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Abstract

Compounds based on conjugated m-electron systems have attracted much attention due to
their potential application in organic electronics such as organic light-emitting diodes (OLEDs), field
effect transistors (OFETs), and photovoltaics (OPV) but also as functional organic compounds capable
of two-photon absorption and applicable as nonlinear optic chromophores. The unique electronic
properties of organic materials are strongly associated with their n-electron topology. Alteration of the
molecular design of conjugated organic compounds and their functional groups crucially influences
electrochemical and photophysical properties (like HOMO/LUMO levels, band gap, quantum yields
etc.).

The main goals of this thesis were on the one hand the synthesis of potential novel
semiconductors for OFET application, aiming for materials with high charge carrier mobilities,
improved molecular oxidation stability, solubility and film-forming behavior. On the other hand
reliable synthetic strategies toward materials capable of second harmonic generation and compounds
suitable for two-photon absorption are presented, intending to improve molecular properties like

second harmonic efficiency and two-photon absorption cross-section.

The first part of this thesis focused on synthetic pathways toward acene derivatives bearing
electron-deficient substituents (e.g. triazoles and isoxazoles), which were introduced by copper-
catalyzed cycloaddition reactions. This study demonstrates that the attachment of N-hexyltriazole
moieties to pentacene leads to a significant improvement in both photostability and solubility, which
makes these compounds attractive for OFET application. Also, the introduction of
bromo(trialkylsilyl)thienyl scaffolds was sought by addition of an appropriate lithium species to
pentacene-6,13-dione and subsequent reductive aromatization aiming for improved charge carrier
mobilities. For this novel substance class hole transport mobilities up to 3 x 10 cm®* V™' s could be
determined.

Further strategies to improve the conductivity by enhancing intermolecular interaction focused
on the introduction of benzo[b]selenophenes in conjugated mn-electron scaffolds based on symmetric
fused heteroaromatic compounds. First, an efficient one-pot procedure toward substituted
benzo[b]selenophenes had to be established. The obtained benzo[b]selenophene derivatives were used
as starting materials for the preparation of symmetric chalcogenopheno[1]benzochalcogenophene
building blocks based on a Fiesselmann reaction. The incorporation of selenophenes proved to be an
efficient method to decrease the bandgaps and induce strong intermolecular interactions (proven by
crystal packing arrangements) of these target molecules compared to their thiophene-based analogs.

Another strategy toward efficient semiconductors for OFET application was pursued by

preparing star-shaped triphenylamine-substituted tris(2-thienyl)benzene cores aiming for improved



film morphology. This approach yielded a compound with a charge carrier mobility of nearly
10° em® Vs

The second part of this thesis evaluated compounds applicable as materials for nonlinear
optics. Synthetic pathways toward ene-yne compounds based on a selenophene ring fragmentation
were pursued. Functionalization by copper-catalyzed cycloaddition yielded phenyltriazole and
-isoxazole based compounds exhibiting attractive nonlinear optical (NLO) properties. The obtained
materials showing non-centrosymmetric crystallization behavior revealed efficient second harmonic
generation. Thus, the developed molecular design combining phenyltriazoles or -isoxazoles as
acceptors (A) and Z-(methylseleno)alkenyl groups as donors (D) represents an interesting type of
novel NLO chromophore.

Furthermore, a series of thiophene-based cap-linker-cap systems were evaluated as materials
capable of two-photon absorption. The combination of thiophenes with substituted triphenylamines
bearing electron-donating or -withdrawing substituents was realized by either Suzuki cross-coupling
or nucleophilic aromatic substitution giving rise to two basic structural families of D-n-D and A-n-D-
n-A chromophores. Although these novel materials exhibit high quantum yields and only low two-
photon cross-sections, the potential photoinitiators were successfully tested in the generation of
microstructures by two-photon induced polymerization processes of acrylate resins. A further aim of
this thesis was to apply synthetic strategies toward quadrupolar cap-linker-cap type molecules offering
increased two-photon cross-section and thus efficiency of two-photon absorption. Alteration of the
initial cap-linker-cap design was pursued by planarization of the triphenylamine cap, elongation and
planarization of the =m-linker, as well as enhancing the electron density of the linker using more
electron donating scaffolds. To overcome the shortcoming of low solubility of the original cap-linker-
cap photoinitiators in the respective monomer formulations, all target compounds were designed
bearing hexyl substituents on the triarylamine building blocks. The obtained materials exhibit
increased cross-sections and selected materials proved to be efficient two-photon initiators in

structuring tests.

In summary, several synthetic methods and protocols were evaluated towards novel materials
in order to gain insight into structure-property relationships. Triazole moieties proved to be efficient
scaffolds for improving the photostability of pentacene and as acceptors in nonlinear optics
chromophores. Additionally, the introduction of selenophene-based moieties yielded materials with
strong intermolecular interactions and also nonlinear behavior. All these methods and substances
represent valuable results, which can be used for further research in the fields of organic functional

materials.



Kurzfassung

In den letzten Jahrzehnten haben auf konjugierten n-Elektronensystemen basierende
Verbindungen aufgrund ihrer potentielle Anwendungen in elektronischen Bauteilen an kommerziellem
und wissenschaftlichem Interesse gewonnen. Mdglichen Einsatz finden solche Materialien in
organischen lichtemittierenden Dioden (OLEDs), Feldeffekttransistoren (OFETs) und in der
Photovoltaik (OPV), aber auch als funktionelle organische Verbindungen, welche sich zur Zwei-
Photonen-Absorption oder als Chromophore fiir nichtlineare Optik eignen. Die einzigartigen
Eigenschaften von organischen Materialien sind eng mit ihrer n-Elektronen-Topologie verkniipft. So
kann durch Anderung des molekularen Designs dieser Verbindungen und deren funktionellen Gruppen
entscheidend Einfluss auf die elektrochemischen sowie photophysikalischen Eigenschaften (wie etwa

auf HOMO/LUMO Energielevels, Bandliicke, Quantenausbeuten etc.) genommen werden.

Ziel dieser Arbeit war es einerseits potentiell neue Halbleiter fiir OFET-Applikationen zu
synthetisieren, welche hohe Ladungstrigermobilititen, verbesserte Oxidationsstabilitdt, Loslichkeit
sowie filmbildende Eigenschaften aufweisen. Andererseits sollten zuverldssige synthetische Strategien
zu Materialien entwickelt werden, welche sich aufgrund ihrer Zwei-Photonen-Querschnitte sowie

Effizienz der Frequenzverdopplung fiir nichtlineare Optik eignen.

Im ersten Teil dieser Arbeit wurden synthetische Strategien zur Derivatisierung von Acenen
mittels elektronenziehenden heteroaromatischen Systemen (z.B. Triazolen und Isoxazolen) verfolgt,
welche durch kupferkatalysierte Cycloadditionen mit der Acen-basierten Grundstruktur realisiert
wurden. Die Verkniipfung von N-Hexyltriazolen und Pentacen fiihrte zu entscheidenden
Verbesserungen von sowohl Photostabilitdt als auch Loslichkeit der Zielsubstanzen, was fiir die
Anwendung dieser Materialien als OFETs essentiell ist. Weiters wurde der Finsatz von
Brom(trialkylsilyl)thienyl-Substituenten an Pentacenen getestet, um deren Einfluss auf die
Ladungstrigermobilitdt zu bestimmen. Hierfir wurde durch Addition der entsprechenden
Lithiumspezies an Pentacen-6,13-dion und anschlieBende reduktive Aromatisierung die gewiinschte
Verbindungsklasse hergestellt, welche Mobilititen bis zu 3 x 10 cm® V's™ zeigte.

Die Leifdhigkeit organischer Verbindungen kann durch intermolekulare Wechselwirkung
erhoht werden. Diese Strategie wurde durch Einbringen von Selen mit guter Polarisierbarkeit in 7-
konjugierten Materialien basierend auf kondensierten heteroaromatischen Strukturen verfolgt. Hierfiir
wurden zuerst synthetische Methoden zur effizienten Darstellung von Benzo[b]selenophenen mittels
One-pot Synthese entwickelt. Die erhaltenen Benzo[b]selenophen-Derivate wurden im Anschluss als
Ausgangsmaterialien zur Synthese von symmetrischen Chalcogenopheno[1]benzochalcogenophen-
Bausteinen mittels Fiesselmann-Reaktion verwendet. Das Einbringen von Selenophen-Einheiten in die
Zielverbindungen stellte sich als effizient heraus, da gezeigt werden konnte, dass Bandliicken

verringert sowie starke intermolekulare Wechselwirkungen induziert werden konnten.



Eine weitere Strategie um effiziente Halbleiter fiir OFET-Anwendungen zu erhalten, wurde
durch Verkniipfung von substituierten Triphenylaminen mit Tris(2-thienyl)benzol zu sternférmigen
Materialien mit guten Filmbildungseigenschaften verfolgt, welche Ladungstragermobilititen von

3 2l el .
nahezu 10” cm” V™' s~ aufweisen.

