamines have also been used for building up
all-organic highly redox-active triazatruxene derivatives. Concerning the second part of the SFB project,
triarylamines at the periphery of the triazatruxene core should be easily recognizable in STM images.
They might also be more stable to the electrospray deposition conditions than ruthenium vinyl
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moieties bearing rather weakly bonded phosphine ligands likely to dissociate when ionizing the
molecule.

2.

Synthesis

As model compounds triarylamine derivatives 2-TPAVin3TAT and 3-TPAVin3TAT (see Figure 90) have
been synthesized. As it turned out, no substitution at the para- positions of the phenyl rings was
required, since no signs of benzidine rearrangement have been observed for the investigated
triphenylamine triazatruxenes. As a starting material for the HECK coupling affording the target
compounds, TPA-Vin was synthesized by WITTIG reaction of 4-formyltriphenylamine (see Figure 91). In
analogy to the procedure of LEI JI et al.[93] the vinyltriphenylamine was obtained in a yield of 71 percent.

Figure 90: Synthesized (triphenylaminevinyl)triazatruxenes.

Figure 91: WITTIG reaction affording 4-ethenyltriphenylamine TPA-Vin.
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Following this procedure, the desired triarylamine triazatruxene conjugates were synthesized starting
again from 2-Br3TAT and 3-Br3TAT. HECK coupling resulted in the formation of the target compounds
2-TPAVin3TAT and 3-TPAVin3TAT (see Figure 92) in yields of 20 and 62 percent. The often lower yields
for functionalization of 2-substituted triazatruxenes match with related observations in the
literature.[93] The underlying reasons have not been investigated and the reaction procedures were not
further optimized.

Figure 92: Syntheses of triarylamine-substituted triazatruxenes.

3.

Electrochemistry

With the triindole core already contributing two reversible one-electron oxidations (see Chapter
III.5.1), trisubstituted triarylamine triazatruxenes should be capable of undergoing five redox
processes, just like the ruthenium vinyl analogues. This assumption was also confirmed. Due to the
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small differences in half-wave potentials, oxidation waves of the individual redox processes, however,
overlap to different degrees. Owing to both their (slightly) better separation and the improved stability
of the oxidized species resulting in higher reversibility, the supporting electrolyte NBu4PF6 was replaced
by NBu4BArF. By that means it was possible to identify the separate oxidation processes by cyclic
voltammetry and square wave voltammetry. In fact, the presence of five redox processes and their
actual potentials could be determined. The cyclic voltammograms are shown below (see Figure 93).
For square wave voltammograms see Appendix 19.

Figure 93: Cyclic voltammograms of 2-(TPAVin)3TAT (left) and 3-(TPAVin)3TAT (right); recorded in 0.06

M nBu4NBArF

(E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).

Unfortunately, reversibility coefficients could not be determined because of the overlapping waves.
Measuring cyclic voltammetry at different scanning rates had little impact on the appearance of the
waves pointing towards chemical and electrochemical reversibility of the redox processes. In Table 15
redox potentials of unsubstituted NEtTAT and of both isomers of the triarylamine- and ruthenium vinylsubstituted triazatruxenes are compared. The existence of five addressable oxidations indicate that
each triphenylamine contributes an additional oxidation to the two oxidations of the TAT core
structure itself. Just as in the case of tris(ruthenium vinyl) derivatives, though, these oxidations cannot
be assigned to exclusively the core or the attached triarylamines. Every individual redox process affects
the whole system, resulting in split waves in cyclic voltammograms. The observation that the three
identical triarylamine moieties are not oxidized at the same potential makes a class I behavior of the
mixed-valent forms according to ROBIN and DAY raher improbable. However, with only electrochemical
data at hand, no assignment to class II or III is possible.
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Comparing the fifth oxidation of 2-(TPAVin)3TAT and 3-(TPAVin)3TAT with the second oxidation of
unsubstituted NEtTAT – just like for ruthenium vinyl derivatives – a cathodic shift of half-wave
potentials becomes apparent. This demonstrates the expected electron-donating character of these
moieties and their stabilizing effect on even the higher charged forms. In fact, ruthenium vinyl
substituents seem to be either better electron donors or have a superior ability to stabilize positive
charge(s), resulting in less anodic oxidation potentials for all oxidation states. The effect of using
different supporting electrolytes are considered to be minor but may also contribute to shifting the
potentials of the higher oxidation processes to more anodic values.

𝟎/+𝑰

compound

𝑬𝟏/𝟐

NEtTATa)
2-(TPAVin)3TAT b)
3-(TPAVin)3TAT b)
2-(RuVin)3TAT a)
3-(RuVin)3TAT a)

299 mV
86 mV
158 mV
- 122 mV
- 55 mV

Table

15:

Half-wave

potentials

+𝑰/+𝑰𝑰

of

+𝑰𝑰/+𝑰𝑰𝑰

𝑬𝟏/𝟐

𝑬𝟏/𝟐

916 mV
253 mV
253 mV
134 mV
72 mV

333 mV
498 mV
234 mV
132 mV

tri(ruthenium

vinyl)

and

+𝑰𝑰𝑰/+𝑰𝑽

𝑬𝟏/𝟐

414 mV
498 mV
394 mV
494 mV

+𝑰𝑽/+𝑽

𝑬𝟏/𝟐

880 mV
723 mV
746 mV
652 mV

tris(triphenylamine)vinyl

triazaruxenes.

a) 0.1M CH2Cl2 / nBu4PF6, b) 0.06 M CH2Cl2 / nBu4NBArF.

At this point a comparison of the different regioisomers of the triarylamines, in contrast to ruthenium
vinyl triindole derivatives, reveals a trend. Redox potentials up to the fourth oxidation are smaller or
equal in case of 2-substitution, where the peripheral donor is attached in para-position relative to the
aromatic π-system. One also notes an enhanced splitting of the first two oxidation waves for the
2-isomer as compared to the 3-isomer. Resonance structures can be used as models to explain charge
stabilization and to rationalize the observed effects. As can be seen from Figure 94, positive charges
are better delocalized when they are located in para or ortho positions compared to localisations in
meta positions to the intracyclic nitrogen donors. For the radical cations, two such resonance
structures exist for the 2-isomers but only one for the 3-isomer. One might also assume that general
communication within the triindolic system is slightly higher for the 2-isomers. This effect may be
related to the para-directing character upon electrophilic substitution (see Chapter III.3). Another
puzzling aspect for the electrochemistry of the compounds is the inverse behavior for the fifth
oxidation, which takes place at more anodic potentials for the 2- than for the 3-substituted derivatives.
A possible explanation, though hard to be proven, is that the oxidation takes preferably place at the
triazatruxene core. Due to the tetracationic character, which results in three positively charged
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triarylamine substituents, the fifth oxidation is shifted to more anodic potential. To be precise, the
higher the communication between the core and its substituents, the greater is the anodic shift of the
fifth oxidation.

Figure 94: Resonance structures of triphenylaminetriazatruxenes substituted in 2-position (top) and 3-position (bottom).

4.

UV/Vis/NIR spectroscopy

It is obvious from the electrochemical results, that generation of the pure oxidized forms is rather
difficult. In addition, although stable on the time scale of the electrochemical measurements, the
compounds suffered rather fast decomposition during UV/Vis-SEC measurements. Therefore, oxidized
species were generated by addition of various equivalents of chemical oxidants. With respect to both
the critical stability of the oligocationic species and the lack of precise of charge and potential under
thin layer conditions of electrochemical oxidation this method seemed to be the most reasonable. The
spectra of 2-TPA3TATn+, obtained by chemical oxidation with increasing amounts of 4,4’,4’’tris(bromophenyl)aminium hexafluoroantimonate are shown in Figure 95.
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Figure 95: UV/Vis/NIR spectra of 2-TPA3TAT in CH2Cl2 with addition of various amounts of oxidizing agent “Magic Blue”.

The spectrum of the neutral triarylamine triazatruxene is characterized by an intense band at ca.
400 nm, which consists of three individual absorptions at 392, 406 and 428 nm (see Table 16).
Irradiation into this band causes fluorescence (see also Chapter V.5 for discussion of the fluorescence
properties). Upon addition of the oxidant a band at about 308 nm grows in whereas the 400 nm band
gradually bleaches. This growing band is presumably mainly due to neutral 4,4’,4’’tris(bromophenyl)amine, which accumulates upon further addition and results in a constant increase
of the respective band for each added equivalent of the oxidant. This absorption fits spectroscopic
data in literature.[208]–[210] However, this band likely has additional contributions from the appended
NPh2 moieties as shown by the presence of a similar band at 299 nm for 2-TPA3TAT itself.

equivalents
oxidizing agent
0
1
2
3
4

λ in nm (ε in M-1cm-1)
299 (35600), 347 (14700), 392 (77400), 406 (30900), 428 (58900)
307 (64100), 354 (14300), 402 (53800), 428 (13300), 499 (6900), 600 (13600),
676 (3600), 1380 (17700), 1826 (11200)
308 (72600), 372 (14100), 414 (21200), 509 (2400), 587 (7400), 894 (12400),
1377 (17500)
308 (88200), 356 (7000), 406 (11200), 527 (3600), 591 (5500), 898 (22600),
1197 (17600)
309 (104200), 353 (5900), 404 (2700), 507 (2800), 585 (2800), 904 (27600),
1067 (20800), 1550 (2000)

Table 16: Absorption maxima with related extinction coefficients for 2-TPA3TAT upon addition of “Magic Blue”.
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equivalents of
oxidizing agent
0
1
2
3
4

2-TPA3TAT
100 %
3.7 %
-

relative proportions
2-TPA3TAT+ 2-TPA3TAT2+ 2-TPA3TAT3+
92.8 %
3.5 %
14.8 %
70.3 %
14.9 %
0.1 %
14.7 %
70.7 %
< 0.5 %

2-TPA3TAT4+
0.1 %
14.5 %
> 99.5 %

Table 17: Calculated relative proportion of oxidized species of 2-TPA3TAT through disproportionation.

The absence of the characteristic, intensive band of the 4,4’,4’’-tris(bromophenyl)aminium cation at
ca. 700 nm from the spectra indicates, that it is completely consumed and the amine-TAT conjugates
are progressively oxidized.[210] Oxidation of 2-TPA3TAT leads to a stepwise bleach and slight shift of the
intense bands at ca. 400 nm. Broad, though not very intense bands emerge at 600, 1380, and 1826 nm,
arising from (intervalence) charge transfer transitions. Considering the small potential differences of
the higher redox states, com- and disproportionation reactions must occur and have to be considered
when evaluating and interpreting the experimental spectra. Table 17 shows the theoretical
distributions of the different valence states after addition of 1, 2, 3 and 4 equivalents of the oxidizing
agent to the solution of 2-TPA3TAT, based on the differences of the electrochemical potentials for the
different redox processes.
Upon further oxidation a broad band covering the complete NIR region develops. Again, these bands
are likely to involve charge-transfer from the TAT core to the triarylaminium site(s) and from the
remaining reduced to the already oxidized triarylamine subunits. Unambiguous assignment of the
transitions was not possible because there are too many variables to be considered. These variables
include both the complexity of the molecule, which is capable of undergoing conformational changes,
and the problem of simultaneous occurrence of different charge states. Thus, only qualitative
statements seem appropriate. One notes that, on further positive charging, the band at the lowest
energy gradually shifts to the blue while a more prominent feature at ca. 900 nm develops. The latter
resembles the features of the oxidized NEtTAT. Such gradual blue shift on further charging has also
been observed in tris(ruthenium vinyl) appended carbazoles and triarylamines.[190],[193]
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Figure 96: UV/Vis/NIR spectra of 3-TPA3TAT in CH2Cl2 with addition of various amounts of oxidizing agent “Magic Blue”.

For the regioisomeric 3-TPA3TAT UV/Vis/NIR spectra obtained upon addition of various equivalents of
chemical oxidant have been measured as well (see Figure 96). In this case the degree of complexity of
the spectra is even higher because of the smaller separation of the individual half-wave potentials and,
therefore, even more prevalent comproportion/disproportion equilibria (see Table 18). This is
particularly evident for the situation after the addition of 3 equivalents of the oxidant, where the di-,
tri- and tetracations coexist in nearly equal proportions. Deconvolution of the measured spectra did
not lead to reliable results, probably due to the many charge states and the overall similarity of their
absorption spectra, which adversely affect the interpretation of the results. One can only state that
the low-energy bands tend to be more intense and to remain at lower energies, even in the higher
oxidized states while it is less intense for the radical cation. Likewise, the 900 nm bands seen in the
higher oxidized forms of the 2-isomer are absent in the 3-isomer and seem to be shifted to higher
energies, peaking at wavelengths lower than 600 nm. It can also be stated that the
tris(diarylamine)-substituted triazatruxenes represent electrochromic dyes for the visible and near
infrared region.
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equivalents of
oxidizing agent
0
1
2
3
4

3-TPA3TAT
100%
12.0 %
-

relative proportions
3-TPA3TAT+ 3-TPA3TAT2+ 3-TPA3TAT3+
76.1 %
11.9 %
14.8 %
70.3 %
14.9 %
33.2 %
33.3 %
< 0.4 %

3-TPA3TAT4+
0.1 %
33.5 %
> 99.6 %

Table 18: Calculated relative proportion of oxidized species of 3-TPA3TAT through disproportionation.

5.

Fluorescence

As mentioned above, even excitation by daylight led to an impression of fluorescence for both
tristriarylamine triazatruxenes 2-TPA3TAT and 3-TPA3TAT. The luminescence of these compounds as
arising from both “normal” excitation and two photon absorption, was already described by
LEI JI et al.[93] in 2010. However, no emission quantum yields and life times were provided.
A fluorescence spectrometer PicoQuant FluoTime 300 was used determining the lifetime of the
luminescence. An excitation wavelength of 405 nm for the 2-TPA3TAT was determined from
absorption spectroscopy using tetrahydrofuran as solvent. The spectra of absorption, excitation, and
luminescence are shown in Figure 97. A structured emission resembling the absorption profile was
detected, showing a bathochromic shift of about 1580 cm-1.

Figure 97: Absorption (black), excitation (blue) and luminescence (red) spectra of 2-TPA3TAT.
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A Stokes shift of this magnitude is typical for fluorescence emissions. The maximum of the
luminescence was found to be at 451 nm, matching the data in literature.[93] In addition, lifetimes of
the excited state have been measured by excitation at different wavelengths (see Table 19). The
average lifetime of 1.77 ns is in a range known for fluorescent radiation as well. Using an integrating
(ULBRICHT) sphere, quantum yields of the tris(triarylamine)-substituted triazatruxenes have been
determined. Upon excitation at 380 nm 2-TPA3TAT displayed a fluorescence quantum yield of 56 %.
The isomeric 3-TPA3TAT showed similar spectra although the bands appear slightly more
hypsochromically shifted as can be seen in Figure 97. Thus, 3-TPA3TAT shows its first emission peak at
a wavelength of 428 nm. A Stokes shift of approximately 1150 cm-1 is also typical for fluorescence. The
lifetime of the excited state was determined as 1.44 ns and, therefore, is slightly shorter than for its
2-substituted relative. The quantum efficiency when excited at 379 nm was identified to be 43 %
underlining that 2-TPA3TAT is a slightly superior fluorophore.

λdet in nm
435
472
520

tlt in ns
1.74
1.79
1.79

Table 19: Fluorescence lifetime determination for 2-TPA3TAT.

Figure 98: Absorption (black), excitation (blue) and luminescence (red) spectra of 3-TPA3TAT.
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6.

EPR spectroscopy

Electron paramagnetic resonance spectra have been measured for both isomeric tris(triphenylamine)appended TATs in all their accessible redox states. Prior to measurement the EPR-silent neutral form
of the compounds was oxidized by addition of suitable chemical oxidants with a suitable redox
potential to selectively address the required charge state.[196] The monocations have been obtained
using a substoichiometric amount (0.7 equivalents) of acetyl ferrocinium hexafluoroantimonate
(E0, vs Fc = 0.27 V).[196] For generating the dicationic species, two equivalents of the latter oxidant were
used while the tri- and tetracationic species could only be obtained by using 1,1’-diacetylferrocinium
hexafluoroantimonate as a stronger oxidant (E0, vs Fc = 0.49 V).[196] The samples were prepared in
dichloromethane under inert gas atmosphere.

compound
2-(TPAVin)3TAT
3-(TPAVin)3TAT

𝟎/+𝑰

𝑬𝟏/𝟐

𝑬𝟏/𝟐

86 mV
158 mV

253 mV
253 mV

333 mV
498 mV

𝑬𝟏/𝟐

+𝑰/+𝑰𝑰

+𝑰𝑰/+𝑰𝑰𝑰

+𝑰𝑰𝑰/+𝑰𝑽

𝑬𝟏/𝟐

414 mV
498 mV

+𝑰𝑽/+𝑽

𝑬𝟏/𝟐

880 mV
723 mV

Table 20: Oxidation potentials of triphenylaminetriazatruxenes vs. Cp2Fe / Cp2Fe+.