Der zweite Teil dieser Arbeit widmete sich der Synthese von neuen Materialien, welche sich
fiir nichtlineare Optik (NLO) eignen. Hierfiir wurde mittels Selenophen-Ringfragmentierung ein
Zugang zu m-konjugierten En-In-Verbindungen geschaffen, welche durch Funktionalisierung mittels
kupferkatalysierter Cycloaddition zu Phenyltriazol und -isoxazol basierten Verbindungen mit
attraktiven nichtlinearen Eigenschaften umgesetzt werden konnten. Die erhaltenen Materialien, welche
nicht-zentrosymmetrische Kristallisationseigenschaften zeigen, weisen effiziente Frequenzver-
dopplung auf. Folglich représentiert dieses molekulare Design, welches Phenyltriazol und
—isoxazol als Akzeptoren (A) und Z-(Methylseleno)alkenyl-Gruppen als Donor (D) verbindet, einen
neuen Typus von NLO-Chromophoren.

Weiters wurde eine neue Substanzklasse von Thiophen-basierten Cap-Linker-Cap Systemen
als Materialien fiir Zwei-Photonen-Absorption evaluiert. Die Verkniipfung von Thiophenen mit
Triphenylaminen mit elektronenspendenden oder -ziehenden Substituenten wurde entweder durch
Suzuki-Kreuzkupplung oder nukleophile aromatische Substitution hergestellt. Diese neuen
Verbindungen der Typen D-n-D sowie A-n-D-n-A erwiesen sich trotz ihrer hohen Quantenausbeuten
sowie niedrigen Zwei-Photonen-Querschnitten als geeignete Zwei-Photonen-Absorptionsinitiatoren,
welche in Acrylat-Formulierungen zur Fabrikation von Mikrostrukturen eingesetzt wurden. Weitere
Synthesestrategien wurden auf das molekulare Design von Verbindungen mit hohen Zwei-Photonen-
Querschnitten und folglich hoher Effizienz der Zwei-Photonen-Absorption gerichtet. Die Variationen
der urspriinglichen Materialien wurden mittels Planarisierung der Triphenylamin-Caps, Erweiterung
und Planarisierung der =n-Linker sowie FErhohung der Elektrondichte der Linker durch
elektronenspendende Derivate verfolgt. Aufgrund der geringen Loslichkeit der urspriinglichen
Verbindungsklasse in den entsprechenden Monomerldsungen wurden an die Triphenylamin-Einheiten
Hexylketten angebracht. Ausgewédhlte Zielstrukturen wurden in Zwei-Photonen-Absorption-

induzierten Polymerisationen eingesetzt und erwiesen sich als effiziente Photoinitiatoren.

Zusammenfassend konnten verschiedene synthetische Methoden und Protokolle zu neuen
Materialien evaluiert werden und neue Einsichten in die Struktur-Eigenschaftsbeziehung gewonnen
werden. Triazol-basierte Verbindungen erwiesen sich als effiziente Materialien um einerseits die
Photostabilitdt von Pentacenen zu erhohen, und andererseits um als Akzeptoren in Verbindungen fiir
nichtlineare Optik zu agieren. Weiters fiihrte die Verwendung von polarisierbaren Selenverbindungen
zu Materialien mit starken intermolekularen Wechselwirkungen und nichtlinearem Verhalten. Die
erzielten Erkenntnisse und funktionellen organischen Verbindungen reprisentieren interessante

Resultate fiir die aktive Forschung.



Aims and Structure of the Thesis

The main objectives of this doctoral research were on the one hand the development of reliable
strategies and methods for the synthesis of pentacenes, fused selenophene-based and star-shaped
materials as potential novel semiconductors for OFET application, aiming for materials with high
charge carrier mobilities, improved molecular oxidation stability, solubility and morphology. On the
other hand straightforward synthetic approaches toward materials capable of second harmonic
generation and compounds suitable for two-photon absorption are presented intending to improve
molecular properties like two-photon absorption cross-section and second harmonic efficiency.
Several methods for the preparation of reasonable amounts of functional organic materials were
developed and electrochemical as well as spectroscopic techniques were applied for structure-property

studies.

This thesis is written as a cumulative work and consists of two parts: (1) brief introductions to the
overall topics and (2) the main parts including the Results and Discussion sections for materials
applicable as organic field effect transistors and for nonlinear optics. Original works (manuscripts #1
to #10, already published, submitted or in preparation) are included in the second part. Supporting
Information of these manuscripts can be found in the Appendix of the thesis and contains most of the
experimental details and data. The applicant (B. Holzer) is first author of 7 (including two co-first
authorships) and corresponding author of 4 (including two co-corresponding authorships) of these
publications. Seven manuscripts were written and composed predominantly by B. Holzer.
Contributions of the applicant to the other manuscripts were manifold and essential for successful

completion of the respective research projects.

The thesis is thematically divided into two main topics: (I) Synthesis of Materials as Potential
Organic Field Effect Transistors and (II) Materials Suitable for Nonlinear Optics. Within topic I,
pentacenes, fused heterocycle-based and star-shaped materials as potential novel semiconductors for
OFET were prepared following the development of reliable synthetic strategies and procedures. All
compounds were characterized with respect to their electrochemical as well as photophysical
properties. The chemistry and structures of the novel materials exhibiting nonlinear behavior as well as

their photophysical properties were investigated within topic II.
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1 — Organic Field-Effect Transistors —

Introduction






1.1. Introduction

Field-effect transistors (FETS) are electronic devices that amplify and switch electrical signals.
The development of metal oxide semiconductor field-effect transistors (MOSFETS) and integrated
circuits (like microprocessors) has changed our everyday lives since their inventions more than 50
years ago.! Today, we are facing a new technological evolution that could possibly have a similar
impact: the emergence of flexible and printed electronics. Among these organic or plastic electronics,
organic field-effect transistors (OFETS) have attracted particular attention due to their potential
advantages of flexibility, large-area fabrication and low weight.? Accordingly, OFETs are being
considered for applications in electronic paper,® organic light emitting displays, and sensor devices,*
such as electronic noses (e-nose),® electronic skin (e-skin),® medical diagnostics,” environmental
monitoring® but also in everyday technology like radio frequency identification tags (RFIDs)°

(Figure 1).

Figure 1: Organic electronic products based on OFETs from left to right: e-paper,° flexible display,'* e-skin,? smart
contact lens monitoring glucose level.*?

Since the first OFETs emerged, many efforts have been devoted to improving their
performance by adopting new organic semiconductors (OSC) or optimizing the device configuration.
Despite the broad field of promising applications of organic semiconductors, there is still a need for
further research to obtain a stable and soluble material bearing high charge carrier mobility for fast
electrical switching, low operating voltages, and large on/off ratios.

1.2. Organic Field-Effect Transistors

1.2.1. Working Principle and Device Structure

In field-effect transistors the electrical conductivity in the semiconducting material originates
from the drift of mobile charge carriers induced by an electric field perpendicular to its surface
generated by an applied voltage. In general OFET devices consist of three different components: an
isolator, a thin semiconducting layer and three electrodes. The so-called source and drain electrodes
are in direct contact with the organic semiconductor, whereas the gate electrode is isolated from the
semiconductor by an isolator with high permittivity and modulates the current flow across the source-
drain electrodes.™* Because of the fragility of most organic semiconducting materials, many devices
are fabricated by deposition of the thin semiconducting layer on the dielectric (Figure 2)."> Usually all
elements are made of films with a thickness largely lower than one micrometer, consequently the
device is constructed on a thicker, insulating substrate that does not play any role in the operation of
the device.”® Possible OFET device architectures, bottom-gate top-contact (BGTC), bottom-gate
bottom-contact (BGBC) and top-gate bottom-contacts are shown in Figure 2.

11
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Figure 2: Schematic view of organic field-effect transistor configurations: (A) Bottom-gate, top-contacts (BGTC); (B)
Bottom-gate bottom-contact (BGBC); (C) Top-gate bottom-contacts (TGBC) configuration.

The device can be viewed as a plane capacitor (Figure 3, A) where one of the plates
constitutes one electrode, the gate, while the semiconductor element composes the second plate. The
role of the source and drain electrodes is to inject and retrieve charge carriers to and from the
semiconductor. If no voltage is applied between gate and source electrode, hardly any current flows
between the source and the drain electrode and the transistor is switched off. However, if a potential is
applied, the transistor basically operates like a capacitor (loading of the dielectric layer) and charge is
induced in the semiconducting layer and a conducting channel is formed. The conductance of the
semiconductor increases due to the rising number of charge carriers in the channel and the transistor is
switched on.

Energy (eV)

Drain

LUMO

Organic Semiconductor

Dielectric HOMO

Pentacene

e

[= Y S SR Y

Ep

Figure 3: Charge injection in p-type transistors: (A) Charge transport; (B) Energy scheme of the gold electrode matching the
HOMO of pentacene.

Based on the charge carriers formed in the conducting channel, organic semiconductors are
classified into two types, namely p-type (hole-conducting) and n-type (electron-conducting). Thus, in
devices where the semiconducting layer is p-type, the transistors are turned on using negative gate
voltages, while for n-types, positive gate voltages are required switch the device on. In some organic
semiconductors both holes and electrons are formed in the channel depending on the sign of the gate
bias. These materials are classified as ambipolar materials.*” In order to ensure efficient charge carrier
injection, the work function of the applied electrodes have to match the frontier orbital of the organic
semiconductor.”® Most organic transistors are based on p-channel organic semiconductors (e.g.
pentacene), therefore, the applied electrodes are made of high work function metals (most usually Au,
but also Pd, Pt and Ni).'® The energy scheme in Figure 3, B indicates the respective positions of the
Fermi energy level of the applied gold electrode and the highest occupied molecular orbital (HOMO)
of pentacene.’

Characteristic device parameters such as charge carrier mobility (), on/off current ratio, and
threshold voltage (V1) essentially determine the applicability of the OSC in OFETs and can be
estimated using the standard saturation regime current-voltage characteristics with the drain-source
current (Ips) given by

W ; )
Ips = T#(VG - Vr)

12



where C; is the capacitance per unit area of the dielectric, W and L are OFET channel width and
length, and Vg is the gate voltage. It is clear that C; must be high in order to obtain high Ips at low V.
The dielectric capacitance is given by C = k gA/d, where « is the dielectric constant, g, is the
permittivity of free space, A is the area of the capacitor, and d is the dielectric thickness.*®

The key parameters included in these equations are relevant for the device performance in the
following terms: (1) the mobility, which is defined as the drift velocity of a charge carrier (cm s™) per
unit applied field (V cm™), determines the possible bit speed of the organic integrated circuits. High
speed commercial applications in organic digital circuits require mobilities in the magnitude of
1cm?V1s? whereas for other possible applications, such as chemical sensors, lower mobilities of
0.01 - 0.1 cm®V*s™ are sufficient.?® (11) Additionally, a large on/off current ratio of 10° is essential for
the OCS’s practical applications in high speed, low power, high reliability circuits.?* Improvement of
the on/off ratio can be achieved by increasing the on current by chemical doping, enhancing the charge
injection at the electrodes or using high-k dielectrics. Another possibility to increase the on/off ratio is
the reduction of the off current by controlling the doping level to minimize the conductivity of the
active layer, optimization of the material purity or post processing, such as annealing.?’ (111) The last
key parameter that determines the performance of an OSC is the threshold voltage, i.e. the voltage at
which a conductive channel begins to form, which should be zero or slightly negative.

1.2.2. Charge Transport in Organic Semiconductors

Organic semiconductors are generally easily oxidized to radical cations (M*, p-type) or
reduced to radical anions (n-type) to yield stable species with charge delocalized over a conjugated
system. The hole transport in p-type materials (M) can be described as a self-exchange reaction:

MY +M - M+ M*t

The rate at which the formed charges migrate through an organic semiconductor depends on
the m-bonding orbitals and quantum mechanical wave function (frontier orbital) overlap between
neighboring molecules in the semiconductor layer. In order to achieve high field-effect charge carrier
mobilities of both thin film and single crystal devices the semiconducting molecules should
preferentially exhibit good n-x stacking in the direction of the current flow. Both intrinsic factors like
molecular structure and crystal packing and extrinsic factors such as crystallinity and device
configuration contribute to the charge carrier mobility. Carrier transport in amorphous organic solids
is often modeled as thermally activated hopping. The Marcus theory gives intrinsic hopping mobility
as:

42 1 A

tze_4kBT

where kg is the Boltzmann constant, T the temperature, and h the Planck constant. At a
microscopic level one of the key parameters for transport is the interchain transfer integral t, that
expresses the ease of transfer of a charge between two interacting chains and is strongly related to the
energetic splitting of the HOMO and lowest unoccupied molecular orbital (LUMO) level.”? The
reorganization energy A describes the strength of hole(electron)-vibration coupling energy of a charge
localized on a single molecule, which needs to be small in order to ensure efficient charge transport.”®
Therefore, high charge carrier mobility, which means rapid exchange of carrier between molecules,
can be realized by small reorganization energy and large intermolecular orbital coupling.®*

13



1.3. Semiconducting Materials for OFET Application

In general, for the realization of OFETs two distinct classes of materials exist: conjugated
polymers and small molecules. Polymers exhibit the advantage that the deposition of the organic
semiconductor on a substrate can usually be realized via solution processed spin-coating, drop-casting,
coating and printing techniques.”® However, polymers tend to have a large polydispersity, which
impedes efficient packing and leads to defects in the resulting films and crystals.® Small molecules
may be superior to polymers due to their consistent size and shape, which enables an improved control
of defects and film quality.”” Currently, both conducting materials, polymers and small conjugated
molecules, are subjects of intense research promoting this technology to an industrial stage in many
application fields. In this chapter the focus will be set on the principles behind the development of
soluble and air stable conjugated small molecules as semiconducting materials applicable in p-type
OFET devices.

1.3.1. Acene-based Semiconductors

Acenes exhibit ideal transistor behaviors when employed in OFETSs due to their expanded =-
framework enabling strong intermolecular overlap, which allows the charge carrier transport in the
solid state. Their strong tendency to crystallize in a herringbone packing is suitable to construct two-
dimensional electronic structure when fabricated in thin-film-based devices.?? The [-conjugated
system of acenes is similar to that of single layers of graphene, which comprises the highest mobility
for organic compounds and for which its discoverers were recently awarded the 2010 Noble Prize in
physics.?

In the series of acenes with each additional benzene ring the HOMO level increases and the
HOMO-LUMO gap diminishes.”® The frontier orbitals of the homologous set of acenes from
naphthalene to pentacene are depicted in Figure 4. Although important electronic properties such as
increased charge carrier mobility, decreased reorganization energy and band gaps beneficially scale
with the size of acenes, the elongation of the =-electron system also brings along some
disadvantages.?* Unfortunately, the instability of higher acene-based OFETs can be attributed to the
high-lying HOMO level and narrov HOMO-LUMO gap, which cause their propensity toward air-
oxidation in ambient conditions and photo-degradation.®
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Figure 4: Frontier orbitals of acenes.*

Among small molecule semiconductors pentacene-based materials - exhibiting charge carrier
mobility up to 5.5 cm? V' s™ in thin films (vacuum deposition of the OSC)® - have been the most
widely studied class of organic compounds mainly due to their ability to form highly ordered

14



crystalline films.* Pentacene packs in a herringbone pattern with edge to face interactions (Figure 8,
A).** However, pentacene exhibits poor solubility in common organic solvents,?* which limits
processing procedures primarily to vacuum deposition®**" and therefore prevents low-cost high-
throughput printing techniques suitable for organic electronics technology. Another critical limitation
is pentacene’s propensity to degrade via cycloaddition reactions with dienophiles like singlet oxygen
(*0,). According to literature, there are two primary mechanisms by which polyaromatic hydrocarbons
such as pentacene degrade with oxygen in the presence of light. Early investigators into the
mechanism of photooxidation proposed a singlet oxygen sensitization mechanism: once the organic
molecule is excited by light singlet oxygen formation is stimulated, and degradation occurs via further
reactions of singlet oxygen and the organic compound (Figure 5, A).*® In the second mechanism, the
excited pentacene serves as an electron donor and transfers an electron to oxygen to generate a
superoxide radical anion and the corresponding pentacene radical cation, which is prone to further
degradative steps. The photoreactivity of acenes is especially predominant in solution through photo-
induced endoperoxide formation, however, “butterfly” dimerization (Figure 5, B) also poses a
problem in the solid state.*
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Figure 5: (A) Two suggested mechanistic pathways of the photooxidation of pentacene derivatives: electron
transfer and energy transfer and (B) “butterfly” dimerization product of pentacene.

Although numerous groups have prepared pentacene derivatives bearing either solubilizing or
stabilizing substituents (refer to Chapter 4.2) the outstanding challenge to develop soluble organic
semiconductors that are highly stable towards photodegradation remains.

1.3.2. Thiophene-based Heterocyclic Semiconductors

Thiophene-based fused oligomers and polymers have attracted growing interest owing to their
desirable characteristics for fabricating electronic devices.? In particular, heteroacene-based materials
proved to be environmentally stable and robust in nature. One of the first sulfur-based materials used
in organic field-effect transistors was polythiophene (Figure 6, A) exhibiting low charge carrier
mobility of 10° cm?V?*s™.*° Since then, polymers,* oligomers,*? and fused ring aromatic materials**
containing thiophene units have been thoroughly examined. This rapid development of chalcogen-
containing heterocyclic semiconductors can be attributed to their advantages over acene derivatives,
which in turn can be ascribed to their unique structural features. Although the thiophene moiety with
six m electrons (4n + 2) is electronically similar to the benzene ring predominant in acenes, fused
thiophene compounds exhibit a much higher stability due to the absence of a Diels-Alder cyclization
active center.?” Furthermore all the sulfur atoms are positioned at the molecular periphery, facilitating
multiple short intermolecular S-S contacts which increase the effective dimensionality of the
electronic structure, which may result in enhanced transport properties.?

Many of the highest-performing small molecules are based on fused heteroacene materials
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such as 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cg-BTBT, Figure 6, B), exhibiting the
highest recorded carrier mobility of 31.3 cm?V*s™ to date for organic thin-film transistors.** Another
efficient material is dianthra[2,3-b:2°,3’-f]thieno[3,2-b]thiophene (DATT, Figure 6, C), for which
charge carrier mobilities of 16.0 cm” V™' s™ have been observed.