The EPR spectra of the radical cation species 2-(TPAVin)3TAT+ and 3-(TPAVin)3TAT+ at room
temperature are shown in Figure 99. The EPR spectra of other oxidation states as well as low
temperature measurements can be found in the appendix. All measurements displayed isotropic
signals while no hyperfine splitting was visible. Both the extended π-system and the results from cyclic
voltammetry and UV/Vis spectroscopy suggest that the spin is delocalized over the major part of the
molecules. This results in a multitude of hyperfine couplings, each broadening the signal such that no
individual couplings are resolved. The same kind of observations have been made for the triruthenium
vinyl-substituted derivatives and the TAT core itself.
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Figure 99: EPR spectra of 2-(TPAVin)3TAT+ and 3-(TPAVin)3TAT+ in dichloromethane at room temperature.

The LANDÉ factors – or gyromagnetic factors – determined from the recorded spectra have a common
value of about 2.011 as can be seen from Table 21. The lower g-values compared to those of the
ruthenium vinyl-substituted analogs (see Table 21) correspond with enhanced “organic” character of
the unpaired spin density. On the other hand, they are slightly but consistently larger than those of
NEtTAT+, but in line with those of triarylaminium-type radicals.[165],[206],[211],[212]
This indicates the expected largely organic character of the radical lying below the values of the
ruthenium-substituted triindoles (see Table 21) and those of the unsubstituted NEtTAT.

paramagnetic species

giso (20 °C)

giso (-150 °C)

2-TPA3TAT+
2-TPA3TAT2+
2-TPA3TAT3+
2-TPA3TAT4+

2.0112
2.0113
2.0108
2.0111

2.0113
2.0111
2.0105
2.0112

Table 21: LANDÉ factors in various charge states of 2-TPA3TAT.

In case of the 3-substituted triarylamine triindole 3-TPA3TAT a similar behavior is observable for all
accessible charge states. No hyperfine splitting is detectable irrespective of the temperature and the
LANDÉ factors also have a value of about giso = 2.011 (see Table 22).
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paramagnetic species

giso (20 °C)

giso (-150 °C)

3-TPA3TAT+
3-TPA3TAT2+
3-TPA3TAT3+
3-TPA3TAT4+

2.0112
2.0109
2.0111
2.0111

2.0112
2.0113
2.0108
2.0110

Table 22: LANDÉ factors in various charge states of 3-TPA3TAT.

7.

Summary

In addition to the previously described ruthenium vinyl triazatruxenes, triarylamines were investigated
as also electron-rich, but purely organic substituents. The synthesis was started from 4-formyl
triarylamine. A WITTIG reaction afforded the 4-vinyl triarylamine and subsequent HECK coupling with
the tribromotriazatruxene precursors 2-Br3TAT and 3-Br3TAT yielded the desired 2- and 3tristriarylamine triazatruxenes 2-TPAVin3TAT and 3-TPAVin3TAT.
As for the ruthenium vinyl moieties also the triarylamine substituents each contribute an additional
one-electron redox process resulting in the expected electrochemical behavior granting access to five
mainly reversible redox processes. The oxidations appear in a quite condensed potential range, leading
to a strong overlap of the individual processes. Therefore, not all charge states could be selectively
addressed. Comparison of the structure related compounds reveals a superior charge stabilizing effect
in the ruthenium vinyl substituted derivatives compared to their triarylamine analogs resulting in more
cathodic half-wave potentials for all oxidation processes. Comparing the regioisomeric forms of
triarylamine triazatruxenes, potentials up to the fourth oxidation are smaller or equal in case of 2substitution, where the peripheral donor is attached in para-position relative to the aromatic πsystem. A potential explanation was proposed based on an improved intramolecular communication
for the 2-isomer leading to an imcreased resonance stabilization for the minor oxidation states.
Assuming from the results of the ruthenium vinyl triazatruxenes that the prior oxidations are
predominantly located on the triarylamine sidearms for the fifth oxidation the tetracationic character
results in three positively charged triarylamine substituents. As the fifth oxidation is shifted to more
anodic potentials for the 2-isomer this might be caused by the enhanced communication between the
core and its now positively charged substituents.
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Just as for ruthenium vinyl triazatruxenes the triarylamine triazatruxenes are almost colorless or just
yellowish in their ground state, but reveal a polyelectrochromic behavior upon oxidation As the redox
waves in cyclic voltammetry are consecutively overlapping, addressing an individual redox state is
difficult if not impossible because of com- and disproportionation effects. Therefore, an assignment of
individual transitions was not possible. Nevertheless, another intriguing finding is the fluorescence of
the monocationic 2-(TPAVin)3TAT+ and 3-(TPAVin)3TAT+, which becomes visible even at daylight.
Fluorescence spectra reveal luminescence maxima at around 450 nm for the 2-isomer and 430 nm for
the 3-isomer with lifetimes of the excited states of 1.8 ns (56 % quantum yield) and 1.4 ns (43 %
quantum yield).
EPR spectroscopy shows isotropic singulets for both tested compounds in all accessible oxidized states.
The LANDÉ factors determined from the recorded spectra have a common value of about 2.011
underlining the completely organic character of the compounds.
In conclusion, both prepared triarylamine triazatruxenes show an intriguing potential as both dyes and
chromophores, offering intense absorptions and quite promising fluorescence quantum yields. Further
optimization of the compounds by either tackling the large delocalization by a different substitution
pattern or by using a more decoupling linker like an alkynyl rather than a vinyl moiety might be
promising, leading to better control of the substances’ properties.
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VI.

Tritylium-substituted Triazatruxenes
1.

Introduction

In contrast to the electron-donating substituents discussed in Chapter IV and V, triphenylmethylium
(tritylium) ions constitute electron acceptors that can be reduced to first, the neutral radicals and then
to the closed-shell carbanions. Therefore tritylium-substituted triazatruxenes have been investigated
as well (see Figure 100). In addition, STEFFEN OßWALD et al. investigated ruthenium vinyl-modified
tritylium dyes and were able to control the systems’ properties by the attached substituents.[213]–[215]
The stability in different charge states as well as remarkable optical properties made tritylium ions a
proper choice for electron-withdrawing groups in the triazatruxene periphery. In order to achieve a
more direct impact of the electron-withdrawing cationic substituents on the derivatives’ properties
the tritylium moieties are not connected to the triindole core in a classical sense, i. e. via a connecting
spacer. Rather, they are included as constituents on the outer benzene rings of the indole subunits
(see Figure 100). Therefore, they are more adequately described as diphenylmethylium triazatruxenes.
For more simplicity, they will nevertheless be named as tritylium triazatruxenes or x-Trt3TATs.

Figure 100: General structures of investigated tritylium triazatruxenes.

The tritylium dye substituents should have a dramatic effect on the optical and spectroscopic
properties of the compounds. With their intense absorption in the visible region, these compounds,
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which can be classified as relatives to crystal violet or malachite green, promise to be quite colorful.
Colors have always had a large impact on human beings but also on other animals. In 2017, decorative
cosmetics shared an estimated worldwide market size of 66.4 billion dollars.[216] At this point it is
appropriate to raise the question about humanity’s interest in color itself, especially when talking
about clothing. In every society and social group colors have specific meanings and associations. Color
psychology is an own research field dealing with the impact of colors on humans. Besides showing your
identity, mood, and social affiliation intense colors also serve to excite, stand out, and to attract
attention. In nature colors play a big role as many animals, for example chameleons, adapt the color
of their surrounding hiding from predators. It is also part of psychological discussion which role colors
have towards DARWIN’s theory of sexual selection. In 1879, ALLEN GRANT published an article[217]
discussing the origin and development of the color sense in nature presenting several examples like
plants attracting birds with colorful fruits having them disperse their seeds. [218]
Coming back to human societies, the need for dyes coloring ordinary clothes or even more important
soldiers’ uniforms or emperors’ robes has steadily evolved. Just until the 19th century dyes and
pigments represented a precious good having to be obtained from plants and animals manually. Dye
syntheses, for example those for indigo, were cornerstones for the development of chemistry.
Triphenylmethanes like crystal violet represent some of the first synthesized dyes.[219] Such
compounds, representing a combination of a three-armed cyanine dye with a triphenylmethylium
core, were first described by C. LAUTH in 1867. However, his “new aniline dye” Violet de Paris consisted
of

a

mixture

of

para-substituted

anilines.

The

pure

compound,

tris(4-

(dimethylamino)phenyl)methylium chloride, was then synthesized by A. KERN in 1883. Realizing the
commercial potential of his development KERN collaborated with BASF chemist HEINRICH CARO and had
his synthesis patented.[220]–[222] Nowadays, the class of triphenylmethane-based dyes is still present in
coloring agents. Aside crystal violet also the intensely red fuchsin as well as methyl green demonstrate
the versatility of these substances, whose optical properties can be facilely influenced by various
substituents.[223] Another topic relevant in literature is the electrochemically reversible manipulation
of triarylmethylium dyes.[223]–[228] This intriguing property was also relevant for the choice of tritylium
triazatruxenes as a further motif to be investigated. In 1999, IUAN-YUAN WU et al. published the
investigation of mono-, di-, and tri-rutheniumethinyl triarylmethylium derivates, demonstrating a high
NIR-absorbance of these compounds paired with high stability.[229] In our case, para-methoxysubstituted phenyl rings should be incorporated into the tritylium dyes hopefully leading to an
increased stability of the electron-poor tricationic systems. The necessary anion should be noncoordinating and inert to the conditions of electrochemical measurements. The readily available
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tetrafluoroborate was used for that purpose and introduced via dehydration with tetrafluoroboric acid
HBF4 for the complete series of organic derivatives.

2.

Synthesis

Striving for the synthesis of electron-poor triazatruxene derivatives, the two regioisomeric structures
2-(Trt(4,4’-OMe))3TAT(BF4)3 and 3-(Trt(4,4’-OMe))3TAT(BF4)3 (see Figure 102) have been prepared
starting from the respective tribromo derivatives. Metal halogen exchange using tertiary butyl lithium
led

to

the

trilithiated

nucleophilic

intermediate.

Subsequent

reaction

with

4,4’-dimethoxybenzophenone afforded the respective trialcohols 2- and 3-tris(4,4’-dianisylmethanolyl)TAT which could be isolated in 48 %, or 43 % yield, respectively (see Figure 102). Addition
of a solution of tetrafluoroboric acid in diethyl ether resulted in quantitative dehydration and
formation of the desired, deep green 2-(Trt(4,4’-OMe))3TAT(BF4)3 or 3-(Trt(4,4’-OMe))3TAT(BF4)3 as
can be seen in Figure 103.

Figure 101: Structures of the synthesized tris(dimethoxytrityl)triazatruxenes.

Both the metalation affording the organolithium species and the reaction with the dianisyl ketone
worked out similarly for the 3-substituted isomer and provided the trimethanolic species
3-tris(di-p-anisylmethanolyl)TAT in a slightly minor yield of 43 percent. The final dehydration afforded
the also intensely green 3-(Trt(4,4’-OMe))3TAT(BF4)3 quantitatively.
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Figure 102: Preparation of the 2-tris(di-p-anisyl)methanolyl)TAT.

Figure 103: Dehydration with tetrafluoroboric acid leading to the formation of the 2-((4,4’-OMe)Trt)3TAT(BF4)3 salt.

Since the syntheses of the purely organic tritylium triazatruxenes worked out well, in a more
sophisticated approach, we aimed at modifying one side arm of each triphenylmethylium moiety with
a ruthenium vinyl substituent. These might each be capable of contributing one additional oxidation
per ruthenium vinyl moiety and also help to stabilize the positive charge of the conjugated system,
resulting in a cathodic shift of redox potentials. The structures of the desired trinuclear ruthenium-
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tritylium triazatruxenes are shown in Figure 104. Again the tribrominated triazatruxenes 2-Br3TAT and
3-Br3TAT were reacted with tertiary butyl lithium, leading to halogen metal exchange. This time
4-trimethylsilylethinylbenzophenone was used as an electrophile leading to the trialcohol (see Figure
105). Now, cleavage of the trimethylsilyl protecting group was induced by addition of potassium
carbonate in methanol. Since the tetrafluoroborate ions might lead to a partial decomposition of
ruthenium vinyl moieties, at this point the even less-coordining anion tetrakis(bis-3,5trifluormethylphenyl)borate was chosen. Therefore BROOKHART’s acid (HBArF)[230] in acetonitrile was
used in the dehydration step. The obtained tricationic (4-ethinyl)tritylium species 2-(Trt(4-A)3TAT3+
and 3-(Trt(4-A))3TAT3+ should afterwards be hydrometalated to the desired ruthenium vinyl
compounds. As STEFANIE BREIMAIER found out during her Bachelor’s thesis the addition of a so called
proton sponge – 1,8-bis(dimethylamino)naphthaline – is necessary to remove residual acid to avoid
decomposition of the ruthenium hydride.[215] Unfortunately, these two final steps did not afford the
desired products. The dehydration afforded an intensely green compound. The product could be
observed in 1H-NMR spectra, but the signals already exhibit a slight paramagnetic signal broadening,
indicating a partial decomposition. Thus, the final metalation was not successful for both regioisomers.
Therefore, this issue was not further investigated.

Figure 104: Planned ruthenium vinyl tritylium triazatruxenes.
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Figure 105: Synthesis of triethinyltritylium triindole 2-(Trt(4-A)3TAT.

3.

Cyclic Voltammetry

Opposed to the unsubstituted triindole NEtTAT, the organic tristritylium triazatruxenes 2-(Trt(4,4’OMe))3TAT(BF4)3 and 3-(Trt(4,4’-OMe))3TAT(BF4)3 cannot be oxidized. The three cationic moieties
exert a too large electron-withdrawing influence to allow the oxidized forms to form within the
electrochemical solvent window of the NBu4+PF6- electrolyte. As a consequene of the addition of the
three tritylium moieties, though, cathodic redox processes occur. Besides two consecutively
overlapping redox waves at about -575 mV for the first and at -675 mV for the second reduction
(vs. Fc/Fc+) another irreversible reduction is observable just within the electrolyte window with a
maximum forward peak potential of -1875 mV (ν =100 mV/s). To identify the number of transferred
electrons for each individual redox process normal pulse voltammetry using an equimolar external
standard was performed. This confirmed that a two-electron wave and an overlapping one-electron
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wave are followed by another one-electron process (see Figure 106). For a completely decoupled Class
I system one would expect that all three reduction processes occur at the same potential, which would
lead to a single three-electron wave in cyclic voltammetry. The indivicual redox potentials are provided
in Table 23. The observed splitting into 2:1 pattern might then be either due to electrostatic effects
(though the latter would predict, that the splitting between the 3+/2+ and the 2+/+ waves is larger
than that between the 2+/+ and the +/0 waves) or indicate some degree of electronic interaction
between the individual redox sites.

Figure 106: Cyclic voltammogram of 2-(Trt(4,4’-OMe))3TAT(BF4)3 recorded in 0.1

M nBu4NBF4

(E vs. [Cp2Fe]/[Cp2Fe]+;

ν = 100 mV/s).