A B C
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Figure 6: Thiophene-based materials applicable for organic field-effect transistors. (A) polythiophene, (B) 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cg-BTBT) and (C) dianthra[2,3-b:2°,3’-f]thieno[3,2-b]thiophene (DATT).

Structural variation of thiophene-based materials allows fine tuning of the electronic
properties.”® Similar to acenes, the extension of the m-electron system of heteroacenes increases the
conjugated length of the molecule, which decreases band gap and increases charge carrier mobility.*®
Contrary to acenes and linear linked thiophenes, ring-fused or annulated thiophenes have more rigid
structures possessing an extended m-conjugation, which could be employed for adjusting the band
gap*’ of organic materials and increasing intermolecular interactions in the solid state.*> Furthermore,
the high polarizability of sulfur atoms in thiophene rings leads to a stabilization of the conjugated
systems with excellent charge transport properties, which are one of the most crucial assets for
applications in organic and molecular electronics.

Thiophene-based semiconductors constitute stable materials further research in this area
focusses on attaining optimized charge carrier mobilities. The enhancement of intermolecular
interaction by incorporating heavier chalcogene heteroatoms (Se and Te) with large atomic radii may
contribute to the effective n-electron overlap in the solid state.

1.4. Influence of the Organic Semiconductor on Device Performance

1.4.1. Molecular Factors

Both the molecular arrangement and film morphology in organic semiconducting layers play
significant roles in the performance of OFETs.? Regarding semiconducting m-conjugated systems
incorporated in OFETS, one of the most important factors
determining the ultimate performance of a device is high
charge carrier mobility. In order to achieve an efficient
charge transport, the organic molecules ideally should
pack perpendicular to the direction of current flow,”
which is illustrated schematically in Figure 7 (z-stacking
is indicated by parallel sheets; charge transport is
indicated by the black arrow across the long axis of the
molecule). The strongest form of intermolecular coupling
arises from interactions between the n-electron clouds of
aromatic molecules, which are maximized when
molecules adopt a face-to-face orientation.

Figure 7: llustration of an idealized molecular
arrangement of the OSC on the dielectric.
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1.4.1.1. Molecular Arrangement

Unsubstituted acenes tend to crystallize in a herringbone-packing motif, in which the
molecules form 2D layers interacting face-to-edge through C-H-m interactions minimizing the
electrostatic m-orbital repulsion (Figure 8, A).** Substitution of the acene backbone leads to
modification of the packing motif and therefore, an alteration of the transfer integral m-overlap
between neighboring molecules. A remarkable strategy, yielding both high performance (as a result of
improved stacking) and better stability (due to electronic and steric effects), was followed by Anthony
et al. by introducing sterically demanding (triisopropylsilyl)ethynyl substituents to the acene backbone

(TIPS-pentacene) forming slipped stacks (brickwork arrays, Figure 8, B).%4%*
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Figure 8: Molecular packing motifs of (A) pentacene (herringbone packing (face-to-edge) without n- overlap (face-to-face)
between adjacent molecules); (B) TIPS-pentacene (lamellar motif, 2-D n-stacking).

Besides substituting the acene system a common approach to enhance OFET performance is
the incorporation of heteroatoms in these m-conjugated organic compounds. Fused thiophene moieties
can improve the extent of intermolecular n-mt overlap in the solid state, a feature that is closely related
to the charge carrier mobility.>* Therefore, thiophene-based materials proved to be highly efficient
yielding mobilities up to 16.0 cm® V™' s™ as reported for dianthra[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
(DATT, Figure 6, C).52 Furthermore, sulfur-induced intermolecular interactions like S-S, S-H, and S-n
facilitate charge transport, but also positively influence the packing motifs of the organic
semiconductors, for example, from face-to-edge (present in pentacene,”® Figure 8, A) to face-to-face
stacking or slipped n-stacking (pentathienoacene,®® Figure 9, A).® Consequently, sulfur-based
materials have become essential frameworks for the design of efficient semiconductors in OFET
devices.

Figure 9: Strategies to increase n-n stacking: (A) pentathienoacene (PTA), slipped n-stacking caused by high C-H ratios
(diminished C-H-= interactions) and chalcogen-chalcogen interactions (red dashed lines).>* Slipped n-stacking is caused by
chalcogen-chalcogen interactions (red dashed lines) in (B) perylo[1,12-b,c,d]thiophene (PET),* and in (C) perylo[1,12-
b,c,d]selenophene (PESE).*

An important synthetic concept for organic chemists is the variation of heteroatoms in
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conjugated molecules: for instance, frequently used thiophene moieties can be replaced by
selenophene frameworks.* The larger atomic radius and higher polarizability®® of selenium compared
to sulfur atoms enhances intermolecular heteroatomic interactions in organic compounds. Therefore,
the substitution of sulfur atoms by selenium is a reasonable strategy to enhance device performances
by improvement of intermolecular overlap and thus charge carrier mobility, thus making selenophene-
fused aromatics attractive candidates for electronic applications. Further studies have also revealed
clear evidence that replacement of sulfur by selenium can induce stronger intermolecular charge
transfer in the solid state.*®

This effect has been clearly demonstrated by replacing sulfur in perylo[1,12-b,c,d]thiophene
(PET, Figure 9, B) with selenium. Perylo[1,12-b,c,d]selenophene (PESE, Figure 9, C) exhibits shorter
Se-Se contacts of 3.49 A compared to the S-S distance of 3.51 A in PET molecules, indicating a more
compressed molecular packing structure.* This arrangement based on zn-m and Se-Se contacts
exhibiting mobilities of up to 2.66 cm?V*s™ makes PESE an attractive candidate for OFET devices.
In contrast, its sulfur analog PET exhibits only p-channel behavior with mobilities up to 0.8 cm*V*s™.
The efficiency of incorporating selenium instead of sulfur in m-conjugated materials has also been
successfully demonstrated for 2,6-diphenylbenzo[1,2-b:4,5-b']dichalcogenophenes (Figure 10). This
sulfur/selenium exchange proved to significantly enhance charge carrier mobility from 4.6 x 10° cm?
V'*stin DPh-BDT to 0.2 cm?V™' s in the selenium analog DPh-BDSe.*’

S
OO — OO
S Y Se

DPh-BDT DPh-BDSe

Figure 10: 2,6-Diphenylbenzo[1,2-b:4,5-5 "]dichalcogenophenes.

1.4.1.2. Film Morphology

Although the application of single crystals in OFETSs is of significant importance for the
investigation of the intrinsic properties of the semiconducting material and evaluation of the upper
limit of device performance, they are not practical with regard to high volume manufacturing.
Solution-processable small-molecule organic semiconductors have attracted scientific and techno-
logical interest because of their excellent film-forming properties and field-effect mobilities. The
charge carrier mobility is strongly influenced by the film morphology. Since grain boundaries impede
transport, much effort has been devoted to producing small-molecule well-ordered films resulting in
devices with desirable electronic properties.

The major emphasis of OFET material development has been set on linear-structured organic
semiconductors (see chapter 3). However, it has been shown that star-shaped tritopic molecules
possess better solubility and improved film-forming properties as active material in OFETs compared
to their linear counterparts. Amorphous phases of such molecules have a very low tendency to
crystallize and show an excellent long-term stability under ambient conditions.”® The glass transitions
of these compounds occur at sufficiently high temperatures to allow their application in electronic
devices.”

Among suitable materials of this type for OFET application are on the one hand triarylamine
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polymers, on the other hand small star-shaped molecules with triphenylamine cores and carbazole or
fluorene side arms (Figure 11, A).* Furthermore, star-shaped oligothiophenes gave a mobility of 2 x
10* cm?V*s* with an on/off ratio of 10 (Figure 11, B).®® Materials consisting of a triphenylamine
core and m-conjugated terthienyl branches have been synthesized displaying a hole mobility of
0.011 cm?V s (Figure 11, C).%

Figure 11: Star-shaped OFET materials.

1.4.2. Stability Considerations

Although pentacene exhibits hole mobilities up to 5.5 cm? V™' s in thin-film devices,? its
drawback is its chemical instability towards oxygen®*® owing to the relatively high HOMO energy
level of —5.0 eV,** which originates from its highly m-electron-conjugated nature. Consequently, the
instability of pentacene-based OFETSs can be partially attributed to the high-lying HOMO level and
narrow band gap (Chapter 3.1). Approaches to improve the stability and to enhance electronic
properties at the same time have been suggested.®® Molecular engineering based on modification of
the core of n-conjugated small molecules by substituents Z (Figure 12, A, Z = electron-donating or
-withdrawing), side chains R (e.g. applying solubilizing alkyl or silyl groups, Figure 12, B) and
heteroatoms (Figure 12, C) beneficially influences acene properties.

Electron-withdrawing groups Z (Figure 12, A), such as -F, -Cl, -Br, and -CN, are capable of
depriving the m-conjugated system of electron density either through a resonance or inductive
effect®®® and decrease the HOMO and LUMO energy levels of acenes. Therefore substitution of z-
conjugated molecules with electron-withdrawing groups generally leads to an increase in stability
toward oxidation, but also to a potential transition from p-type materials to ambipolar or n-type
materials, and a change in molecular packing." For instance the introduction of electron accepting —
CqFs group in the 6,13-positions of the pentacene core represents an efficient strategy in order to
achieve improved stability against photooxidation.”
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Figure 12: Modification approaches starting from pentacene. (A) Introduction of electron-donating or -withdrawing groups;
(B) Addition of side chains (e.g. alkyl or silyl groups); (C) Incorporation of thiophenes in pentacene toward isoelectronic
anthra[2,3-b:6,7-b Jdithiophene.

Furthermore, substitution of the core also affects electronic properties, solubility, and
molecular arrangements through modifying the dipole, changing the C-H ratio, or chalcogen-
chalcogen interactions. Replacement of benzene rings with heteroaromatic groups increases the
molecular oxidation stability. It has been shown that the introduction of thiophenes reduces the
aromatic m-delocalization, enhances the benzenoid character of the n-framework and thus lowers the
HOMO levels and increases the band gaps.” Application of this strategy to pentacene by replacement
of two terminal benzene rings leads to isoelectronic anthra[2,3-b:6,7-b’]dithiophene (ADT, Figure 12,
C), which has a higher barrier against oxidation (HOMO -5.1 eV compared to -4.9 eV for pentacene).

The outlined strategy to improve the stability of m-conjugated small molecules by the
introduction of heteroatoms has recently been also demonstrated for the picene moiety (Figure 13),
which incorporates the same number of benzene rings as pentacene.’? Although picene is highly
conductive,”*™ it is very sensitive to atmospheric conditions and therefore not appropriate for practical
semiconductor devices.” Enhanced stability is achieved by alteration of the conjugated core, which
determines most of the electronic properties (e.g., energy level and bandgap, inter/intramolecular
interaction, and solubility) and influences molecular packing.

These structural modifications have been reported by Mitsui’ based on dinaphtho[1,2-b:2",1'-
d]chalcogenophenes, which include the chalcogen atoms Z = O, S, or Se at the C-13 and C-14 position
of the picene core (Figure 13). The ionization potentials (IP) of vacuum-deposited thin films of these
materials (Figure 13, IP = 5.85eV for Z = O, 5.87 eV for Z = S, and 5.81 eV for Z = Se)” indicate
higher stability than picene (IP = 5.5 eV).”

WP - WP

Z=0,8,Se

Figure 13: Substitution approach from picene.

The incorporation of heteroatoms also leads to substances with large orbital coefficients on the
chalcogen atoms, excellent molecular packing structures, and high hole mobilities up to 2.0 cm?V*s™.
Hence, heteroatom replacement is an effective way to tune electronic properties of the organic
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compound and thus solubility, molecular packing, and - most importantly - stability by lowering the
HOMO level.***"® Therefore, the introduction of sulfur in n-conjugated compounds gives rise to stable
semiconductors.

1.5. Conclusion

Although acenes exhibiting high charge carrier mobilities have been developed, there is still a
need to overcome their disadvantages like low solubility and propensity to degradation. Contrary,
most thiophene-based materials demonstrate good stability, however, only low charger carrier
mobilities are observed. Therefore, the development of conductive and stable novel semiconductors
suitable for OFET applications remains in the focus of scientific interest. The methods described in
this chapter have given insight in altering physicochemical properties by molecular engineering. The
aim of this thesis is the development and evaluation of novel stable acene- and chalcogenophene-based
compounds suitable as semiconductors bearing high charge carrier mobilities.
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2.2 Context of Contributions

In this chapter the context of the subsequently introduced manuscripts or paper drafts will be
outlined. This chapter can be categorized into three main sections, namely the synthesis and
characterization of:

1. Pentacene Derivatives
2. Benzo[b]chalcogenophene-based Materials
3. Star shaped Compounds

The first part is focusing on the development of strategies to enhance the stability and
solubility of pentacene derivatives by side chain engineering. The second part outlines reliable
synthetic methods toward selenium-based building blocks, which are applied in the synthesis of stable
chalcogenophene-based semiconducting materials. The last section will focus on the evaluation of
thiophene-based star shaped molecules as functional organic materials. All target compounds were
characterized by electrochemical and photophysical means in order to evaluate their properties toward
application as organic field-effect transistors.

The next paragraphs will briefly explain the focus of research in the individual topics, refer to
theoretical fundamentals and reveal how these contribute to the main topic of this thesis. For detailed
background information and respective references see Chapter 2.3.

Pentacene Derivatives

Pentacene is known to be prone to photooxidation by cycloaddition of molecular oxygen in
positions 6 and 13 to form endo-peroxides. The incorporation of electron-withdrawing substituents in
these positions constitutes an accepted strategy to improve molecular stability. This part deals with the
efficient introduction of stabilizing (Manuscript #1) and solubilizing substituents (Manuscript #2) in
acene backbones by side chain engineering. Since post-synthetic modification of pentacene
frameworks is known to be difficult because of the low photostability of higher acenes, a general mild
synthetic protocol was sought. The resulting synthetic approach was first evaluated for model
anthracene derivatives and subsequently applied to target pentacene.

The attachment of electron-withdrawing 1,2,3-triazole and isoxazole heterocyclic moieties was
pursued to improve photostability of the pentacene backbone (Manuscript #1). The synthetic
modification of alkyne-substituted dihydro-acene diols was either realized by Copper-catalyzed
Azide—Alkyne Huisgen Cycloaddition (CUAAC) toward triazoles or copper catalyzed cycloaddition of
in situ generated nitrile oxides, followed by reductive aromatization, which readily gave rise to
triazole- or isoxazole-substituted acenes. The synthetic methodology was first probed toward
anthracene model compounds and subsequently applied in the preparation of pentacene derivatives
(Figure 1).
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Figure 1: Triazole- and isoxazole-substituted target acenes.

All anthracene and pentacene compounds were characterized by optical and electrochemical
means. The obtained pentacene derivatives show good solubility in organic solvents compared to
unsubstituted pentacene. Furthermore a clear reduction of the bandgaps and decreased HOMO levels
are evident, indicating higher stability. Photokinetic studies also reveal higher photostability compared
to pentacene, which can be attributed to the 1,2,3-triazole moiety.

Manuscript #2 deals with the introduction of solubilizing and stabilizing thiophene moieties.
The combination of (trialkylsilyl)thienyl moieties and pentacene joins the unique properties (high
charge carrier mobilities, stability and solubility) of the two materials. Experimental data are supported
by DFT calculations. Again, synthetic strategies focusing on mild procedures were primarily
developed toward anthracene derivatives and subsequently applied to pentacene target compounds
(Figure 2).

Figure 2: Thiophene-substituted pentacene derivatives.

In close cooperation with colleagues at the Laboratory of Solid State Physics, ETH Zurich the
obtained materials were characterized with respect to their electrochemical and photophysical
properties as well as their semiconducting behavior (charge carrier mobility in an OFET
configuration). Charge carrier mobilities of 3 x 10™ cm? V! s™* were observed.
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Benzo[b]chalcogenophene-based Materials

This section deals with the synthesis and characterization of benzo[b]chalcogenophene-
derived compounds. A series of benzo[b]thiophene-based materials was probed toward their
applicability as semiconductors (Manuscript #3). The evaluation of the electrochemical and
physicochemical properties led to the conclusion that these materials are particularly stable and
suitable for OFET application. Based on these results a series of symmetrical selenium-based materials
was designed (Manuscript #5). In order to realize these materials a reliable synthetic approach was
developed giving rise to benzo[b]selenophene building blocks (Manuscript #4).

In close cooperation with colleagues at the Laboratory of Solid State Physics, ETH Zurich a
new class of thieno[2,3-b][1]benzothiophene building blocks, directly connected or joined by different
n-bridge spacers (ethylene, phenylene, and tetrafluorophenylene) (Figure 3) was investigated toward
their applicability in organic field-effect transistors (Manuscript #3). Highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO) energies, and bandgaps were
determined by cyclic voltammetric and UV-Vis absorption measurements.
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Figure 3: Thieno[2,3-b][1]benzothiophene building blocks connected directly or by different bridging spacers.

Given the observed long-term stability of these materials, the charge carrier mobility of over
1 cm? V! st and the beneficial position of HOMO levels, this substance class was chosen for further
synthetic variations. The integration of electron-donating and polarizable selenium in r-conjugated
molecules is known to strongly influence intermolecular interactions and therefore may strongly affect
charge carrier mobility. Hence, a systematic strategy was pursued to incorporate selenium atoms in
these compounds in order to obtain stable and highly conducting materials.

However, although benzo[b]selenophenes constitute important synthetic starting materials, the
lack of a low-cost, high-yielding and convenient synthesis is evident considering the few commercial
suppliers available and the high costs of these scaffolds. Therefore, a convenient one-pot synthesis
toward  benzo[b]selenophene-2-carboxylates  starting from  commercially available o-
chlorobenzaldehyde or o-chloroacetophenone was evaluated (Manuscript #4) based on a Fiesselmann-
type reaction (Figure 4). The synthetic sequence was first probed by a stepwise approach (route 2) and
developed into a one-pot procedure (route 1) without the need of isolating intermediates, giving rise to
the desired product in good yields. Further derivatization of the obtained compounds with strong
emphasis on functionalization possibilities in 2- and 3-position provided access to to a broad spectrum
of substituted benzo[b]selenophenes suitable as building blocks for various scientific disciplines.
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Figure 4: One-pot procedure (route 1) and stepwise procedure toward benzo[b]selenophene-2-carboxylates and
regioisomers of bromobenzo[b]selenophene carbaldehydes.