Figure 107: Calculated HOMO (left) and LUMO (right) orbitals of 2-(Trt(4,4’-OMe))3TAT3+.
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In order to elucidate this behavior DFT calculations were executed. As can be seen from Figure 107,
the HOMO is almost completely localized over the electron-rich triindole core. Although the tritylium
units are directly attached to the TAT core, they do not contir but to the HOMO at all. The LUMO is
entirely tritylium-based and is decoupled from the core. This localization might explain the results from
the CV measurements. The mixed-valent system, which forms upon reduction might, therefore,
belongs to Class I according to the ROBIN and DAY classification. In this case, the observed shift of the
third reduction by 100 mV would be entirely due to an electrostatic effect. Upon reduction of the
peripheral tritylium sites, the TAT core regains electron-density, which was partially transferred to the
tritylium sites in the non-reduced compound. Now, this leads to a cathodic shift of the half-wave
potential for the third reduction. Further evidence for this assumption will be presented when
discussing the spectroscopic properties (see Chapter VI.4). The fourth reduction is either located on
the central triindole core, which is slightly less electron-rich than in NEtTAT, itself, or correspond to the
reduction of the first CAr2 moiety to the corresponding carbanion. In fact, the +/0 and 0/- waves of
tritylium ions differ by ca. 1.1 to 1.2 V, which matches with the data for 2-(Trt(4,4’OMe))3TAT(BF4)3.[224],[231] This reduction is completely irreversible.
For 3-(Trt(4,4’-OMe))3TAT(BF4)3 only three reductions are recognized within the applicable potential
window provided by dichloromethane with tetrabutylammonium tetrafluoroborate as the supporting
electrolyte (see Figure 108). For solvents offering a more cathodic potential window like
tetrahydrofuran or acetonitrile, nucleophilic attack on the tritylium moieties was observed in cyclic
voltammetry and the decomposition was followed by NMR spectroscopy, which precluded use of these
solvents for electrochemical measurements. In contrast to 2-(Trt(4,4’-OMe))3TAT(BF4)3, a fourth
reduction was not detected and the half-wave potentials are shifted cathodically. The redox waves of
the three reductions are also largely overlapping and the chemical reversibility is decreased. A
comparison of the redox processes’ potentials is shown in Table 23.
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Figure 108: Cyclic voltammogram of 3-(Trt(4,4’-OMe))3TAT(BF4)3 recorded in 0.1

M nBu4NBF4

(E vs. [Cp2Fe]/[Cp2Fe]+;

ν = 100 mV/s).

The half-wave potentials of the individual waves were determined by deconvolution of square wave
voltammograms (see Appendix 28 for square wave voltammograms of 2-(Trt(4,4’-OMe))3TAT(BF4)3
and 2-(Trt(4,4’-OMe))3TAT(BF4)3 with the respective deconvolutions. Comparing these results with
ruthenium vinyl or triarylamine triazatruxene derivatives, it is observable that, despite the smaller
redox-system, and the missing linker between the core and the substituents, a weaker communication
seems to prevail between these electron-poor substituents. For the electron-donating substituents,
every redox process strongly influences the complete conjugated system, resulting in larger
differences between the half-wave potentials. This demonstrates a larger intramolecular
communication and a better overlap of the core orbitals with those of the substituents as also
suggested by the density functional theory calculations.

+𝑰𝑰𝑰/+𝑰𝑰

Compound
2-(Trt(4,4’-OMe))3TAT
3-(Trt(4,4’-OMe))3TAT

+𝑰𝑰𝑰/+𝑰

𝑬𝟏/𝟐

𝑬𝟏/𝟐

-575 mV
-660 mV

-575 mV
-730 mV

+𝑰/ 𝟎

𝑬𝟏/𝟐

-675 mV
-820 mV

Table 23: Half-wave potentials of tristritylium triindoles; 0.1 M CH2Cl2 / nBu4NBF4 (E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).
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4.

UV/Vis/NIR spectroscopy

Triphenyl methane dyes like crystal violet,[232]–[234] malachite green,[234],[235] brilliant blue,[236]
rhodamine[234] or fuchsine,[237] which is also known as magenta, show intense absorptions within the
optical region of spectral light with molar extinction coefficients exceeding εM values of
50,000 L mol-1cm-1. The names of these dyes already allude to the variability and tunability of their
optical properties. As shown in Figure 109, the three arms of triarylmethylium derivatives can be
assigned to x, y and z axes.[219] The spectroscopic absorptions of tritylium dyes, which often bear two
or three identical substituents can be classified x and y bands as reported by GILBERT LEWIS and MELVIN
CALVIN in dependence of the origin of these charge transfer excitations. For the synthesized dimethoxy
tritylium triazatruxenes charge transfer bands arising from the anisyl moieties can be referred as x
band while those stemming from the electron-rich core represent the y band.

Figure 109: x, y and z axes of triarylmethane-based dyes (left); x and y bands according to LEWIS and CALVIN (right)[233].

UV/Vis spectroscopy has been measured for all target compounds. The dimethoxy-trityliumsubstituted 2-(Trt(4,4’-OMe))3TAT*BF4 shows two significant bands in the visible region. A rather sharp
band with a maximum at 485 nm exceeds an extinction coefficient of 110,000 L mol-1 cm-1 and a broad
structured band covering more than 200 nm having its maximum extinction at 738 nm. DFT
calculations were performed simulating the spectrum. As can be seen from Figure 110, calculation of
the spectral transitions for 2-(Trt(4,4’-OMe))3TAT3+ matches basically the experimental spectrum,
although the exact position and relative intensities of the absorptions are not reproduced exactly. It is
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also obvious that both bands consist of a multitude of transitions. The experimental spectrum is redshifted in comparison to the calculated spectrum (see Figure 110). In order to gain both deeper insight
and to better understand the spectroscopic properties, all significant transitions have been assigned
to individual (charge transfer) processes and the respective donor and acceptor sites have been
identified. This is summarized in Figure 111. The blue and red colors in the electron density difference
maps indicate a decrease and increase of electron density during the respective transition. The
individual transitions have been combined to three groups. The first transition – marked by a red frame
– takes place in the ultraviolet region and is based on the triindole core. It is a π-π* transition and
involves the entire triazatruxene core. The blue-framed transitions are responsible for the sharp band
at 485 nm. They can be classified as the y band stemming from charge transfer transitions from the
anisyl rings towards the methylium acceptor orbitals. The third class of transitions can be assigned to
the x band. They result from charge transfer from the electron-rich triazatruxene core to the tritylium
acceptor moieties. These transitions mainly constitute combinations of charge transfer transitions
from the HOMO, HOMO-1 or HOMO-2 to the LUMO, LUMO+1 and LUMO+2. The separate band near
400 nm is special and is again predicted to have more x than y character. It involves charge transfer
from mainly the outer phenyl rings of the remote carbaole-type subunits of the TAT core to one Ar2C+
acceptor.

Figure 110: Measured UV/Vis/NIR spectrum of 2-(Trt(4,4’-OMe))3TAT(BF4)3 in a 0.1

M

solution of

nBu

4NBF4

in

1,2-dichloroethane and DFT calculation for the trication’s spectral properties.
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Figure 111: Allocation of calculated electron density difference maps for transitions of 2-(Trt(4,4’-OMe))3TAT3+ as π-π*
transition (red frame), y-band (blue frames) and x-band (green frames).

In order to monitor the reduction-induced changes of the electronic spectra, UV/Vis/NIR
spectroelectrochemistry was measured for the gradual reduction of 2-(Trt(4,4’-OMe))3TAT*BF4
starting from the native tricationic state. As Figure 112 shows, both bands in the visible region bleach
upon reduction and a band in the UV region grows in. The latter can be assigned as a further π-π*
transition concomitant with the increased electron density within the aromatic system. Another
notable aspect is the fact that stepwise reduction to the di- or monocationic species is not possible.
Owing to the similar potential or even identical potentials of the three one-electron oxidation
processes addressing an individual charge state in between the 3+ and 0 states is impossible because
of the underlying disproportionation / comproportionation equilibria. This is also evident by the
deviation from isosbestic points for the decreasing x band, showing that the gradual process consists
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of several individual steps. While there is a small bathochromic shift of the x-band on continued
reductions the y-band shows no such effect. Since the reduction of one tritylium moiety does not seem
to affect the others, the y-band gradually decreases in intensity and only the x-band is affected by an
increase of electron density on the common triindole core. This explains the slight red shift of this band
during later stages of the electrolysis. The absence of intramolecular communication between the
three sidearms can also be inferred from the lack of an additional charge transfer band after partial
reduction, i. e. reduction of part of the available tritylium sites. In case of an intramolecular
communication between the triphenylium substituents, one would expect that an intervalence charge
transfer occurs as a consequence of charge transfer from the already reduced to the remaining
oxidized site(s). This rationalizes the cyclic voltammetry data and indicates that, despite the
incorporation into the same π-conjugated aromatic system, these moieties are completely decoupled
from each other.

Figure 112: UV/Vis/NIR spectroelectrochemistry of the reduction of 2-(Trt(4,4’-OMe))3TAT3+; in 0.1 M nBu4NBF4 solution in
1,2-dichloroethane.
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Figure 113: UV/Vis/NIR spectroelectrochemistry of the reduction of 3-(Trt(4,4’-OMe))3TAT3+; in 0.1 M nBu4NBF4 solution in
1,2-dichloroethane.

The optical properties of the corresponding 3- isomer, 3-(Trt(4,4’-OMe))3TAT3+, are very similar. There
are also two bands, which represent the x and y bands. The assignments of the observed bands to
individual excitations are shown in Appendix 29. While the y band is almost at the same position as for
its regioisomer, the x band is shifted hypsochromically. This is in accordance to the independence of
the y-band transitions from the core, as they involve a charge transfer from the peripherally appended
anisyl rings to the cationic methylium center. By contrast, the x band differs significantly from
2-(Trt(4,4’-OMe))3TAT3+, in terms of shape and position. As expected, the band arising from
triazatruxene to tritylium charge transfer processes shifts with the effective conjugation length and
constitution of the conjugated π-system. The attenuated interaction between the TAT core and the
periphery is completely in line with the previous observations on the trisalkenyl ruthenium and the
triarylamine derivatives. Just as for the 2-isomer, there are additional π-π* transitions in the UV that
are confined to the TAT core. Upon reduction the x and y bands gradually decrease in intensity with a
concomitant, continuous shift of the x band to lower energy.
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Unlike for the regioisomer upon reduction to the neutral 3-(Trt(4,4’-OMe))3TAT the bands do not
vanish completely. This is also predicted by DFT calculations. The remaining, but weak bands can be
assigned to charge transfer excitations from the core to the periphery (see Appendix 29).
By UV/Vis/NIR spectroscopy and spectroelectrochemistry it was shown that there is (almost) no
interaction between the three triphenylmethylium moieties and that upon reduction a class I mixedvalent system is formed. This, on first glimpse, seems to contradict the results from cyclic voltammetry,
where a splitting of the redox potentials, albeit rather small, could be observed. A similar behavior,
though, has already been reported in literature. PAUL LOW and co-workers demonstrated that
triarylamine bridged dicobaltdicarbon tetrahedrane clusters show a significant splitting in
electrochemical measurements but there are no hints for delocalization between the cluster centers,
confirming that the potential splitting is entirely caused by electrostatic effects.[238] Similar findings
were

also

reported

by

RAINER WINTER

and

co-workers

for

ferrocenylvinyl-substituted

paracyclophanes.[239] A redox splitting of more than 80 mV was observed but spectroscopy indicated
class I mixed-valent systems. By synthesis of designated compounds, the through-space electrostatic
effect was evaluated. However, both published mixed-valent systems contain aliphatic connectors
between the redox centers. The type of the bridging ligand is one of the main factors influencing the
character of mixed-valent compounds and the mutual interaction of the redox-active substituents.
Aliphatic single bonds are generally largely decoupling while a communication through vinyl or alkynyl
bonds – extending and continuing π-conjugation – is favored. There are several examples showing
resemblances of complexes with bridges containing olefins and those containing acetylenes (example
given,

divinylphenylenes

and

diethinylphenylenes)

as

bridging

ligand

in

dinuclear

complexes.[155],[156],[158],[194],[198],[240]–[246] Nevertheless, both differ slightly with respect to their ability to
electronically couple adjacent redox sites. For example, it was shown in the Bachelor’s thesis of JAKOB
ZWICKER that ruthenium vinyl benzodithiazoles (BTD) with vinyl linkers between the central BTD
moieties show a stronger intramolecular communication than ethinyl-linked derivatives.
Delocalization parameters of 0.24 for the ethinyl- and 0.31 for the ethenyl-bridged compounds were
determined. The effect of E- vs. Z- conjugation in diruthenium distyrylethene compounds was also
investigated in our working group.[247]
Decoupling of groups that are connected by a π-conjugated pathway can also occur when their mutual
torsion prevents overlap of their local MOs. This effect has become obvious for various “twisted”
moieties as adjacent phenylenes cannot be planar.[248]–[253] The effects resulting from decoupling by
distortion of the common plane was investigated by OBADAH ABDEL-RAHMAN[254] and by DAN-DAN KONG
et al.[255] independently. They demonstrated the role of the torsion angle between two arenes towards
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their mutual communication and integrity of the shared π-conjugation. Another aspect to be
considered besides the character of the bridging unit is of course the actual distance between the
relevant moieties. This was investigated in several studies demonstrating that the length of the
bridging ligand has an effect on intramolecular communication in mixed-valent systems.[248],[256]–[258]
The observed behavior for the trityltriazatruxenes, therefore, is quite fascinating. The three
triarylmethylium moieties are incorporated within one joint, completely planar π-system without any
linkers. The intramolecular distance is also rather short and conjugation within the intervening TAT
cores is very efficient. Electronic coupling in the mixed-valent states has been demonstrated for the
electron-rich trisruthenium vinyl and tris(triphenylamine)-substituted derivatives in Chapters IV and V.
DFT calculations support the observation that the triindole core completely separates the three
tritylium sidearms from each other. This indicates that the triazatruxene scaffold supports
communication when electron-donating substituents are attached, but is rather isolating when
substituted by electron-withdrawing moieties. Based on these observations, the investigation of a
mixed push-pull system should deliver further insights on the triazatruxene properties and give rise to
intense CT bands in the electronic spectra.

5.

EPR spectroscopy

EPR spectra have been recorded for the reduced species of the triphenylmethylium triazatruxenes. It
is noteworthy that already the probes of the tricationic species show an EPR signal. Nevertheless, NMR
spectroscopic measurements were possible. This finding confirms the notion that the probes are
partially reduced either by air or during the last synthetic step. Here one has to consider that even
small amounts of paramagnetic species can be detected in EPR spectroscopy, this assumption is
reasonable. The measurements have been repeated after intentional reduction by addition of
cobaltocene. This leads to identical spectra. The amount of added cobaltocene also did not affect the
appearance or parametersof the EPR spectra. Just as for the triphenylamine triazatruxenes all
accessible redox states show isotropic singlets with a very low LANDÉ factor of 2.001, indicating the
expected organic character of the radicals. Figure 114 shows the EPR spectra of reduced
2-(Trt(4,4’-OMe))3TAT(BF4)3 and 3-(Trt(4,4’-OMe))3TAT(BF4)3 at room temperature. Just as for all the
other purely organic triazatruxenes there are no hyperfine splittings observable. As was already
pointed out, a multitude of small couplings might lead to a signal broadening which blurs individual
couplings beyond resolution. As can be seen from Figure 115 the spin is distributed symmetrically over
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the whole molecule. For the mono- and dicationic states, DFT calculations suggest an assymetrical
distribution of charge and spin. Nevertheless, EPR spectra of all reduced forms appear
indistinguishable due to the lacking resolution of hyperfine splittings and the similar organic LANDÉ
factors.

Figure 114: EPR spectra of 2-(Trt(4,4’-OMe))3TAT(BF4)3 and 3-(Trt(4,4’-OMe))3TAT(BF4)3 at room temperature.

Figure 115: Calculated spin densities of the tri-reduced 2-(Trt(4,4’-OMe))3TAT (left) and 3-(Trt(4,4’-OMe))3TAT (right) in their
energetically favored quartet states.
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6.

Summary

Besides the electron-rich ruthenium vinyl and triarylamine functionalities, tritylium moieties have been
appended to the triazatruxene scaffold in order to scrutinize the impact of electron poor substituents.
This class of trityliumtriazatruxenes has been examined using the model compounds
2-(Trt(4,4’-OMe))3TAT(BF4)3 or 3-(Trt(4,4’-OMe))3TAT(BF4)3 (see Figure 116).

Figure 116: Investigated tritylium triazatruxenes 2-(Trt(4,4’-OMe))3TAT(BF4)3 and 3-(Trt(4,4’-OMe))3TAT(BF4)3.

For the syntheses of these molecules the respective tribrominated triazatruxenes 2-Br3TAT and
3-Br3TAT were lithiated in a halogen metal exchange and then reacted with 4,4’-benzophenone
affording the trialcoholic precursors 2- and 3-tris(di-p-anisylmethanolyl)TAT. These could be
dehydrated by the addition of a solution of tetrafluoroboric acid in diethyl ether yielding the target
compounds.
This substitution of the triindole scaffold with three electron-poor tritylium moieties has provided
some intriguing information. First, electrochemical measurements have shown that the triazatruxene
based oxidations are shifted anodically outside of the potential window of the used electrolyte. On the
contrary, three consecutively overlapping reductions are observed and addressed, albeit not in a truly
stepwise fashion due to extensive overlap of the individual one-electron reduction waves. In
UV/Vis/NIR spectroscopy both compounds show strong absorbance in the visible and near-infrared
region. The related transitions have been assigned with the help of TD-DFT calculations identifying
them as as π-π* transitions and as electron transfer processes mainly located on the tritylium moieties.
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Based on this behavior, the synthesized tritylium derivatives represent highly absorbing dyes whose
absorption can be quenched upon reduction. A variation of substituents at the tritylium or the
triazatruxene moieties might on the one hand be used for shifting the absorbance bands and therefore
the color of the compounds. On the other hand, suitable functionalization might lead to an improved
stability and therefore to a reversibly switchable polyelectrochromic system.
Another intriguing aspect, which became apparent investigating these molecules is that the triindole
core seams to be much more insulating when substituted with electron-withdrawing substituents than
with electron-donating ones. This behavior deserves further investigation and exploitation.
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VII.

Summary
In this work derivatives of the largely planar, π-conjugated triazatruxene core with up to three
peripheral redox-active substituents have been prepared and investigated with respect to their
physicochemical properties. First, the properties of the peripherally unsubstituted triindole scaffold
have been scrutinized (see Chapter III) serving as the basis for investigations of more complex
functionalized derivatives. The formation of the core structure throughout its synthesis is debated
mechanistically and different synthesis routes and potential functionalizations are focused on. The
effects of modifications like variation of the N-alkyl substituents are discussed with particular emphasis
on outlining their impact by means of spectroscopic and electrochemical measurements. Representing
one of the pivotal aspects, various synthesis strategies towards mono-, and di-substituted
triazatruxenes were attempted and suggested. However, further work elaborating on these aspects is
deemed necessary. Here one should note that target-oriented syntheses of unsymmetrically
substituted triazatruxene derivatives are hardly represented in literature. A versatile method for the
preparation of suitable precursor structures has been elaborated and grants access to more complex
structures of triindole derivatives.

Figure 117: General structures of synthesized and investigated (metal-)organic triazatruxenes with attached substituents R.
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By taking advantage of those strategies, compounds with one, two or three peripheral groups have
been synthesized. Those substituents contain either metal-organic or completely organic functional
groups. In this respect, ruthenium vinyl (see Chapter IV)and triarylaminovinyl (see Chapter V) have
been used as electron-rich moieties, while the effect of attaching electron-poor components has been
tested by using tritylium triazatruxenes with dianisylmethylium substituents (see Chapter VI).
Especially by means of attachment of ruthenium vinyl substituents, offering both an IR sensitive label
and a good overlap of frontier orbitals with the attached conjugated π-system, the derivatives’
properties have been examined in detail. An increasing number of redox-active substituents attached
to the central scaffold has resulted in an increasing number of more or less closely spaced one-electron
waves and increased intramolecular delocalization of both charge and spin. Adapting the concept[1] of
MELVIN ROBIN and PETER DAY to the mixed-valent states of these TAT-based compounds containing more
than two redox-active components, an assignment to class II could be done. Thus indicates a mutual
interaction between the peripheral endgroups and the TAT core, as well. The influence of the
substitution pattern was also investigated. Comparison of 2- and 3-substituted isomers showed the
impact of the functionalization motif on the chemical reactivity and intramolecular communication. It
was found that substitution in 2- position and therefore para to the central aromatic core results in a
stronger communication and delocalization within the molecule than for the 3-substituted derivatives,
which have the substituent para to the nitrogen atoms, but meta to the central core. For the
investigated compounds up to six different charge states are addressable with the core contributing
two consecutive one-electron oxidations and every ruthenium vinyl or triarylaminovinyl substituent
contributing an additional oxidation. For the electron-withdrawing dianisylmethylium substituents,
the anodic redox processes of the TAT core were shifted out of the accessable measurement window
while three cathodic redox processes were observed. At odds with the derivatives having electron-rich
substituents, incorporation of the electron-withdrawing tritylium moiety strongly reduces the degree
of intramolecular communication and delocalization. The observed potential splitting for reduction of
the peripheral substituents can be attributed to mere electrostatic effects. Excitations in the mixedvalent forms can be assigned as charge transfer processes from the common TAT core or from the
anisyl substituents to the individual triarylmethylium or trityl entities, respectively, but not from a trityl
to a tritylium one.
For all systems the individual redox processes were found to be predominantly reversible. While some
of the charge states could be properly addressed and spectroscopically identified and investigated,
others could only be obtained as complex mixtures due to dis- and comproportionation equilibria. The
related charge states were adressed by the addition of different amounts of chemical oxidants or
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reductants. All experiments were supported by quantum chemical calculations assisting to explain the
experimental results and the underlying molecular properties. By means of UV/Vis/NIR- and IR
spectroscopy and assignment of the apparent charge transfer excitations on the basis of TD-DFT
calculations, the actual sequence of the redox processes could be determined. These studies revealed
that for TATs with electron-rich, oxidizable substituents the three less anodic redox processes primarily
involve the peripheral substituents with a small contribution of the core and the two most anodic
oxidations can mainly be attributed to the triindole core itself. For all three classes of compounds an
intriguing polyelectrochromism was observed. The existence of six accessible redox states with each
showing distinct spectroscopical properties is a promising feature for a potential application in
functional devices. Surprisingly, in case of the tristriarylamine derivatives an intense fluorescence was
observed.
Summing up this work more generally, it can be stated that triazatruxenes show promising and
fascinating properties, but also that direct access and control of these properties is rather difficult due
to the structural complexity. With the purpose of this project in mind, the major obstacles concerning
the synthesis and understanding of these systems have been tackled and at least partially solved. Being
part of the SFB 767 project, this thesis laid the foundations to facilitate further work on triazatruxenes
in general and in particular within the SFB project. As it was shown, the triindole scaffold bears a lot of
potential for the establishment of extended and flat redox-active molecular systems, showing
encouraging behavior in bulk-solution measurements. Additionally, these compounds represent
auspicious candidates for on-surface measurements on single molecules or ordered assemblies
thereof. As this project is continued, some of the elaborated approaches, in particular one- and
disubstituted derivatives, appear relevant for further studies.
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VIII.

Outlook
First of all, the dinuclear compound 2-RuVin2TAT should be resynthesized in a larger amount and
higher purity and analyzed in order to complete the series of ruthenium vinyl derivatives. As it was
demonstrated, the variation of the N-alkyl substituent does not influence the properties of the
triindole core and periphery, but can be used for improving the sometimes poor solubility. The poor
solubilities were the main reason why the synthesis of verdazyl-modified triazatruxenes lead to
intractable product mixtures, while in general being obviously successful as indicated by their EPR
signatures. Replacement of the then used N-Ethyl by N-Dodecyl substituents might lead to a
considerable improvement and lead to isolable, pure products (see Figure 118). This would lead to
intriguing target structures with up to three stable paramagnetic sites at room temperature within one
molecule.

Figure 118: Structure of the proposed triverdazyl triazatruxene.

Advancing to novel kinds of systems, the synthesis of di- and trisubstituted derivatives with two
different kinds of substituents at the individual indole sidearms also seems to be promising. Push-pull
systems as shown in Figure 119 would be of particular interest. These systems might result in both

133

VIII. Outlook

intense charge transfer excitations and also represent another interesting option for manipulating the
molecular properties.

Figure 119: Proposed push-pull systems containing ruthenium vinyl and tritylium moieties.

Last but not least, stacked, coplanar structures as presented by BERTA GÓMEZ-LOR et al. in 2006 in
realizing a triazatruxene cyclophane (see Figure 120)[86] are intriguing against the background of
deposition on surfaces and their charge-transfer through space.
In contrast to their approach, using a triarylbenzene structure with a diminshed π-conjugation owing
to the tilted nature of the substituents, it is appealing to devise comparable molecules where two
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triazatruxene units are linked by suitable connectors. This would offer both an additional
communication pathway between the two stacked molecules as well as offer the possibility to
incorporate intercalators in between the triindole planes. This represents another complex, yet highly
alluring project. For the proposed structure a suitable linker length has to be found. Additionally, a
peripheral substitution of the triazatruxene decks should be helpful for obtaining further information
about intramolecular transport processes.

Figure 120: Biplanar double decker structures by GÓMEZ-LOR et al. (left)[86] and own proposal for a dimeric, π-stacked
triazatruxene structure (right).
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Experimental Section
1.

Materials and methods‡

All manipulations were carried out at room temperature under a nitrogen atmosphere using standard
Schlenk techniques, unless stated otherwise. Solvents were predried and distilled by standard
procedures and degassed by saturation with nitrogen prior to use. The starting materials were
prepared by known literature procedures. All other chemicals were obtained commercially and used
without further purification. 1H NMR (400 MHz),

13

C {H1} NMR (101 MHz) and 31P NMR (162 MHz)

spectra were measured on a Bruker AvanceIII 400 spectrometer on CD2Cl2 solutions of the
corresponding compounds at room temperature or in the solvent indicated. The spectra were
referenced to the residual pronated solvent (1H) or H3PO4 (31P) or the solvent signal (13C). Elemental
analyses (C, H, N) were performed at in-house facilities. Infrared spectra were recorded on a Thermo
is10 instrument. UV/Vis/NIR spectra were recorded on a TIDAS fiberoptic diode array spectrometer
(combined MCS UV/NIR and PGS NIR instrumentation) from jandm in HELLMA quartz cuvettes with
1 cm optical path lengths. Electron paramagnetic resonance (EPR) studies were performed on a tabletop X-band spectrometer MiniScope MS 400 from magnettec. Experimental EPR spectra were
simulated with the MATLAB EasySpin program [97]. All electrochemical experiments were executed in
a home-built cylindrical vacuum-tight one-compartment cell. A spiral-shaped Pt wire and a Ag wire as
the counter and pseudo-reference electrodes are sealed into glass capillaries and fixed by Quickfit
screws via standard joints. A platinum working electrode (BAS, 1.6 mm diameter) is introduced through
the top port via a Teflon screw cap with a suitable fitting. It was polished first with 1 μm and then with
0.25 μm diamond paste from BUEHLER AND WIRTZ before measurements. Our voltammetric cell is
equipped with a side arm and a Teflon screw valve and can be attached to a conventional Schlenk line.
Experiments were performed under argon atmosphere with approximately 5 mL of analyte solution.
NBu4PF6 (0.1 mM) was used as the supporting electrolyte. Experimental CVs were referenced by
addition of an appropriate amount of decamethylferrocene (Cp*2Fe) as an internal standard to the
analyte solution after all data of interest had been acquired. Representative sets of scans were
repeated with the added standard. Final referencing was done against the ferrocene/ferrocenium
(Cp2Fe0/+) couple with E½ Cp*2Fe0/+ = −542 mV vs. Cp2Fe0/+ under our conditions. Electrochemical data
were acquired with a computer-controlled BASi CV50 potentiostat. The Optically Transparent Thin

‡

This chapter is in large parts adapted from a publication by Stefan Scheerer et al.[241] since these methods and the
equipment are common within our working group.
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Layer Electrochemical (OTTLE) cell was home-built and follows the design of HARTL et al. (Pt working
and counter electrode, thin silver wire as a pseudo-reference electrode sandwiched between two CaF2
windows of a conventional liquid IR cell. The working electrode is positioned in the center of the
spectrometer beam.)

2.

Syntheses
Primary remarks

The procedures used for the syntheses of the triazatruxene core structure are mainly based on those
published by LEI JI et al.[93] However, since some variations of reaction times or the equivalents of
reagents have been applied, the exact procedures will nevertheless be reported here. Furthermore,
unlike in the original publication, NMR signals have been assigned to the corresponding atoms. For the
substituted triazatruxenes, either own procedures have been developed if not stated otherwise in the
related text.

6-Bromo-N-ethylisatine

20 mL of iodoethane (250 mmol) were added to a suspension of 10.07 g (44.3 mmol) of 6-bromoisatine
and 23.44 g (168.1 mmol) of potassium carbonate in 85 mL of dimethylformamide. The tube was sealed
and heated to 70 °C. After 6 h the mixture was cooled to room temperature, added to 400 mL of water
and extracted with 90 mL of dichloromethane for four times. The combined organic phases were dried
over magnesium sulfate hydrate and filtered. Purification on a silica gel column using DCM as eluent
yielded 6-bromo-N-ethylisatine as red crystals (9.67 g, 38.1 mmol, 86 %).
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1

H-NMR (400 MHz, CDCl3): δ[ppm] = 7.44 (d, 3JH-H = 7.9 Hz, 1 H, H4), 7.26 (dd, 3JH-H = 7.9 Hz, 4JH-H = 1.5 Hz,

1 H, H5), 7.08 (d, 4JH-H = 1.5 Hz, 1 H, H7), 3.76 (q, 3JH-H = 7.3 Hz, 2 H, CH2CH3), 1.31 (t, 3JH-H = 7.3 Hz, 3 H,
CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 182.5 (s, C1), 157.8 (s, C8), 151.6 (s, C2), 133.7 (s, C3), 126.9 (s,

C5), 126.5 (s, C4), 116.4 (s, C6), 35.3 (s, CH2CH3), 12.6 (s, CH2CH3).
Elemental analysis calculated for C10H8BrNO2 (254.08 g/mol): C, 47.27 %; H, 3.17 %; N, 5.51 %. Found:
C, 46.57 %; H, 3.18 %; N, 5.70 %.

6-Bromo-N-ethyloxindole

9.16 g of 6-bromo-N-ethylisatine (36.1 mmol) were suspended in 55 mL of hydrazine monohydrate and
the mixture was refluxed for 5 h. Upon cooling to room temperature, a yellow solid precipitated and
was filtered off. 100 mL of water were added to the filtrate and the aqueous phase was extracted with
100 mL of dichloromethane for three times. The combined phases were dried over magnesium sulfate
hydrate and filtered. The solvent was evaporated, yielding a pale yellow solid. The two solids were
combined and purified on a silica gel column using dichloromethane as eluent. 6-Bromo-Nethyloxindole was obtained as an orange solid (6.98 g, 29.1 mmol, 81 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 7.15 (dd, 3JH-H = 7.8 Hz, 4JH-H = 1.6 Hz, 1 H, H5), 7.09 (d, 3JH-H = 7.8 Hz,

1 H, H4), 6.97 (d, 4JH-H = 1.6 Hz, 1 H, H7), 3.73 (q, 3JH-H = 7.2 Hz, 2 H, CH2CH3), 3.44 (s, 2 H, H2), 1.26 (t,
3

JH-H = 7.2 Hz, 3 H, CH2CH3).

13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 174.5 (s, C1), 145.8 (s, C8), 125.8 (s, C4), 125.0 (s, C5), 123.7 (s,

C6), 121.5 (s, C3), 111.7 (s, C7), 35.6 (s, C2), 34.9 (s, CH2CH3)), 12.7 (s, CH2CH3).
Elemental analysis calculated for C10H10BrNO (240.10 g/mol): C, 50.02 %; H, 4.20 %; N, 5.83 %. Found:
C, 49.96 %; H, 4.16 %; N, 6.16 %.
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2,2’,2’’-Tribromo-N,N’,N’’-triethyltriazatruxene (2-Br3TAT)

6-Bromo-N-ethyloxindole (6.98 g, 29.1 mmol) was suspended in 47 mL of phosphorus oxychloride
(500 mmol) and the mixture was refluxed for 4 h. After cooling to room temperature, the brown
suspension was poured onto 600 mL of ice and the aqueous phase was extracted three times with
80 mL of dichloromethane. The combined organic phases were dried over magnesium sulfate hydrate
and filtered. The solvent was evaporated and the residue was purified by column chromatography on
silica using a mixture of petroleum ether and dichloromethane (1:4 v/v) as eluent yielding 2-Br3TAT
(1.60 g, 2.41 mmol, 25 %) as a pale-yellow solid.
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.10 (d, 3JH-H = 8.6 Hz, 3 H, H4), 7.76 (d, 4JH-H = 1.7 Hz, 3 H, H1),

7.44 (dd, 3JH-H = 8.6 Hz, 4JH-H = 1.7 Hz, 3 H, H3), 4.88 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 1.57 (t, 3JH-H = 7.1 Hz,
9 H, CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 141.8 (s, C6), 138.7 (s, C7), 123.2 (s, C3), 122.7 (s, C4), 122.3 (s,

C5), 116.9 (s, C2), 113.5 (s, C1), 103.3 (s, C8), 41.9 (s, CH2CH3), 15.5 (s, CH2CH3).
Elemental analysis calculated for C30H24Br3N3 (666.26 g/mol): C, 54.08 %; H, 3.63 %; N, 6.31 %. Found:
C, 54.16 %; H, 3.77 %; N, 6.55 %.
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2,2’,2’’-Tris(trimethylsilylethinyl)-N,N’,N’’-triethyltriazatruxene (2-(TMSA)3TAT)

2-Br3TAT (0.60 g, 0.90 mmol), PdCl2(dppf) (0.24 g, 0.29 mmol) and copper (I) iodide (10 mg) were
suspended in a mixture of toluene (12 mL) and triethylamine (12 mL). After the addition of 5 mL of
TMSA (35 mmol) the tube was sealed and the reaction mixture was heated to 120 °C for 55 h. The
mixture was cooled to room temperature, filtered through a celite plug, and the volatiles were
removed in vacuo. The residue was purified by column chromatography on silica using a mixture of
petroleum ether and dichloromethane (1:4 v/v) as eluent. The yellow solid was recrystallized from a
mixture of dichloromethane and hexane. 2-(TMSA)3TAT was obtained as a pale yellow solid (0.34 g,
51 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.19 (d, 3JH-H = 8.4 Hz, 3 H, H4), 7.75 (d, 4JH-H = 1.5 Hz, 3 H, H1),

7.46 (dd, 3JH-H = 8.4 Hz, 4JH-H = 1.5 Hz, 3 H, H3), 4.95 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 1.58 (t, 3JH-H = 7.1 Hz,
9 H, CH2CH3), 0.33 (s, 27 H, Si(CH3)3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.3 (s, C6), 139.6 (s, C7), 124.3 (s, C3), 123.6 (s, C5), 121.3 (s,

C4), 117.4 (s, C2), 114.0 (s, C1), 106.6 (s, Ar-C≡C), 103.5 (s, C8), 93.7 (s, Ar-C≡C-Si) 41.9 (s, CH2CH3), 15.7
(s, CH2CH3).
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Elemental analysis calculated for C45H51N3Si3 (718.18 g/mol): C, 75.26 %; H, 7.16 %; N, 5.85 %. Found:
C, 74.94 %; H, 7.30%; N, 6.33 %.