The benzo[b]selenophene building blocks obtained in Manuscript #4 were further utilized for
the synthesis of symmetrical semiconductors based on chalcogenopheno[1]benzochalcogenophenes
(CBCs) in Manuscript #5. Substituted benzo[b]selenophenes and benzo[b]thiophenes constituted
suitable starting materials for the step by step introduction of selenium giving rise to novel
regioisomeric functionalized n-conjugated building blocks based on an optimized Fiesselmann-type
reaction (Figure 5).
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Figure 5: Functionalized building blocks based on chalcogenopheno[1]benzochalcogenophenes.

The obtained functionalized CBCs were further applied in either Stille coupling or McMurry
reaction yielding stereoselectively E-isomers of symmetrical selenium-based target compounds
depicted in Figure 6. In order to prove  the  applicability of the
chalcogenopheno[1]benzochalcogenophenes in further coupling reactions, also yne-bridged
symmetrical target compounds were synthesized (Figure 7).
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Figure 6: Ene-bridged symmetrical selenium-based target compounds.

Figure 7: Yne-bridged symmetrical selenium-based target compounds.

The target ene and yne bridged potential semiconductors were purified by sublimation and
characterized by 'H, **C, and ”’Se NMR. X-ray analysis revealed the strong intermolecular interactions
of these compounds. HOMO, LUMO, and bandgaps were determined by cyclic voltammetric and UV-
Vis absorption measurements. The obtained data give strong indications that these materials should be
applicable for OFET device fabrication.
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Star shaped Compounds

In the last part a combination of substituted triphenylamines (TPA) and tris(2-thienyl)benzene
structures in C3 symmetric configurations evaluated. These materials offer tunable electronic and
luminescent properties depending on the applied substituents and the benefit of solution processability
(Manuscript #6).

This contribution outlines an optimized synthetic pathway toward a broad spectrum of p-
substituted triphenylamines, suitable as building blocks for organic semiconducting materials. Key
steps during synthesis were either realized by Ullman condensations or nucleophilic aromatic
substitutions giving rise to triphenylamines bearing either electron-donating or withdrawing
substituents. The synthesis of substituted triphenylamines, which were applied for the development of
star shaped target compounds (Figure 8), was predominantly performed during the applicant’s
diploma thesis. Suzuki reaction yielded a set of three star shaped luminescent materials bearing
substituents with different electronic nature (Figure 8), which were characterized with regard to their
photophysical, electrochemical and thermal properties.

Br. Br

E R=H,CHzorF

R
Figure 8: Star shaped target compounds.

Measurements of electrochemical and optical properties (e.g. fluorescence spectra and
quantum yields) of the star shaped compounds reveal the strong influence of the substituents’ nature
moiety on the above-mentioned properties. Spin coating experiments were performed in order to
investigate the morphology of the resulting thin films. These experiments showed that the substituent
on the triphenylamine subunit strongly influences the film-forming behavior. The novel materials were
tested as semiconductors in organic field-effect transistor devices.
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Manuscript # 1

Brigitte Holzer, Rene Klaffenbdck, Alexander Aster, Daniel Lumpi*, Ernst Horkel, and

Johannes Frohlich

Heteroaryl Substituted Anthracenes and Pentacenes as Potential Materials for Organic Field-

Effect Transistors

Manuscript draft
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Heteroaryl Substituted Anthracenes and Pentacenes as
Potential Materials for Organic Field-Effect

Transistors
Brigitte Holzer," Rene Klaffenbock, “ Alexander Aster,” Daniel Lumpi,“* Ernst Horkel," and
Johannes Frohlich®
“Institute of Applied Synthetic Chemistry, Vienna University of Technology,
Getreidemarkt 9/1630C, A-1060 Vienna, Austria

* daniel.lumpi@tuwien.ac.at

A series of acenes substituted with electron deficient heteroaryl scaffolds was synthesized. A reliable
synthetic protocol toward 1,2,3-triazole- and isoxazole-functionalized anthracenes and pentacenes
was developed based on copper-catalyzed cycloaddition of the appropriately substituted acene diols
with azides or in situ generated nitrile oxides. The heteroaromatic scaffolds exhibiting electron
withdrawing properties offer access to soluble and stabilized acenes after reductive aromatization.
All novel anthracene and pentacene derivatives were characterized by NMR, cyclic voltammetry and
UV-Vis spectroscopy. Photokinetic studies of 6,13-di-(1,2,3-triazole)-substituted pentacenes

revealed improved air stability and high solubility compared to unsubstituted pentacene.
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INTRODUCTION

Organo-electronics gained considerable scientific as well as commercial interest in recent years.'”
Conductive organic m-conjugated molecules constitute essential components of device
configurations. In particular the semiconducting material pentacene proved to be a reliable and
highly efficient material in the area of organic field-effect transistors (OFETs).>* However, its
application suffers from poor solubility and facile photo-degradation involving photooxidation® and
to a lesser extent photodimerization.® Hence, numerous groups have put tremendous efforts in the
design of novel stable and soluble pentacene-based materials by introducing appropriate
substituents.”” A remarkable strategy, yielding both high performance (as a result of improved
stacking) and better stability (due to electronic and steric effects), was developed by Anthony et al.
by attaching sterically demanding triisopropylsilylethynyl substituents to the acene backbone.'® "
The application of electron-accepting moieties in the 6,13-positions of the pentacene core represents
another reliable strategy to achieve improved stability against photooxidation.”” Electron-
withdrawing groups (e.g. -C¢Fs) are capable of depriving the m-conjugated system of electron
density either through a resonance or inductive effect'>'* and decrease the HOMO and LUMO
energy levels of acenes triggering an increase in stability. Hence, substitution of a conjugated core
by electron-withdrawing groups generally leads to enhanced stability toward oxidation, a potential
transition from p-type materials to ambipolar or n-type materials, and a change in molecular
packing."” In literature 1,2,3-triazole moieties are frequently presented as electron-withdrawing
scaffolds exhibiting poor electron conduct or as photoluminescence quencher.'® Since the 1,2,3-

. . . 17,1
triazole moiety provides adequate acceptor performance,'’'®

the aim of this project is the
incorporation of 1,2,3-triazoles and electronically similar isoxazoles as electron acceptor substituents
in acene-based structures to improve both stability and OFET performance.

Due to the low photostability of higher acenes functionalization of 6,13-disubstituted pentacenes
ought to be carried out applying mild reaction conditions and purification procedures. Herein we
report reliable syntheses toward 1,2,3-triazole- and isoxazole-substituted acenes bearing different
connectivities of the heteroaryl moiety to the acene backbone (Figure 1). The synthetic
methodologies were designed for model compound anthracenes, but are sought to be also applicable
for pentacene derivatives. The key step toward modified anthracenes was realized via Copper-

catalyzed Azide-Alkyne Huisgen Cycloaddition (CuAAC, known as click chemistry'® ™!

) of azides
or cycloaddition of in situ generated nitrile oxides with alkyne-substituted dihydroanthracene diols,
followed by reductive aromatization. A sequence of CuAAC and reductive aromatization was also

applied toward pentacene derivatives (Figure 1).
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Figure 1: Synthetic target compounds based on anthracene and pentacene moieties.

All anthracene and pentacene compounds were characterized by optical and electrochemical means.
Measurements of optical properties (absorption) and photodegradation kinetics of pentacene
derivatives revealed the strong influence of the heterocycle’s nature on the solubility and

photostability.

EXPERIMENTAL SECTION

Substances purchased from commercial sources were used as received. Anhydrous acetonitrile
(ACN), ethynyltrimethylsilane, 1-octyne, n-butyllithium solution (2.5 M in hexanes) and anthracene-
9,10-dione were purchased from Aldrich Chemical Co. Pentacene-6,13-dione (CAS 3029-32-1),”
2,2'<(9,10-anthracenediyl)bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane] (CAS 863992-56-7),> all
24,25

and oxime chlorides® were synthesized according to literature. Anhydrous

tetrahydrofuran (THF), dichloromethane (DCM), diethyl ether, methanol (MeOH), and toluene were

azides,

prepared immediately prior to use by a PURESOLV-plant (it-innovative technology inc.). Technical
grade solvents were distilled prior to use. Analytical TLC was performed on Merck silica gel 60
F254 plates. Chromatographic separations at preparative scale were carried out on silica gel (Merck
silica gel 60, 40 - 63 um). Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker
Avance IIT HD 600 MHz with cryo probe, Avance III HD 400 MHz, Avance DRX-400 or DPX-200
fourier transform spectrometer operating at the following frequencies: Avance III HD 600 MHz:
600.2 MHz (‘H) and 150.9 MHz (**C); Avance III HD 400 MHz and DRX-400: 400.1 MHz ('H) and
100.6 MHz (**C); DPX-200: 200.1 MHz ('H) and 50.3 MHz ("*C). The chemical shifts are reported
in § units, parts per million (ppm) downfield from tetramethylsilane using residual solvent signals
for calibration. Coupling constants are reported in Hertz; multiplicity of signals is indicated by using