2,2’,2’’-Triethinyl-N,N’,N’’-triethyltriazatruxene (2-A3TAT)

0.84 g of 2-(TMSA)3TAT (1,17 mmol) were dissolved in a mixture of 150 mL each of methanol and
tetrahydrofuran. After adding a solution of 0.5 g of KOH in 6 mL of water, the reaction was stirred at
room temperature for 20 h. The solvents were removed in vacuo and the brown residue was purified
by filtration through a short silica gel plug. 2-A3TAT was obtained after recrystallization from a mixture
of hexane and dichloromethane as a fibrous greenish solid (0.28 g, 0.56 mmol, 48 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.20 (d, 3JH-H = 8.4 Hz, 3 H, H4), 7.78 (d, 4JH-H = 1.5 Hz, 3 H, H1),

7.48 (dd, 3JH-H = 8.4 Hz, 4JH-H = 1.5 Hz, 3 H, H3), 4.93 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 3.19 (s, 3 H, C≡CH),
1.58 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.3 (s, C6), 139.7 (s, C7), 124.3 (s, C3), 123.8 (s, C5), 121.4 (s,

C4), 116.3 (s, C2), 114.3 (s, C1), 103.4 (s, C8), 85.0 (s, Ar-C≡C), 76.7 (s, Ar-C≡C-H) 41.9 (s, CH2CH3), 15.6 (s,
CH2CH3).
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Elemental analysis calculated for C36H27N3 (501.63 g/mol): C, 86.20 %; H, 5.43 %; N, 8.38 %. Found: C,
85.34 %; H, 5.63 %; N, 8.22 %.

2-RuVin3TAT

75 mg of 2-A3TAT (0.15 mmol) were dissolved in 8 mL of dichloromethane and added to a solution of
RuH(CO)Cl(PiPr3)2. The solution turned deep red, indicating the successful hydroruthenation. The
reaction was stirred for 24 h at room temperature. The solvent was removed in vacuo and the residue
was washed four times with 20 mL of hexane. The purple solid was dried under vacuum yielding

2-(RuVin)3TAT (288 mg, 0.15 mmol, 98 %).
1

H-NMR (600 MHz, CD2Cl2): δ[ppm] = 8.67 (d, 3JH-H = 13.2 Hz, 3 H, CH=CH-Ru), 8.10 (d, 3JH-H = 8.4 Hz, 3 H,

H4), 7.24 (s, 3 H, H1), 7.09 (d, 3JH-H = 8.4 Hz, 3 H, H3), 6.23 (d, 3JH-H = 13.2 Hz, 3 H, ArCH=CH), 4.91 (q,
3

JH-H = 7.1 Hz, 6 H, CH2CH3), 2.86-2.75 (m, 18 H, PCH), 1.55 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3), 1.37 (dvt,

5/3

JH-P = 13.5 Hz, 3JH-H = 6.7 Hz, P(CH(CH3)2)3), 1.33 (dvt, 5/3JH-P = 13.5 Hz, 3JH-H = 6.7 Hz, P(CH(CH3)2)3).
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13

C{1H}-NMR (151 MHz, CD2Cl2): δ[ppm] = 203.7 (t, 2JC-P = 13.1 Hz, CO), 149.5 (t, 2JC-P = 10.9 Hz, CH=CH-

Ru), 142.0 (s, C6), 138.4 (s, C7), 135.3 (t, 3JC-P = 3.6 Hz, ArCH=CH), 135.0 (s, C2), 121.9 (s, C4), 120.6 (s,
C5), 117.5 (s, C3), 105.6 (s, C1), 103.7 (s, C8), 42.0 (s, CH2CH3), 25.1 (vt, 1/3JC-P = 9.8 Hz, P(CH(CH3)2)3), 20.4
(s, P(CH(CH3)2)3), 20.1 (s, P(CH(CH3)2)3), 15.8 (s, CH2CH3).
31

P{1H}-NMR (162 MHz, CD2Cl2): δ[ppm] = 38.10 (s).

ESI-MS: see Appendix 30 and Appendix 31.

N-Ethyloxindole

15.4 mL of chloroacetyl chloride (193 mmol) were added slowly to a solution of 22.9 mL of
N-ethylaniline (182 mmol) in 200 mL of toluene. The mixture was heated under reflux for 1 h. At room
temperature 60 mL of water were added and the mixture was stirred for 4 h, whereupon the toluene
layer was washed subsequently with saturated potassium carbonate solution, concentrated
hydrochloric acid and water. The combined organic phases were dried over magnesium sulfate hydrate
and the solvent was removed thoroughly in vacuum. Aluminum trichloride was added carefully to the
slightly viscous yellow residue. The reaction mixture was first heated to 120 °C for 60 min, then to
210 °C for another 60 min. The hot slurry was poured slowly into ice water. The aqueous phase was
extracted with 200 mL of toluene for two times. The combined organic phases were dried over
magnesium sulfate hydrate, filtered, and evaporated in vacuum. Recrystallization from hexane yielded
N-ethyloxindole (23.62 g, 147 mmol, 81 %) as colorless needles.
1

H-NMR (400 MHz, CD2Cl2): δ[ppm] = 7.29-7.22 (m, 2 H, H4 and H6), 7.00 (dd, 3JH-H = 7.5 Hz, 7.5Hz, 1 H,

H5), 6.85 (d, 3JH-H = 7.7 Hz, 1 H, H7), 3.73 (q, 3JH-H = 7.2 Hz, 2 H, CH2CH3), 3.46 (s, 2 H, H2), 1.24 (t, 3JH-H =
7.2 Hz, 3 H, CH2CH3).
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13

C{1H}-NMR (101 MHz, CD2Cl2): δ[ppm] = 174.9 (s, C1), 145.1 (s, C8), 128.2 (s, C6), 125.5 (s, C3), 124.9

(s, C4), 122.4 (s, C5), 108.6 (s, C7), 36.3 (s, C2), 35.1 (s, CH2CH3), 13.0 (s, CH2CH3).
Elemental analysis calculated for C10H11NO (161.20 g/mol): C, 74.51 %; H, 8.69 %; N, 6.88 %. Found: C,
74.52 %; H, 8.81 %; N, 6.66 %.

5-Bromo-N-ethyloxindole

15.78 g of N-ethyloxindole (79.9 mmol) were dissolved in 100 mL of acetonitrile and the solution was
cooled to 0 °C. A solution of 18.0 g of N-bromosuccinimide (100.1 mmol) in 150 mL of acetonitrile was
cooled to the same temperature and added dropwise. The mixture was stirred for 16 h while warming
up to room temperature. The solvent was removed in vacuum. Afterwards, the residue was dissolved
in dichloromethane and washed twice with 300 mL of water. After drying over magnesium sulfate
hydrate, evaporation of the solvent provided a brownish solid. Recrystallization from diisopropylether
yielded 5-bromo-N-ethyloxindole as colorless needles (20.30 g, 84.5 mmol, 86 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 7.38 (d, 3JH-H = 8.2 Hz, 1 H, H6), 7.36 (s, 1 H, H4), 6.70 (d,

3

JH-H = 8.2 Hz, 1 H, H7), 5.05 (q, 3JH-H = 7.2 Hz, 2 H, CH2CH3), 3.50 (s, 2 H, H2), 1.63 (t, 3JH-H = 7.2 Hz, 3 H,

CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 174.1 (s, C1), 143.5 (s, C8), 130.8 (s, C6), 127.8 (s, C4), 126.9 (s,

C3), 114.8 (s, C5), 109.6 (s, C7), 35.8 (s, C2), 34.9 (s, CH2CH3), 12.7 (s, CH2CH3).
Elemental analysis calculated for C10H10BrNO (240.10 g/mol): C, 50.02 %; H, 4.20 %; N, 5.83 %. Found:
C, 50.15 %; H, 4.29 %; N, 5.92 %.
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3,3’,3’’-Tribromo-N,N’,N’’-triethyltriazatruxene

10.80 g of 5-bromo-N-ethyloxindole (45.0 mmol) were suspended in 50 mL of phosphorus oxychloride
(532 mmol) and the mixture was refluxed for 5 h. After cooling to room temperature the brown slurry
was poured into 500 mL of ice water. The aqueous phase was extracted twice with 200 mL of
dichloromethane. The combined organic phases were dried over magnesium sulfate hydrate and
filtered. The solvent was evaporated and the residue was purified by column chromatography on silica
using a mixture of petroleum ether and dichloromethane (1:4 v/v) as eluent. The brownish solid was
recrystallized from dichloromethane yielding 3-Br3TAT (3.45 g, 5.18 mmol, 35%) as a bright yellow
powder.
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.28 (d, 4JH-H = 1.7 Hz, 3 H, H4), 7.53 (dd, 3JH-H = 8.6 Hz, 4JH-H = 1.7 Hz,

3 H, H2), 7.44 (d, 3JH-H = 8.6 Hz, 3 H, H1), 4.74 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 1.53 (t, 3JH-H = 7.1 Hz, 9 H,
CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 139.3 (s, C6), 139.0 (s, C7), 125.9 (s, C2), 124.9 (s, C5), 124.1 (s, C4),

113.3 (s, C3), 111.8 (s, C1), 102.4 (s, C8), 41.9 (s, CH2CH3), 15.5 (s, CH2CH3).

Elemental analysis calculated for C30H24Br3N3 (666.26 g/mol): C, 54.08 %; H, 3.63 %; N, 6.31 %. Found:
C, 54.54 %; H, 4.25 %; N, 6.45 %.
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3,3’,3’’-Tris(trimethylsilylacetylene)-N,N’,N’’-triethyltriazatruxene (3-(TMSA)3TAT)

500 mg of 3-Br3TAT (0.75 mmol), 220 mg of PdCl2(dppf) (0.28 mmol) and 30 mg of copper iodide
(0.16 mmol) were suspended in a mixture of 10 mL of toluene and triethylamine each. After the
addition of 4 mL of trimethylsilylacetylene (29 mmol) the reaction was heated to 120 °C for 60 h in a
closed flask. The volatiles were removed in vacuo and the black residue was extracted with 400 mL of
dichloromethane. After washing with 200 mL of water twice, the organic phases were dried over
magnesium sulfate hydrate and filtered. The solvent was removed and purification by column
chromatography afforded 3-(TMSA)3TAT (410 mg, 0.57 mmol, 76 %) as a colorless powder.
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.43 (d, 4JH-H = 1.3 Hz, 3 H, H4), 7.59 (dd, 3JH-H = 8.4 Hz, 4JH-H = 1.3 Hz,

3 H, H2), 7.56 (d, 3JH-H = 8.4 Hz, 3 H, H1), 4.98 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 1.61 (t, 3JH-H = 7.1 Hz, 9 H,
CH2CH3), 0.32 (s, 27 H, Si(CH3)3).
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13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.8 (s, C6), 139.1 (s, C7), 127.3 (s, C2), 125.9 (s, C4), 123.3 (s,

C5), 114.6 (s, C3), 110.4 (s, C1), 107.2 (s, Ar-C≡C), 103.3 (s, C8), 92.0 (s, Ar-C≡C-Si), 42.1 (s, CH2CH3), 15.5
(s, CH2CH3), 0.38 (s, Si(CH3)3).
Elemental analysis calculated for C45H51N3Si3 (718.18 g/mol): C, 75.26 %; H, 7.16 %; N, 5.85 %. Found:
C, 75.20 %; H, 7.00%; N, 6.08 %.

3,3’,3’’-Triethinyl-N,N’,N’’-triethyltriazatruxene (3-A3TAT)

0.26 g of 3-(TMSA)3TAT (0.36 mmol) were dissolved in a mixture of 70 mL of methanol and 100 mL of
tetrahydrofuran. A solution of 0.5 g of KOH in 6 mL of water was added and the reaction was stirred at
room temperature for 20 h. The solvents were removed in vacuo. Purification of the crude product by
column chromatography on silica (eluent: dichloromethane) afforded 3-A3TAT as a fluffy green-brown
solid (0.15 g, 0.30 mmol, 83 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.46 (d, 4JH-H = 1.3 Hz, 3 H, H4), 7.62 (dd, 3JH-H = 8.4 Hz, 4JH-H = 1.3 Hz,

3 H, H2), 7.58 (d, 3JH-H = 8.4 Hz, 3 H, H1), 4.97 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 3.12 (s, C≡CH), 1.62 (t,
3

JH-H = 7.1 Hz, 9 H, CH2CH3).
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13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.8 (s, C6), 139.1 (s, C7), 127.3 (s, C2), 126.0 (s, C5), 123.2 (s,

C4), 113.5 (s, C3), 110.5 (s, C1), 103.2 (s, C8), 85.5 (s, Ar-C≡C), 75.3 (s, Ar-C≡C-H) 42.0 (s, CH2CH3), 15.6 (s,
CH2CH3).

3-RuVin3TAT

A solution of 50 mg of 3-A3TAT (0.11 mmol) in 7 mL of dichloromethane was added to a solution of
RuH(CO)Cl(PiPr3)2 (170 mg, 0.35 mmol) in 7 mL of dichloromethane. The solution turned deep red
immediately. The reaction was stirred for 24 h at room temperature. The solvent was removed in vacuo
and the dark residue was washed five times with 20 mL of hexane. The purple solid was dried in vacuo
yielding 3-(RuVin)3TAT (190 mg, 0.097 mmol, 88 %).
1

H-NMR (600 MHz, CD2Cl2): δ[ppm] = 8.50 (d, 3JH-H = 13.3 Hz, 3 H, CH=CH-Ru), 8.02 (d, 4JH-H = 1.5 Hz, 3 H,

H4), 7.47 (d, 3JH-H = 8.4 Hz, 3 H, H1), 7.16 (dd, 3JH-H = 8.4 Hz, 4JH-H = 1.5 Hz, 3 H, H2), 6.18 (d, 3JH-H = 13.3 Hz,
3 H, ArCH=CH), 4.91 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 2.85-2.74 (m, 18 H, PCH), 1.61 (t, 3JH-H = 7.1 Hz, 9 H,
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CH2CH3), 1.35 (dvt, 5/3JH-P = 13.5 Hz, 3JH-H = 6.7 Hz, P(CH(CH3)2)3), 1.31 (dvt, 5/3JH-P = 13.5 Hz, 3JH-H = 6.7
Hz, P(CH(CH3)2)3).
13

C{1H}-NMR (151 MHz, CD2Cl2): δ[ppm] = 203.7 (t, 2JC-P = 13.1 Hz, CO), 145.7 (t, 2JC-P = 10.9 Hz, CH=CH-

Ru), 139.2 (s, C7), 138.9 (s, C6), 135.6 (t, 3JC-P = 3.1 Hz, ArCH=CH), 132.2 (t, 4JC-P = 2.2 Hz, C3), 124.1 (s,
C5), 120.8 (s, C2), 116.8 (s, C4), 110.4 (s, C1), 103.6 (s, C8), 42.2 (s, CH2CH3), 25.1 (vt,

1/3

JC-P = 9.8 Hz,

P(CH(CH3)2)3), 20.4 (s, P(CH(CH3)2)3), 20.1 (s, P(CH(CH3)2)3), 16.3 (s, CH2CH3).
31

P{1H}-NMR (162 MHz, CD2Cl2): δ[ppm] = 38.10 (s).