following abbreviations: s=singlet, d=doublet, t=triplet, g=quartet, quin=quintet. The multiplicity of
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13C signals was obtained by measuring JMOD spectra. UV-Vis absorption spectra were recorded in
ACN or DCM solutions (5 uM) with a Perkin Elmer Lambda 750 spectrometer. Cyclic voltammetry
was performed using a three electrode configuration consisting of a Pt working electrode, a Pt
counter electrode and an Ag/AgCl reference electrode and a PGSTATI128N, ADC164, DACI164,
External, DI048 potentiostat provided by Metrohm Autolab B. V. Measurements were carried out in
a 0.5 mM solution in anhydrous DCM or 0.1 mM solution in anhydrous ACN with BusNBF4 (0.1 M)
as the supporting electrolyte. The solutions were purged with argon for 15 minutes prior to
measurement. HOMO and LUMO energy levels were calculated from the onset of oxidation and
reduction, respectively. The onset potential was determined by the intersection of two tangents
drawn at the background and the rising of oxidation. Ferrocene served as an external standard for
calibrating the potential and calculating the HOMO levels (-4.8 eV). High-resolution mass spectra
(HRMS) were acquired using a Thermo Scientific LTQ Orbitrap XL hybrid FTMS (Fourier
Transform Mass Spectrometer) equipped with Thermo Fischer Exactive Plus Orbitrap (LC-ESI+)
and a Shimadzu IT-TOF Mass Spectrometer.

The thermal behavior of substances Ala,b, A2a,b and A3a was studied with differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) using a Netzsch simultaneous thermal
analyzer (STA 449 F1 Jupiter). Powder samples with a mass of approx. 10 mg were slightly pressed
into the bottom of open aluminum pans and heated at 10 °C/min from 25 °C to 500 °C under N, gas
at a flow rate of 40 mL/min. The STA 449 Type-K thermocouples were calibrated using indium, tin,

bismuth and zinc metals.

trans-9,10-Dihydro-9,10-bis(trimethylsilylethynyl)anthracene-9,10-diol  (2). Ethynyltrimethyl-
silane (2.94 g, 30 mmol, 3 eq.) was dissolved in 100 mL anhydrous THF and cooled to -60 °C under
argon atmosphere. Subsequently n-BuLi (12.00 mL, 30 mmol, 3 eq.) was added slowly. The solution
was stirred at room temperature for 45 min, cooled to -78 °C and anthracene-9,10-dione 1 (2.08 g,
10.0 mmol, 1 eq.) was added and stirred overnight. The reaction mixture was quenched with a
saturated solution of NH4Cl and the product was extracted with ethyl acetate. The product was
purified by column chromatography (90 g silica gel, light petroleum / ethyl acetate 5:1) yielding 2 in
98% (3.96 g). '"H NMR (200 MHz, CDCl3): & = 8.09 - 8.04 (m, 4 H), 7.50 - 7.45 (m, 4 H), 3.12 (s, 2
H), 0.18 (s, 18 H) ppm. >C NMR (50 MHz, CDCl3): & = 138.1 (s), 129.0 (d), 126.5 (d), 107.1 (s),
92.5 (s), 68.6 (s), -0.4 (q) ppm.

trans-6,13-Dihydro-6,13-bis(trimethylsilylethynyl)pentacene-6,13-diol (8). n-BuLi (2.5 M, 18 mL,
45 mmol, 3 eq.) was added dropwise to a solution of ethynyltrimethylsilane (4.42 g, 45 mmol, 3 eq.)
in 75 ml abs. THF at -50 °C. After the solution was stirred for 1.5 hours at constant temperature,
pentacene-6,13-dione 7 (4.62 g, 15 mmol, 1 eq.) was added. The reaction mixture was slowly

warmed to room temperature, stirred overnight and poured into a saturated solution of ammonium
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chloride. After addition of chloroform, the organic layer was separated and the aqueous layer was
extracted with chloroform. The combined organic solutions were washed with water and dried over
anhydrous Na;SO,. Afterwards the solvent was removed and the residue purified by column
chromatography (light petroleum / ethyl acetate 5:1) to afford 8 (5.31 g, 70 %). Ry = 0.73 (DCM). 'H
NMR (CDCls, 200 MHz): & = 8.61 (s, 4 H), 7.99 - 7.89 (m, 4 H), 7.59 - 7.50 (m, 4 H), 3.64 (s, 2 H),
0.22 (s, 18 H) ppm. >C NMR (50 MHz, CDCls): 8 = 136.1 (s), 133.1 (s), 128.2 (d), 126.9 (d), 125.7
(d), 106.8 (s), 93.6 (s), 69.7 (s), -0.3 (q) ppm.

Synthesis of 9,10-diazidoanthracene (6). 2,2'-(9,10-Anthracenediyl)bis[4,4,5,5-tetramethyl-1,3,2-
dioxaborolane] 5 (714 mg, 1.66 mmol, 1 eq.), Cu(OAc),"H,O (663 mg, 0.33 mmol, 0.2 eq.) and
sodium azide (324 mg, 4.98 mmol, 3.0 eq.) were dissolved in 50 mL methanol. The solution was
stirred under argon for 8 h at 55 °C. The reaction mixture was quenched by addition of water and
extracted with Et,O. The combined organic solutions were washed with water, dried over Na,SO4
and concentrated in vacuo. 6 (266 mg) was obtained as yellow solid in 61% yield after purification
by column chromatography (90 g silica gel, light petroleum / ethyl acetate 10 — 30%). '"H NMR
(600 MHz, CDCls): & = 8.40 - 8.37 (m, 4 H), 7.64 - 7.61 (m, 4 H) ppm. °C NMR (150 MHz,
CDCl): & = 129.7 (s), 126.7 (d), 125.7 (s), 123.1 (d) ppm. HR-ESI-FTMS [M+Na]" m/z calcd.
283.0703 for C14HgNeNa', found 283.0733.

General procedure for copper catalyzed azide-alkyne cycloaddition (CUAAC). Diol (1 eq.),
potassium fluoride (2.4 eq.), CuSO45H,0 (0.3 eq.), sodium ascorbate (0.6 eq.) and the appropriate
azide or oxime chloride derivative (2.4 eq.) were dispersed in a mixture of water and tert-butyl
alcohol (t-BuOH : H,0, 1:1, ~0.1 M in regard to the diol). The dispersion was stirred under argon
overnight at room temperature and afterwards poured onto chloroform. After the organic layer was
separated, the aqueous layer was extracted with chloroform. The combined organic solutions were
washed with water, dried over anhydrous Na,SO4 and concentrated in vacuo.

trans-9,10-Bis(1-hexyl-1H-1,2,3-triazol-4-yl)-9,10-dihydroanthracene-9,10-diol (3a). According
to the general procedure KF (557 mg, 9.6 mmol), sodium ascorbate (476 mg, 2.4 mmol),
CuS04-5H,0 (300 mg, 1.2 mmol), 2 (1.61 g, 4.0 mmol) and 1-azidohexane (1.22 g, 9.6 mmol) were
suspended in 30 mL t-BuOH : H,O (1:1). The suspension was stirred overnight and work-up
proceeded according to the general procedure. 3a was obtained in 79% yield (1.62 g). Ry = 0.66
(DCM : MeOH 9:1). '"H NMR (400 MHz, CDCl3): 8 =7.93 (s, 2 H), 7.36 - 7.32 (m, 4 H), 7.22 - 7.19
(m, 4 H), 5.25(s,2 H),4.34 (t,J=7.4Hz,4H), 1.97 - 1.89 (m, 4 H), 1.37 - 1.26 (m, 12 H), 0.89 (t,J
= 6.9 Hz, 6 H) ppm. °C NMR (50 MHz, CDCl;): & = 154.1 (s), 140.5 (s), 128.4 (d), 126.7 (d), 121.2
(s), 71.5 (s), 50.6 (t), 31.2 (1), 30.2 (t), 26.2 (t), 22.4 (t), 13.9 (q) ppm. HR-ESI-FTMS [M+H]" m/z
caled. 515.3129 for C3H3oNgO,", found 515.3114.
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trans-9,10-Dihydro-9,10-bis(1-phenyl-1H-1,2,3-triazol-4-yl)anthracene-9,10-diol (3b). According
to the general procedure KF (418 mg, 7.2 mmol), sodium ascorbate (357 mg, 1.8 mmol),
CuSO4-5H,0 (225 mg, 0.9 mmol), 2 (1.21 g, 3.0 mmol) and azidobenzene (858 mg, 7.2 mmol) were
suspended in 30 mL t-BuOH : H,O (1:1). The suspension was stirred overnight and work-up
proceeded according to the general procedure. 3b was obtained in 49% yield (734 mg) as colorless
solid. Ry = 0.80 (DCM : MeOH 9:1). '"H NMR (200 MHz, DMSO-dg): & = 9.01 (s, 2 H), 8.03 - 8.01
(m, 4 H), 7.64 - 7.60 (m, 4 H), 7.53 - 7.49 (m, 2 H), 7.46 - 7.44 (m, 4 H), 7.33 - 7.31 (m, 4 H), 7.01
(s, 2 H) ppm. >C NMR (100 MHz, DMSO-de): & = 155.4 (s), 140.7 (s), 136.6 (s), 129.8 (d), 128.6
(d), 127.8 (d), 127.2 (d), 120.7 (d), 120.0 (d), 70.5 (s) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
499.1877 for C30H23N4O,", found 499.1863.