ESI-MS: see Appendix 32 and Appendix 33.

N,N’,N’’-Triethyltriazatruxene (NEtTAT)

N-Ethyloxindole (4.00 g, 24.8 mmol) was suspended in 30 mL of phosphorus oxychloride (329 mmol)
and the reaction was heated under reflux for 4 h. After cooling to room temperature the brown
suspension was poured into 300 mL of ice water. The aqueous phase was extracted three times with
200 mL of dichloromethane. The combined organic phases were dried over magnesium sulfate hydrate
and filtered. The solvent was evaporated and the residue was purified by column chromatography on
silica using a mixture of petroleum ether and dichloromethane (1:1 v/v) as the eluent. The crude
product was recrystallized from a mixture of toluene and hexane yielding NEtTAT (1.21 g, 2.41 mmol,
34 %) as a colorless powder.
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1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.37 (d, 3JH-H = 8.0 Hz, 3 H, H4), 7.68 (d, 3JH-H = 8.0 Hz, 3 H, H1),

7.48 (dd, 3JH-H = 8.0 Hz, 3JH-H = 8.0 Hz, 3 H, H2), 7.38 (dd, 3JH-H = 8.0 Hz, 3JH-H = 8.0 Hz, 3 H, H3), 5.05 (q,
3

JH-H = 7.1 Hz, 6 H, CH2CH3), 1.63 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).

13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 141.0 (s, C6), 138.8 (s, C7), 123.7 (s, C5), 123.0 (s, C2), 121.6 (s,

C4), 120.0 (s, C3), 110.5 (s, C1), 103.4 (s, C8), 41.9 (s, CH2CH3),, 15.6 (s, CH2CH3).
Elemental analysis calculated for C30H27N3 (429.57 g/mol): C, 83.88 %; H, 6.34 %; N, 9.78 %. Found:
C, 84.37 %; H, 6.32 %; N, 10.19 %.

2-Trimethylsilylacetylene-N,N’,N’’-triethyltriazatruxene (2-TMSA1TAT)

NEtTAT (600 mg, 1.40 mmol) was dissolved in 15 mL of acetonitrile. A solution of N-bromosuccinimide
(416 mg, 2.34 mmol) in 20 mL of acetonitrile was added dropwise at 0 °C. The reaction mixture was
stirred while warming up to room temperature for 20 h. The solvent was removed in vacuo. The residue
was dissolved in 50 mL of dichloromethane, washed twice with 50 mL of water and dried over
magnesium sulfate hydrate. 2-Br1TAT could not be purified via column chromatography. Therefore,
the crude product (410 mg) was used for the following SONOGASHIRA coupling. It was dissolved in 10 mL
of toluene and of triethylamine each. After the addition of 1 mL of trimethylsilylacetylene (7.22 mmol)
the reaction was heated to 120 °C for 5 h. The mixture was filtered and the solvent was removed.
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Column chromatography on silica afforded 2-(TMSA)1TAT (70 mg, 0.13 mmol, 10 %) as a colorless
powder.
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.34 and 8.33 (d, 3JH-H = 7.9 Hz, 2 H, H4’ and H4’’), 8.23 (d, 3JH-H = 8.4

Hz, 1 H, H4), 7.77 (d, 4JH-H = 1.5 Hz, 1 H, H1), 7.69 – 7.64 (m, 3JH-H = 8.4 Hz, 4JH-H = 1.5 Hz, 2 H, H1’ and H1’’),
7.50-7.44 (m, 3 H, H2’ and H2’’ andH3), 7.39-7.34 (m, 2 H, H3’ and H3’’), 5.07-4.95 (m, 6 H, CH2CH3), 1.631.58 (m, 9 H, CH2CH3), 0.33 (s, 9 H, Si(CH3)3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.9 (2 s, C6’ and C6’’), 140.4 (s, C6), 139.6 and 139.1 (2 s,

C7’ and C7’’), 138.6 (s, C7), 124.0 (s, C3), 123.9 (s, C5), 123.6 (s, 2 C, C5’ and C5’’), 123.1 (s, 2 C, C2’ and C2’’),
121.7 and121.6 (2 s, C3’ and C3’’), 117.0 (s, C2), 113.9 (s, C1), 110.6 and 110.5 (2 s, C1’ and C1’’), 106.8 (s,
Ar-C≡C), 103.6 (s, C8), 103.4 and 103.3 (2 s, C8’ and C8’’), 93.4 (s, Ar-C≡C-Si), 41.9 (3 s, CH2CH3), 15.8 (s,
CH2CH3 (a)), 15.6 (2 s, CH2CH3 (a’ and a’’)).

2-Ethynyl-N,N’,N’’-triethyltriazatruxene (2-A1TAT)

2-(TMSA)1TAT (70 mg, 0.13 mmol) was suspended in a mixture of 10 mL of methanol and 15 mL of
tetrahydrofuran. After the addition of a solution of 0.2 g of potassium hydroxide dissolved in 1 mL of
water the reaction was stirred for 24 h at room temperature. The solvents were removed in vacuo and
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the residue was purified by column chromatography on silica (eluent: dichloromethane). 2-A1TAT was
obtained as a fluffy colorless solid (48 mg, 0.11 mmol, 81 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.35 and 8.33 (d, 3JH-H = 7.8 Hz, 2 H, H4’ and H4’’), 8.25 (d, 3JH-H = 8.4

Hz, 1 H, H4), 7.81 (d, 4JH-H = 1.4 Hz, 1 H, H1), 7.69-7.65 (m, 2 H, H1’ and H1’’), 7.51-7.45 (m, 3 H, H2’ and H2’’
and H3), 7.40-7.34 (m, 2 H, H3’ and H3’’), 5.07-4.95 (m, 6 H, CH2CH3), 3.19 (s, C≡CH), 1.66-1.57 (m, 9 H,
CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.9 (2 s, C6’ and C6’’), 140.3 (s, C6), 139.6 and 139.2 (2 s,

C7’ and C7’’), 138.5 (s, C7), 124.1 (s, C5), 124.0 (s, C3), 123.6 (2 s, C5’ and C5’’), 123.2 (s, 2 C, C2’ and C2’’),
121.7 and 121.6 (2 s, C4’ and C4’’), 121.3 (s, C4), 120.2 and 120.1 (2 s, C3’ and C3’’), 115.9 (s, C2) 114.2 (s,
C1), 110.6 (2 s, C1’ and C1’’), 103.7 (s, C8), 103.3 (s, 2 C, C8’ and C8’’), 85.3 (s, Ar-C≡C), 76.5 (s, Ar-C≡C-H),
41.9 (s, 3 C, CH2CH3), 15.7 (s, CH2CH3 (a)), 15.6 (2 s, CH2CH3 (a’ and a’’)).

2-RuVin1TAT

22 mg of 2-A1TAT (49 µmol) were dissolved in 5 mL of dichloromethane. The mixture was added to a
solution of RuH(CO)Cl(PiPr3)2 (26 mg; 53 µmol) in 5 mL of dichloromethane. The reaction turned dark
red immediately after addition. It was stirred for 10 h at room temperature. The solvent was removed
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in vacuo and the precipitate was washed with 10 mL of hexane for 5 times. The residue was dried
under high vacuum yielding 2-RuVin1TAT (44 mg, 46 µmol, 96 %) as a grey-purple solid.
1

H-NMR (600 MHz, CD2Cl2): δ[ppm] = 8.72 (d, 3JH-H = 13.3 Hz, 1 H, CH=CH-Ru), 8.34 and 8.33 (d, 2 H, 3JH-

H

= 7.9 Hz, H4’ and H4’’), 8.14 (d, 3JH-H = 8.4 Hz, 1 H, H4), 7.67 and7.66 (d, 3JH-H = 7.8 Hz, 2 H, H1’ and H1’’),

7.45 (dd, 3JH-H = 7.8 Hz, 3JH-H = 7.7 Hz, 2 H, H3’ and H3’’), 7.37-7.32 (m, 2 H, H2’ and H2’’), 7.28 (s, 1 H, H1),
7.13 (d, 3JH-H = 8.4 Hz, 1 H, H3), 6.25 (d, 3JH-H = 13.3 Hz, 1 H, CH=CH-Ru), 5.05-4.98 (m, 4 H, CH2CH3 (a’ and
a’’)), 4.96 (q, 3JH-H = 7.1 Hz, 2 H, CH2CH3 (a)), 2.86-2.75 (m, 6 H, PCH), 1.60 and 1.59 (t, 3JH-H = 7.1 Hz, 6
H, CH2CH3 (b’ and b’’), 1.55 (t, 3JH-H = 7.1 Hz, 3 H, CH2CH3 (b)), 1.37 and 1.33 (dvt, 5/3JH-P = 13.5 Hz, 3JH-H =
6.7 Hz, P(CH(CH3)2)3).
13

C{1H}-NMR (151 MHz, CD2Cl2): δ[ppm] = 203.7 (t, 2JC-P = 13.0 Hz, CO), 149.9 (t, 2JC-P = 10.9 Hz, CH=CH-

Ru), 142.1 (s, C6), 141.4 and 141.3 (s, C6’ andC6’’), 139.1 (s, C7), 138.8 and 138.6 (s, C7’ andC7’’), 135.3135.2 (m, 2 C, ArCH=CH and C2), 124.0 and 123.9 (s, C5’ and C5’’), 123.4 (s, 2 C, C2’ and C2’’), 122.1 (s, C4),
122.0 and 121.9 (s, C4’ and C4’’), 120.6 (s, C5), 120.3 and 120.2 (s, C3’ and C3’’), 117.8 (s, C3), 110.9 and
110.7 (s, C1’ and C1’’), 105.9 (s, C1), 103.9 (s, C8), 103.8 and 103.5 (s, C8’ and C8’’), 42.3 and 42.2 (s, CH2CH3
(a’ and a’’)), 42.1 (s, CH2CH3 (a)), 25.1 (vt, 1/3JC-P = 9.8 Hz, P(CH(CH3)2)3), 20.4 and 20.1 (s, P(CH(CH3)2)3),
15.9 and 15.8 (s, CH2CH3 (a’ and a’’)), 15.7 (s, CH2CH3 (a)).
31

P{1H}-NMR (162 MHz, CD2Cl2): δ[ppm] = 38.10 (s).

ESI-MS: see Appendix 34 and Appendix 35.
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2,2’-Bis(1-Hydroxy-1,1-dimethylprop-2-in-3-yl)-N,N’,N’’-triethyltriazatruxene
(2,2’-meby2TAT)

NEtTAT (575 mg, 1.34 mmol, 1 eq.) was dissolved in 60 mL of CHCl3 in an inert gas atmosphere and
cooled to 0 °C. A solution of 500 mg of NBS (2.81 mmol, 2.1 eq.) in 12 mL of DMF was cooled down to
0 °C respectively and added dropwise within 5 min. The reaction mixture was stirred at that
temperature for 30 min and for 12 h at room temperature. 200 mL of water were added and the
mixture was extracted three times with 100 mL of dichloromethane. The combined organic phases
were dried over magnesium sulfate hydrate and the residue was purified by column chromatography
(eluent pentane : dichloromethane 10:1 (v/v)), to separate the brominated triazatruxene species from
other kinds of substances and impurities. Since the oligobrominated triindoles can not be separated
the mixture (310 mg, 0.527 mmol) was directly used for Sonogashira coupling without further
purification. The crude product, 20 mg of copper iodide and 110 mg of PdCl2dppf were dissolved in 30
mL of THF and 12 mL of triethylamine. 10 mL of a 0.5 M mebynol solution in THF were added dropwise
within 3 minutes while the reaction mixture was rigorously stirred and turned dark green. The reaction
was refluxed for 4 h. After evaporation of the volatiles the reaction products were separated
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chromatographically (eluent pentane: ethyl acetate 10:1 (v/v)), affording 250 mg of 2-meby1TAT,
150 mg of the desired 2,2’-meby2TAT (0.25 mmol, 26 % yield).
1

H-NMR (2,2’-meby2TAT, 400 MHz, CDCl3): δ[ppm] = 8.36-8.29 (m, 3 H, H4, H4’ and H4’’), 7.72-7.69 (m,

1 H, H1), 7.66-7.62 (m, 2 H, H1’ and H1’’), 7.41-7.32 (m, 4 H, H2’’, H3, H3’ and H3’’), 4.98 – 4.82 (m, 6 H,
CH2CH3), 1.79-1.71 (m, 2 H, -OH), 1.68 (d, 12 H, 4JH-H = 1.3 Hz, C≡COH-(CH3)2), 1.66-1.61 (m, 9 H,
CH2CH3).
1

H-NMR (2-meby3TAT, 400 MHz, CDCl3): δ[ppm] = 8.14 (d, 3JH-H = 8.3 Hz 3 H, H4, H4’ and H4’’), 7.66 (d,

4

JH-H = 1.5 Hz , 3 H, H1, H1’, H1’’), 7.36 (dd, 3JH-H = 8.3 Hz, 4JH-H = 1.5 Hz, H3, H3’ and H3’’), 4.89 (q,

3

JH-H = 7.2 Hz, 6 H, CH2CH3), 1.80-1.73 (m, 3 H, -OH), 1.68 (d, 4JH-H = 1.3 Hz, 18 H, C≡COH-(CH3)2), 1.64 (t,

3

JH-H = 7.2 Hz, 9 H, CH2CH3).

2,2’-Diethinyl-N,N’,N’’-triethyltriazatruxene (2,2’-A2TAT)
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150 mg of 2,2’-meby2TAT (0.25 mmol) were dissolved in 20 mL of toluene and added to a solution of
70 mg of KOtBu in 30 mL of toluene. The reaction was heated to 120 °C for 2.5 h while passing a
constant stream of nitrogen through the reaction mixture in order to remove the formed acetone. By
this, the solvent toluene was co-removed from the reaction until complete dryness of the reaction
mixture. The residue was dissolved in a mixture of 150 mL of ethyl acetate and 150 mL of water. The
layers were separated and the aqueous layer was extracted with 100 mL of dichloromethane for three
times and the combined organic layers were dried over magnesium sulfate hydrate. The solvent was
removed in vacuo and purification by column chromatography afforded 2,2’-A2TAT as a colorless solid
(10 mg, 21 μmol, 8 % yield). The poor yield is probably due to the difficult deprotection of mebynolsubstituted compounds. Optimization of this reaction by using a different base like sodium hydride or
organolithium species should be considered but was not tested due to time restrictions.
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.31 (d, 3JH-H = 7.8 Hz, 1 H, H4’’), 8.25-8.17 (m, 2 H, H4 and H4’),

7.79 (s, 2 H, H1 and H1’), 7.66 (d, 3JH-H = 7.8 Hz, 1 H, H1’’), 7.51-7.44 (m, 3 H, H2’’ and H3 and H3’), 7.36 (dd,
3

JH-H = 7.8 Hz, 7.8 Hz, 1 H, H3’’), 5.04-4.87 (m, 6 H, CH2CH3), 3.19 (2 s, 2 H, C≡CH), 1.67-1.55 (m, 9 H,

CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 140.9 (s, C6’’), 140.3 (2 s, 2 C, C6 and C6’), 139.3 (s, C7’’),

139.0 and 138.9 (2 s, 2 C, C7 and C7’), 124.3 and 124.2 (s, C3 and C3’), 124.1 (2 s, 2 C, C5 and C5’), 123.7 (s,
C5’’), 123.3 (s, C2’’), 121.7 (s, C4’’), 121.4 (s, 2 C, C4 and C4’), 120.3 (s, C3’’), 116.4 and 116.1 (2 s, 2 C, C2
and C2’), 114.3 and 114.2 (2 s, 2 C, C1 and C1’), 110.6 (s, C1’’), 103.5 (s, 2 C, C8 and C8’), 103.3 (s, C8’’), 85.2
and 85.0 (2 s, 2 C, Ar-C≡C), 76.8 and 76.6 (2 s, 2 C, Ar-C≡C-H), 41.9 (s, 3 C, CH2CH3), 15.6 (3 s, 3 C,
CH2CH3).

4-Vinyltriphenylamine

Methyltriphenylphosphonium bromide (3.0 g, 8.5 mmol) was dissolved in THF (20 mL) and the mixture
was cooled to 0 °C. Potassium tert-butoxide (2.8 g, 25 mmol) was added and the yellow suspension
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was stirred for 30 min. 4-(Diphenylamino)benzaldehyde (2.0 g, 7.3 mmol) was dissolved in THF (10 mL)
and the solution was added dropwise to the WITTIG-reagent. The cooling bath was removed and the
reaction was stirred for 4 h at room temperature. The mixture was quenched with water, extracted
with petroleum ether (3x 100 mL) and dried over magnesium sulfate. The solvent was removed in
vacuo and the crude product was purified by column chromatography on silica with petroleum ether
as eluent giving a white lardaceous solid (1.4 g, 5.2 mmol, 71 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 7.27 (m, 2 H, H3), 7.23 (m, 4 H, H3’), 7.22 (m, 2 H, H2), 7.07 (m, 4

H, H2’), 7.01 (m, 2 H, H4’), 6.66 (dd, 3JHH = 17.6, 10.8 Hz, 1 H, Ha), 5.64 (dd, 2JHH = 0.9 Hz, 3JHH = 17.6 Hz,
1 H, Hb2), 5.15 (dd, 2JHH = 0.9 Hz, 3JHH = 10.8 Hz, 1 H, Hb1).
13

C-NMR (101 MHz, CDCl3): δ[ppm] = 147.8 (C1’), 147.6 (C1), 136.4 (Ca), 132.0 (C4), 129.4 (C2’), 127.2 (C3),

124.5 (C2’), 123.8 (C2), 123.1 (C4’), 112.3 (Cb).

2-(TPAVin)3TAT

A high-pressure autoclave was charged with 2-Br3TAT (0.29 g, 0.44 mmol), 4-vinyltriphenylamine
(0.55 g, 2.03 mmol), palladium acetate (0.07 g, 0.29 mmol) and tris-(o-tolyl)phosphine (0.23 g,
0.77 mmol) under argon atmosphere. After the addition of 30 mL triethylamine the reaction mixture
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was heated to 115 °C for 24 h. After cooling to room temperature the solvent was removed in vacuo
and the viscous residue was purified by column chromatography on silica (eluent: dichloromethane : pentane 1 : 2 (v/v)). 2-(TPAVin)3TAT was obtained as a yellow solid (0.11 g, 0.088 mmol,
20 % yield).
1

H-NMR (400 MHz, CD2Cl2): δ [ppm] = 8.30 (d, 3JH-H = 8.5 Hz, 3 H, H4), 7.77 (d, 4JH-H = 1.2 Hz, 3 H, H1),

7.57 (dd, 3JH-H = 8.5 Hz, 4JH-H = 1.2 Hz, 3 H, H3), 7.51 (d, 3JHH = 8.6 Hz, 6 H, f), 7.33-7.25 (m, 18 H),
7.15-7.03 (m, 24 H), 5.00 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3), 1.65 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).
13

C-NMR (400 MHz, CD2Cl2): δ [ppm]= 148.2, 147.8, 141.8, 139.5, 133.4, 132.6, 129.9, 128.3, 127.8,

127.5, 125.1, 124.2, 123.6, 122.2, 119.2, 108.7, 108.4, 104.0, 16.0.

3-TPAVin3TAT

3-Br3TAT (400 mg, 0.6 mmol), 4-vinyltriphenylamine (780 mg, 2.88 mmol), potassium carbonate
(2.66 g, 19.2 mmol), palladium-(II)-acetate (100 mg, 0.45 mmol), tris-(o-tolyl)phosphine (400 mg,
1.3 mmol) and tetraethylammonium bromide (1.0 g, 4.8 mmol) were added to a Schlenk-tube and
degassed in vacuo. NMP (30 mL) was added, the tube was sealed, and the reaction mixture was stirred
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at 143 °C for 2.5 days. The mixture was quenched with water and extracted with 80 mL of chloroform
for three times. The combined organic phases were dried over magnesium sulfate hydrate and the
solvent was removed under reduced pressure. The crude product was purified by column
chromatography on silica using diethylamine : chloroform : petroleum ether (1:25:50) as eluent. The
resulting viscous brownish oil was dissolved in 1 mL of chloroform and n-pentane was added to allow
for crystallization. The organic layer was removed and the resulting yellow-brown solid was dried in
vacuo to give 3-NET (450 mg, 0.36 mmol, 62 %).
1

H-NMR (400 MHz, CDCl3): δ [ppm] = 8.44 (s, 3 H, H4), 7.68 (m, 3 H, Hc), 7.67 (m, 3 H, Hd), 7.51 (m, 6 H,

Hg), 7.33 (m, 3 H, H1), 7.29 (m, 12 H, Hk), 7.16 (m, 12 H, Hj), 7.10 (m, 6 H, Hf), 7.07 (m, 3 H, H2), 7.05 (m,
6 H, Hl), 5.05 (q, 3J = 7.1 Hz, 6 H, CH2CH3), 1.69 (t, 3J = 7.1 Hz, 9 H, CH2CH3).
13

C-NMR (101 MHz, CDCl3): δ [ppm] = 148.3 (Ci), 147.5 (Ch), 141.2 (C7), 139.6 (C6), 132.9 (Ce), 132.6 (C1),

130.4 (C2), 129.7 (C5), 127.6 (Cg), 126.3 (C3), 125.0 (Cj), 124.3 (Cf), 123.5 (Cl), 122.6 (Cc), 120.5 (C4),
111.5 (Cd), 42.6 (CH2CH3), 16.1 (CH2CH3).

2-(Di-4-anisylmethanolyl)3TAT
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2-Br3TAT (0.30 g, 0.45 mmol) was suspended in 35 mL of dry, degassed diethyl ether. A 1.9 M solution
of tertiary butyl lithium (1.5 mL, 2.8 mmol) in n-hexane was added dropwise at -78 °C. The reaction
mixture was stirred at that temperature for 30 min. After warming up to room temperature
4,4’-dimethoxybenzophenone (0.44 g, 1.80 mmol) was added and the solution was stirred at room
temperature for 16 h. Water (5 mL) was added and the layers were separated. The combined organic
phases were washed three times with 10 mL of water and dried over magnesium sulfate hydrate.
Purification by column chromatography on silica (eluent: pentane:ethyl acetate 10:1 (v/v)) afforded
2-(Di-4-anisylmethanolyl)3TAT (0.25 g, 0.22 mmol, 48 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.18 (d, 3JH-H = 8.5 Hz, 3 H, H4 ), 7.61 (d, 3JH-H = 1.8 Hz, 3 H, H1),

7.30 (m, 12 H, He), 7.15 (dd, 3JH-H = 8.5 Hz, 4JH-H = 1.8 Hz, 3 H, H3), 6.88 (m, 12 H, Hf), 4.88 (q, 3JH-H = 7.1 Hz,
6 H, CH2CH3), 3.82 (s, 18 H, OCH3), 2.94 (s, 3 H, OH), 1.48 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 158.8 (Cg), 142.6 (C6), 140.5 (C2), 140.2 (Cd), 139.2 (C7),

129.4 (Ce), 122.5 (C5), 120.8 (C4), 120.4 (C3), 113.3 (Cf), 109.8 (C1), 103.1 (C8), 82.1 (Cc), 55.4 (OCH3),
41.7 (CH2CH3), 15.7 (CH2CH3).

2-((4,4'-OMe)Trt)3TAT(BF4)-3
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2-(Di-p-anisylmethanolyl)3TAT (0.05 g, 0.04 mmol) was dissolved in 30 mL of dry, degassed diethyl
ether. A solution of tetrafluoroboric acid (0.20 mL, 1.47 mmol) was added, whereupon the solution
immediately turned deep green. After stirring for 60 min at room temperature the solvent was
removed in vacuo yielding 2-((4,4'-OMe)Trt)3TAT(BF4)3 quantitatively.
1

H-NMR (600 MHz, CD3CN): δ[ppm] = 8.54 (d, 3JH,H = 8.7 Hz, 3 H, H4), 8.00 (s, 3 H, H1), 7.71 (d,

3

JH,H = 8.7 Hz, 12 H, Hf), 7.61 (d, 3JH,H = 8.7 Hz, 3 H, H3), 7.39 (d, 3JH,H = 8.7 Hz, 12 H, He), 5.07 (q,

3

JH,H = 6.8 Hz, 6 H, CH2CH3), 4.12 (s, 18 H, OCH3), 1.64 (t, 3JH,H = 6.8 Hz, 9 H, CH2CH3).

13

C{1H}-NMR (151 MHz, CD3CN): δ[ppm] = 193.4 (Cc), 171.1 (Cg), 169.7 (Cd), 146.7 (C7), 144.5 (Cf),

141.3 (C6), 135.6 (C2), 133.8 (C3), 131.8 (C5), 124.2 (C1), 123.2 (C4), 117.1 (Ce), 105.5 (C8), 57.9 (OCH3),
43.6 (CH2CH3), 16.2 (CH2CH3).
ESI-MS: see Appendix 36.

3-(Di-4-anisylmethanolyl)3TAT
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3-Br3TAT (0.30 g, 0.45 mmol) was suspended in 35 mL of dry, degassed diethyl ether. A 1.9 M solution
of tertiary butyl lithium (1.5 mL, 2.8 mmol) in n-hexane was added dropwise at -78 °C. The mixture was
stirred at that temperature for 15 min. After warming to room temperature the reaction was stirred
for another 30 min before 4,4’-dimethoxybenzophenone (0.44 g, 1.80 mmol) was added and the
solution was stirred at room temperature for 48 h. Water (5 mL) was added and the layers were
separated. The combined organic phases were washed three times with 10 mL of water and dried over
magnesium sulfate hydrate. Purification by column chromatography on silica (eluent: pentane:ethyl
acetate 10:1 (v/v) afforded 3-(di-4-anisylmethanolyl)3TAT (0.22 g, 0.19 mmol, 43 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.15 (s, 3 H, H4), 7.46 (d, 3JH-H = 8.6 Hz, 3 H, H1), 7.40 (d,

3

JH-H = 8.6 Hz, 3 H, H2) 7.31 (d, 3JH-H = 8.8 Hz, 12 H, He), 6.87 (d, 3JH-H = 8.8 Hz, 12 H, Hf), 4.61 (q,

3

JH-H = 7.1 Hz, 6 H, CH2CH3), 3.82 (s, 18 H, OCH3), 2.86 (s, 3 H, OH), 1.19 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).

13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 158.77 (Cg), 140.45 (Cd), 139.70 (C5), 139.48 (C6), 138.74 (C8),

129.40 (Ce), 123.20 (C2), 122.48 (C3), 121.75 (C4), 113.35 (Cf), 109.62 (C1), 103.36 (C7), 82.28 (Cc),
55.47 (OCH3), 41.75 (CH2CH3), 15.24 (CH2CH3).

3-((4,4'-OMe)Trt)3TAT(BF4)3
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3-(Di-4-anisylmethanolyl)3TAT (0.05 g, 0.04 mmol) was dissolved in 30 mL of dry, degassed diethyl
ether. A solution of tetrafluoroboric acid (0.20 mL, 1.47 mmol) was added whereupon the solution
immediately turned deep green. After stirring for 50 min at room temperature the solvent was
removed in vacuo, yielding 3-((4,4'-OMe)Trt)3TAT(BF4)3 quantitatively.
1

H-NMR (600 MHz, CD3CN): δ[ppm] = 8.48 (d, 4JH,H = 1.4 Hz, 3 H, H4), 8.02 (d, 3 H, 3JH,H = 8.9 Hz, H1),

7.78 (dd, 3JH,H = 8.9 Hz, 4JH,H = 1.4 Hz, 3 H, H2), 7.68 (m, 12 H, Hf), 7.39 (d, 3JH,H = 8.6 Hz, 12 H, He), 4.92 (q,
3

JH,H = 7.0 Hz, 6 H, CH2CH3), 4.12 (s, 18 H, OCH3), 1.27 (t, 3JH,H = 7.0 Hz, 9 H, CH2CH3).

13

C{1H}-NMR (151 MHz, CD3CN): δ[ppm] = 194.2 (Cc), 170.7 (Cg), 164.5 (Cd), 148.9 (C7), 144.1 (Cf), 140.8

(C6), 137.9 (C2), 137.2 (C4), 133.8 (C3), 124.4 (C5), 117.0 (Ce), 113.4 (C1), 106.0 (C8), 57.8 (OCH3), 43.6
(CH2CH3), 15.6 (CH2CH3).
ESI-MS: see Appendix 36.

2-Tris((4-(trimethylsilylethinyl)phenyl)benzylalcoholyl)3TAT

2-Br3TAT (0.37 g, 0.56 mmol) was suspended in 35 mL of dry, degassed diethyl ether. A 1.9 M solution
of tertiary butyl lithium (1.85 mL, 3.49 mmol) in n-hexane was added dropwise at -78 °C. The reaction
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mixture was stirred at that temperature for 30 min. After warming to room temperature
4-trimethylsilylethinylbenzophenone (0.48 g, 1.72 mmol) was added and the solution was stirred at
room temperature for 18 h. Water (5 mL) was added and the layers were separated. The combined
organic phases were washed three times with 10 mL of water and once with 10 mL of brine. After
drying

over

magnesium

sulfate

hydrate,

purification

by

column

chromatography

on

silica (eluent: pentane : ethyl acetate 10:1 (v/v)) afforded 2-Tris((4-(trimethylsilylethinyl)phenyl)benzylalcoholyl)3TAT (0.10 g, 0.08 mmol, 15 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.17 (d, 3JH,H = 8.5 Hz, 3 H, H4), 7.56 (d, 4JH,H = 1.4 Hz, 3 H, H1),

7.46 (m, 12 H, He and Hk), 7.37 (m, 15 H, Hf and Hl and Hm), 7.12 (dd, 3JH,H = 8.5 Hz, 4JH,H = 1.4 Hz, 3 H,
H3), 4.86 (q, 3JH,H = 7.1 Hz, 6 H, CH2CH3), 2.95 (s, 3 H, OH), 1.47 (t, 3JH,H = 7.1 Hz, 9 H, CH2CH3), 0.25 (s, 27
H, Si(CH3)3).

2-Tris((4-ethinylphenyl)benzylalcoholyl)3TAT

2-Tris((4-(trimethylsilylethinyl)phenyl)-benzylalcoholyl)3TAT (0.10 g, 0.08 mmol) was added to a
solution of 0.2 g of potassium carbonate in 10 mL of methanol and the mixture was stirred at room
temperature for 18 h. The solvent was removed in vacuo and the yellow residue was dissolved in 25 mL
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of diethyl ether. The organic layer was washed three times with 25 mL of water and dried over
magnesium

sulfate

hydrate.

Removal

of

the

solvent

afforded

2-Tris((4-

ethinylphenyl)benzylalcoholyl)3TAT (0.080 g, 0.08 mmol, 92 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.18 (d, 3JH,H = 8.5 Hz, 3 H, H4), 7.58 (d, 3JH,H = 1.3 Hz, 3 H, H1),

7.49 (m, 12 H, He and Hk), 7.41 (m, 15 H, Hf and Hl and Hm), 7.14 (dd, 3JH,H = 8.5 Hz, 4JH,H = 1.3 Hz, 3 H,
H3), 4.86 (q, 3JH,H = 7.1 Hz, 6 H, CH2CH3), 3.08 (s, 3 H, C≡CH), 3.06 (s, 3 H, OH), 1.48 (t, 3JH,H = 7.1 Hz, 9 H,
CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 148.2, 147.1, 141.6, 140.5, 139.3, 131.9, 128.2, 128.2, 128.1,

127.6, 125.7, 122.7, 121.1, 120.4, 109.9, 103.0, 83.7, 82.5, 41.7 (CH2CH3), 15.7 (CH2CH3).

3-Tris((4-(trimethylsilylethinyl)phenyl)benzylalcoholyl)3TAT
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3-Br3TAT (0.50 g, 0.75 mmol) was suspended in 50 mL of dry, degassed diethyl ether. A 1.9 M solution
of tertiary butyl lithium (2.5 mL, 4.7 mmol) in n-hexane was added dropwise at -78 °C. The reaction
mixture was stirred at that temperature for 30 min. After warming up to room temperature
4-trimethylsilylethinylbenzophenone (0.65 g, 2.33 mmol) was added and the solution was stirred at
room temperature for 24 h. Water (5 mL) was added and the layers were separated. The combined
organic phases were washed three times with 10 mL of water. After drying over magnesium sulfate
hydrate purification by column chromatography on silica (eluent: pentane : ethyl acetate 10:1 (v/v)
afforded 3-Tris((4-(trimethylsilylethinyl)phenyl)benzylalcoholyl)3TAT (0.05 g, 0.04 mmol, 6 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.13 (s, 3 H, H4), 7.46 (d, 4JH,H = 1.5 Hz, 3 H, H1), 7.44-7.33 (m, 30 H,

H2 and Heand Hfand Hkand Hland Hm), 4.57 (q, 3JH,H = 7.0 Hz, 6 H, CH2CH3), 3.01 (s, 3H, OH), 1.26 (t,
3

JH,H = 7.0 Hz, 9H, CH2CH3), 0.27 (s, 27H, Si(CH3)3).

3-Tris((4-ethinylphenyl)benzylalcoholyl)3TAT

166

IX. Experimental Section

3-Tris((4-(trimethylsilylethinyl)phenyl)benzylalcoholyl)3TAT (0.05 g, 0.04 mmol) was added to a
solution of 0.2 g of potassium carbonate in 10 mL of methanol and the mixture was stirred at room
temperature for 18 h. The solvent was removed in vacuo and the residue was dissolved in 50 mL of
diethyl ether. The organic layer was washed three times with 25 mL of water and dried over
magnesium

sulfate

hydrate. Removal

of the solvent afforded

3-Tris((4-ethinylphenyl)-

benzylalcoholyl)3TAT (0.040 g, 0.04 mmol, 95 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.11 (s, 3 H, H4), 7.48-7.31 (m, 33 H, H1 and H2 and He and Hf and

Hk and Hl and Hm), 4.56 (q, 3JH,H = 7.1 Hz, 6 H, CH2CH3), 3.07 (s, 3 H, C≡CH), 3.03 (s, 3 H, OH), 1.13 (t, 3JH,H
= 7.1 Hz, 9 H, CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 148.5, 147.4, 139.8, 138.8, 138.7, 131.8, 128.2, 128.2, 127.5,

123.3, 122.5, 121.9, 121.0, 109.8, 103.3, 83.7, 82.6 (Cc), 66.0, 41.7 (CH2CH3), 15.1 (CH2CH3).

3-(Trt(4-A)3TAT(BArF)3
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3-Tris((4-ethinylphenyl)benzylalcoholyl)3TAT (0.040 g, 0.04 mmol) was dissolved in 15 mL of dry,
degassed acetonitrile and a solution of BROOKHART’s acid (1.20 g, 1.19 mmol) in 5 mL of acetonitrile was
added. The red solution was stirred at room temperature for 3 h. Evaporation of the solvent afforded
3-(Trt(4-A)3TAT(BArF)3 quantitatively.
H-NMR (600 MHz, CD2Cl2):  ppm = 8.10 (d, 4JH,H = 1.34 Hz, 3 H, H4), 7.76 (s, 12 H, HBArF), 7.64 (s, 6 H,

1

Hf), 7.49-7.32 (m, H1, H2, He, Hk, Hl, Hm, HBArF), 4.56 (q, 3JH,H = 7.2 Hz, 6 H, CH2CH3), 3.02 (s, 3H, C≡CH),
1.11 (t, 3JH,H = 7.24 Hz, 9 H, CH2CH3).
C-NMR (151 MHz, CD2Cl2): ppm = 149.0, 147.8, 140.2, 139.1, 132.9, 132.2, 130.0, 128.5, 127.9,

13

125.9, 124.1, 123.7, 122.9, 122.3, 121.3, 119.2, 117.4, 110.3, 103.6, 83.8, 82.9, 77.8, 42.2 (CH2CH3),
15.4 (CH2CH3).
F-NMR (564 MHz, CD2Cl2): ppm= -62.84.

19

3-Triformyl-N,N‘,N‘‘-triethyltriazatruxene

2-Triformyl-N,N‘,N‘‘-triethyltriazatruxene was synthesized as described in the literature.[259] The same
procedure was adapted for the synthesis of 3-Triformyl-N,N‘,N‘‘-triethyltriazatruxene 3-(CHO)3TAT.
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500 mg (0.75 mmol) of 3-Br3TAT were dissolved in 15 mL of tetrahydrofuran and cooled to -78 °C. A
1.6 M solution of n-butyl lithium was added (2.1 mL, 3.4 mmol) and the reaction mixture was stirred at
that temperature for 2 h. Then 0.4 mL of dry dimethylformamide were added. After warrming to room
temperature 5 mL of 3 M hydrochloric acid was added. The mixture was neutralised with a saturated
aqueous solution of potassium carbonate and extracted three times with 150 mL of diethyl ether. The
combined organic phases were dried over magnesium sulfate and the volatiles were removed in
vacuum. The crude product was purified by column chromatography on silica (eluent:
dichloromethane) yielding 250 mg of 3-(CHO)3TAT (0,49 mmol; 65 %).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 10.17 (s, 3 H, CHO), 8.87 (d, 4JH-H = 1.7 Hz, 3 H, H4), 8.01 (dd,

3

JH-H = 8.4 Hz, 4JH-H = 1.7 Hz, 3 H, H2), 7.75 (d, 3JH-H = 8.4 Hz, 3 H, H1), 5.05 (q, 3JH-H = 7.1 Hz, 6 H, CH2CH3),

1.74 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 191.7 (s, CHO), 144.3 (s, C6), 139.3 (s, C7), 129.7 (s, C3),

126.3 (s, C2), 123.9 (s, C4), 122.9 (s, C5), 110.5 (s, C1), 103.9 (s, C8), 42.1 (s, CH2CH3), 15.6 (s, CH2CH3).

3-Tris(3-(1,5-dimethyl-2,3,4-trihydro,6-oxo-verdazyl))-N,N’,N’’triethyltriazatruxene
(3-V3TAT)
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The starting material, carbonic acid bis(1-methylhydrazide), was prepared according to a procedure by
CHRISTA BARR et al.[260] The following synthetic procedure for verdazyl triazatruxenes was developed on
basis of their method of preparing aryl substituted verdazyl radicals as well as on the preceeding work
by FRANZ ALFRED NEUGEBAUER et al.[261],[262]
A solution of 100 mg of 3-(CHO)3TAT (0.19 mmol) in 5 mL of methanol was heated to reflux and a
solution of carbonic acid bis(1-methylhydrazide) (70 mg, 0.57 mmol) in 5 mL of methanol was added
dropwise. The reaction mixture was refluxed for 48 h and after cooling to room temperature, the
solvent was removed in vacuum. The crude product was recrystallized from a mixture of methanol and
ethyl acetate (1:4 v/v). 3-V3TAT was obtained as a colorless solid. (40 mg, 0.05 mmol, 26 %)
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.56 (s, 3 H, H4), 7.85 (d, 3JH-H = 8.5 Hz, 3 H, H1), 7.66 (d,

3

JH-H = 8.5 Hz, 3 H, H1), 5.82 (d, 3JH-H = 8.4 Hz, 6 H, NH), 5.20 (t, 3JH-H = 8.4 Hz, 3 H, Hc), 5.03 (q,

3

JH-H = 7.1 Hz, 6 H, CH2CH3), 3.07 (s, 18 H, CH3), 1.56 (t, 3JH-H = 7.1 Hz, 9 H, CH2CH3).

13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 154.7 (s, CO), 140.0 (s, C6), 138.1 (s, C7), 128.3 (s, C3), 122.3 (s,

2 C, C2 and C5), 119.9 (s, C4), 110.4 (s, C1), 102.6 (s, C8), 69.2 (s, Cc), 41.5 (s, CH2CH3), 37.8 (s, CH3), 15.6 (s, CH2CH3).

N-Hexyltriazatruxene

NHTAT was synthesized as described in the literature.[101] The following synthesis adapts the reaction
conditions and procedure for the alkylation of 3-Br3-NHTAT as described by RAKSTYS et al.[101]
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To a solution of NHTAT (210 mg, 0.61 mmol) in 10 mL of dimethylformamide were added 810 mg
(20.3 mmol) of a dispersion of sodium hydride in mineral oil (60 %). The reaction mixture was stirred
at room temperature for 50 min. Then, 0.33 mL of n-bromohexane (0.39 g, 2.36 mmol) were added
and the mixture was heated to reflux for 2 h. After cooling to room temperature the reaction mixture
was poured into water and extracted three times with 50 mL of dichloromethane. The combined
organic layers were dried over magnesium sulfate hydrate. Purification by column chromatography on
silica (eluent: dichloromethane : hexane 1:4 (v/v)) afforded a pale yellow solid. Washing with pentane
afforded N-hexyltriazatruxene as a colorless solid (200 mg, 0.34 mmol, 58 % yield).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.29 (d, 3JH-H = 8.0 Hz, 3 H, H4), 7.64 (d, 3JH-H = 8.0 Hz, 3 H, H1),

7.45 (dd, 3JH-H = 8.0 Hz, 3JH-H = 7.5 Hz, 3 H, H2), 7.34 (dd, 3JH-H = 8.0 Hz, 3JH-H = 7.5 Hz, 3 H, H3), 4.93 (t,
3

JH-H = 7.5 Hz, 6 H, Ha), 1.98 (tt, 3JH-H = 7.5 Hz, 3JH-H = 7.1 Hz, 6 H, Hb), 1.35-1.18 (m, 18 H, Hc and Hd and

He), 0.81 (t, 3JH-H = 7.1 Hz, 9 H, Hf).
13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 141.2 (s, C6), 139.1 (s, C7), 123.7 (s, C5), 122.9 (s, C2), 121.7 (s,

C4), 119.8 (s, C3), 110.7 (s, C1), 103.4 (s, C8), 47.2 (s, Ca), 31.6 (s, Cd), 29.9 (s, Cb), 26.5 (s, Cc), 22.6 (s, Ce),
14.1 (s, Cf).

N-Dodecyltriazatruxene

NHTAT was synthesized as described in the literature.[101] The following synthesis adapts the reaction
conditions and procedure for the alkylation of 3-Br3-NHTAT as described by RAKSTYS et al.[101]
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To a solution of NHTAT (210 mg, 0.61 mmol) in 10 mL of dimethylformamide were added 810 mg
(20.3 mmol) of a dispersion of sodium hydride in mineral oil (60 %). The reaction was stirred at room
temperature for 1 h. Then 0.56 mL of n-bromododecane (0.58 g, 2.33 mmol) were added and the
mixture was heated to reflux for 2 h. After cooling to room temperature, the reaction mixture was
poured into water and extracted three times with 50 mL of dichloromethane. The combined organic
layers were dried over magnesium sulfate hydrate. Purification by column chromatography on silica
(eluent: dichloromethane : hexane 1:4 (v/v)) afforded a yellow oil. It was cooled to -78 °C and washed
with cold n-pentane. Drying in vacuum afforded N-dodecyltriazatruxene as a pale yellow solid (378 mg,
0.44 mmol, 77 % yield).
1

H-NMR (400 MHz, CDCl3): δ[ppm] = 8.29 (d, 3JH-H = 8.0 Hz, 3 H, H4), 7.63 (d, 3JH-H = 8.1 Hz, 3 H, H1),

7.45 (dd, 3JH-H = 8.1 Hz, 3JH-H = 7.5 Hz, 3 H, H2), 7.33 (dd, 3JH-H = 8.0 Hz, 3JH-H = 7.5 Hz, 3 H, H3), 4.92 (t,
3

JH-H = 7.5 Hz, 6 H, Ha), 1.99-1.97 (m, 6 H, Hb), 1.35-1.13 (m, 54 H, Hc-k), 0.87 (t, 3JH-H = 7.1 Hz, 9 H, Hf).

13

C{1H}-NMR (101 MHz, CDCl3): δ[ppm] = 141.2 (s, C6), 139.1 (s, C7), 123.7 (s, C5), 122.9 (s, C2), 121.7 (s,

C4), 119.8 (s, C3), 110.7 (s, C1), 103.4 (s, C8), 47.2 (s, Ca), 32.1 (s, Cj), 29.9, 29.8, 29.7, 29.6, 29.5,29.4,
26.8 (7x s, 7C , Cb-i), 22.8 (s, Ck), 14.3 (s, Cl).
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Appendix 1: Calculated spectra of NEtTAT, NEtTAT+ and NEtTAT2+ with assignment of the most significant excitations as electron
density difference maps.
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Appendix 2: 1H-NMR shift comparison of triazatruxenes bearing up to three trimethylsilyl functionalities.
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Appendix 3: 13C-NMR shift comparison of triazatruxenes bearing up to three trimethylsilyl functionalities.
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Population at RT
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Appendix 4: Accessible spin states in each charge state of 2-RuVin1TAT and their calculated population at room temperature.
The energy difference is in relation to the most populated spin state of the respective charge state.
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Appendix 5: Accessible spin states in each charge state of 2-RuVin3TAT and their calculated population at room temperature.
The energy difference is in relation to the most populated spin state of the respective charge state.
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Appendix 6: Accessible spin states in each charge state of 3-RuVin3TAT and their calculated population at room temperature.
The energy difference is in relation to the most populated spin state of the respective charge state.

Appendix 7: IR spectroelectrochemistry of the first oxidation of 2-RuVin1TAT concerning the carbonyl stretching frequency.
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Appendix 8: IR spectroelectrochemistry of the second oxidation of 2-RuVin1TAT concerning the carbonyl stretching
frequency.

Appendix 9: Deconvolution of the IR spectrum of 2-RuVin3TAT+ concerning the carbonyl stretching frequency and comparison
with 2-RuVin3TAT.
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Appendix 18: ESR spectra of 2-RuVin3TAT4+ at room temperature (left) and at -150 °C (right); in dichloromethane.
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Appendix 19: Square wave voltammograms of 2-(TPAVin)3TAT (left) and 3-(TPAVin)3TAT (right); recorded in 0.06 M nBu4NBArF
(E vs. [Cp2Fe]/[Cp2Fe]+; ν = 100 mV/s).

Appendix 20: ESR spectra of 2-(TPAVin)3TAT+ in dichloromethane at 20 °C (left) and at -150 °C (right).

Appendix 21: ESR spectra of 2-(TPAVin)3TAT2+ in dichloromethane at 20 °C (left) and at -150 °C (right).
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Appendix 22: ESR spectra of 2-(TPAVin)3TAT3+ in dichloromethane at 20 °C (left) and at -150 °C (right).

Appendix 23: ESR spectra of 2-(TPAVin)3TAT4+ in dichloromethane at 20 °C (left) and at -150 °C (right).

Appendix 24: ESR spectra of 3-(TPAVin)3TAT+ in dichloromethane at 20 °C (left) and at -150 °C (right).
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Appendix 25: ESR spectra of 3-(TPAVin)3TAT2+ in dichloromethane at 20 °C (left) and at -150 °C (right).

Appendix 26: ESR spectra of 3-(TPAVin)3TAT3+ in dichloromethane at 20 °C (left) and at -150 °C (right).

Appendix 27: ESR spectra of 3-(TPAVin)3TAT4+ in dichloromethane at 20 °C (left) and at -150 °C (right).
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Appendix 28: Square wave voltammograms of 2-(Trt(4,4’-OMe))3TAT(BF4)3 (left) and 2-(Trt(4,4’-OMe))3TAT(BF4)3 (right) with
the respective deconvolutions of the three overlapping waves; recorded in 0.10

M nBu4NPF6

(E vs. [Cp2Fe]/[Cp2Fe]+;

ν = 100 mV/s).
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Appendix 29: Allocation of calculated transitions for 3-(Trt(4,4’-OMe))3TAT3+ as π-π* transitions (red frames), y-band (blue
frames) and x-band (green frames).
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Appendix 30: ESI-MS spectrum of 2-RuVin3TAT (M = 1959.69 g/mol).

Appendix 31: Zoom to the areas of M+ and M2+ within the ESI-MS spectrum of 2-RuVin3TAT (M = 1959.69 g/mol) and
simulation thereof.
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Appendix 32: ESI-MS spectrum of 3-RuVin3TAT (M = 1959.69 g/mol).

Appendix 33: Zoom to the areas of M2+ (left)and [M-Cl•]2+ (right) within the ESI-MS spectrum of 3-RuVin3TAT
(M = 1959.69 g/mol) and simulation thereof.
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Appendix 34: ESI-MS spectrum of 2-RuVin1TAT (M = 939.61 g/mol)

Appendix 35: Zoom to the area of M+ within the ESI-MS spectrum of 2-RuVin1TAT (M = 939.61 g/mol) and simulation thereof.

194

XII. Appendix

Appendix 36: Area within the ESI-MS spectra of 2-((4,4'-OMe)Trt)3TAT(BF4-)3 (top left) and 3-((4,4'-OMe)Trt)3TAT(BF4-)3 (top
right). Under the ESI measurement conditions both molecules are hydrolyzed resulting in the formation of the detected and
simulated

cations

2-((4,4'-OMe)Trt),2',2''-((4-OMePh)2C(OH))2-TAT+

3-((4,4'-OMe)Trt),2',2''-((4-OMePh)2C(OH))2-TAT+

(bottom

left;

M = 1138.50 g/mol)

and

(bottom right; M = 1138.50 g/mol).
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