trans-9,10-Bis(3-hexylisoxazol-5-yl)-9,10-dihydroanthracene-9,10-diol (4a). According to the
general procedure KF (417 mg, 7.2 mmol), sodium ascorbate (357 mg, 1.8 mmol), CuSO45H,0
(225 mg, 0.9 mmol), 2 (1.21 g, 3.0 mmol), and N-hydroxyheptanimidoyl chloride (1.17 g, 7.2 mmol)
were suspended in 30 mL t-BuOH : H,O (1:1). The suspension was stirred overnight and work-up
proceeded according to the general procedure. Purification of the product was achieved by column
chromatography (light petroleum / ethyl acetate 15 -> 30%). 4a was obtained in 22% yield (336 mg).
R¢=0.52 (DCM : MeOH 9:1). '"H NMR (200 MHz, CDCls): § = 7.51 - 7.45 (m, 4 H), 7.40 - 7.34 (m,
4 H), 6.47 (s, 2 H), 3.26 (bs, 2 H), 2.68 - 2.60 (m, 4 H), 1.71 - 1.59 (m, 4 H), 1.40 - 1.26 (m, 12 H),
0.89 (t, J = 6.6 Hz, 6 H) ppm. °C NMR (50 MHz, CDCl3): § = 174.9 (s), 164.1 (s), 137.1 (s), 129.5
(d), 127.5 (d), 101.8 (d), 71.5 (s), 31.4 (1), 28.9 (1), 28.1 (), 26.1 (1), 22.5 (t), 14.0 (q) ppm. HR-ESI-
FTMS [M+H]" m/z calcd. 515.2904 for C3,H30N,04", found 515.2897.

trans-9,10-Dihydro-9,10-bis(3-phenylisoxazol-5-yl)anthracene-9,10-diol (4b). According to the
general procedure KF (417 g, 7.20 mmol), sodium ascorbate (357 mg, 1.80 mmol), CuSO45H,0
(225 mg, 0.90 mmol), 2 (1.21 g, 3.00 mmol, 1.00 eq.), and N-hydroxybenzenecarboximidoyl
chloride (1.12 g, 7.20 mmol) were suspended in 30 mL t-BuOH : H,O (1:1). The suspension was
stirred overnight and work-up proceeded according to the general procedure. Product 4b was
obtained in 43% yield (651 mg). Ry=0.48 (DCM : MeOH 9:1). Fp = 134.8 -135.5 °C. '"H NMR (200
MHz, DMSO-dg): 6 = 8.09 - 8.06 (m, 4 H), 7.62 - 7.59 (m, 4 H), 7.32 - 7.16 (m, 12 H), 5.76 (s, 2 H)
ppm. *C NMR (50 MHz, DMSO-de): & = 174.5 (s), 160.8 (s), 138.0 (s), 129.7 (d), 128.5 (d), 128.2
(d), 127.9 (s), 126.2 (d), 126.2 (d), 100.7 (s), 68.6 (s) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
499.1652 for C3,H,3N,04", found 499.1644.

trans-6,13-Bis(1-hexyl-1H-1,2,3-triazol-4-yl)-6,13-dihydropentacene-6,13-diol (9a). The synthesis
of 9a was carried out according to the general reaction procedure. Starting from 8 (1.01 g, 2 mmol),
potassium fluoride (279 mg, 4.8 mmol), CuSO4 5H,0 (149 mg, 0.6 mmol), sodium ascorbate (238
mg, 1.2 mmol) and hexyl azide (601 mg, 4.8 mmol) 9a (826 mg) was obtained in 68% yield after
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recrystallization from acetonitrile. R¢= 0.52 (DCM : MeOH 9:1). 'H NMR (200 MHz, CD,Cl,): & =
8.07 (s, 2 H), 7.92 (s,4 H), 7.72 - 7.67 (m, 4 H), 7.41 - 7.35 (m, 4 H), 5.70 (bs, 2 H), 437 (t,]=7.4
Hz, 2 H), 1.96 (quin, J = 7.4 Hz, 4 H), 1.41 - 1.26 (m, 12 H), 0.90 (t, ] = 6.6 Hz, 6 H) ppm. °C NMR
(50 MHz, CDCls): & = 154.7 (s), 138.8 (s), 133.3 (s), 127.9 (d), 126.5 (d), 126.2 (d), 121.4 (d), 72.3
(s), 50.6 (t), 31.1 (t), 30.2 (t), 26.2 (t), 22.4 (t), 13.9 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
615.3442 for C33H43N4O, ", found 615.3482.

trans-6,13-Dihydro-6,13-bis(1-phenyl-1H-1,2,3-triazol-4-yl)pentacene-6,13-diol (9Db). The
synthesis of 9b was carried out according to the general reaction procedure. Starting from 8 (1.01 g,
2 mmol), potassium fluoride (279 mg, 4.8 mmol), CuSO45H,0 (149 mg, 0.6 mmol), sodium
ascorbate (238 mg, 1.2 mmol) and phenyl azide (572 mg, 4.8 mmol) 9b (870 mg, 72 %) was
obtained after column chromatography (90g SiO,, light petroleum : ethyl acetate 25% — 50%). R¢=
0.80 (DCM : MeOH 9:1)."H NMR (600 MHz, CD,Cl,): & = 8.65 (s, 2 H), 8.08 (s, 4 H), 7.89-7.87
(m, 4 H), 7.82 - 7.80 (m, 4 H), 7.61 - 7.58 (m, 4 H), 7.51 - 7.48 (m, 2 H), 7.47 - 7.44 (m, 4 H), 5.59
(s, 2 H) ppm. >C NMR (150 MHz, CD,CL): & = 156.0 (s), 139.3 (s), 137.8 (s), 133.8 (s), 130.4 (d),
129.4 (d), 128.4 (d), 127.3 (d), 127.2 (d), 121.0 (d), 120.5 (d), 72.8 (s) ppm. HR-ESI-FTMS
[M+Na]" m/z caled. 621.2009 for C3sH2¢NsO,Na', found 621.2023.

trans-6,13-Bis(1-cyclohexyl-1H-1,2,3-triazol-4-yl)-6,13-dihydropentacene-6,13-diol  (9¢c). The
synthesis of 9¢ was carried out according to the general reaction procedure. Starting from 8 (1.01 g,
2 mmol), KF (279 mg, 4.8 mmol), sodium ascorbate (238 mg, 1.2 mmol), CuSO45H,0 (149 mg, 0.6
mmol) and cyclohexyl azide (611 mg, 4.8 mmol) 9¢ (826 mg, 68 %) was obtained after
recrystallization from acetonitrile. Ry = 0.56 (DCM : MeOH 9:1). 'H NMR (400 MHz, CDCl;): & =
8.12 (s, 2 H), 7.92 (s, 4 H), 7.74 - 7.72 (m, 4 H), 7.40 - 7.38 (m, 4 H), 4.55 - 4.47 (m, 2 H), 2.34 -
1.25 (m, 20 H) ppm. °C NMR (100 MHz, CDCl;): & = 154.1 (s), 139.0 (s), 133.1 (s), 128.0 (d),
126.5 (d), 126.2 (d), 119.2 (d), 72.4 (s), 60.3 (d), 33.6 (t), 25.2 (t), 25.2 (t) ppm. HR-ESI-FTMS
[M+H]" m/z calcd. 611.3129 for C3gH39N¢O, ", found 611.3117.

1,1'-(9,10-Anthracenediyl)-bis[4-hexyl-1H-1,2,3-triazole] (A3a). The synthesis of A3a was carried
out according to the general reaction procedure. Starting from 6 (270 mg, 1.04 mmol), potassium
fluoride (145 mg, 2.49 mmol), CuSO45H,0 (78 mg, 0.31 mmol), sodium ascorbate (123 mg, 0.62
mmol) and 1-octyne (274 mg, 2.49 mmol) A3a (292 mg) was obtained in 59% yield after
purification by column chromatography (90 g silica gel, light petroleum : ethyl acetate 2 — 10%). R¢
= 0.63 (light petroleum : ethyl acetate 2:1). "H NMR (200 MHz, CDCl;): & = 7.77 (s, 2 H), 7.57 -
7.54 (m, 4 H), 7.38 - 7.35 (m, 4 H), 2.99 (t, ] = 7.6 Hz, 4 H), 1.89 (t, ] = 7.6 Hz, 4 H), 1.63 - 1.48 (m,
4 H), 1.42 - 1.35 (m, 8 H), 0.93 (t, ] = 6.7 Hz, 6H) ppm. °C NMR (100 MHz, CDCls): & = 148.8 (s),
131.2 (s), 128.4 (d), 128.3 (s), 125.3 (d), 122.5 (d), 31.6 (t), 29.4 (1), 29.0 (1), 25.7 (1), 22.6 (1), 14.0
(q) ppm. HR-ESI-FTMS [MJrH]Jr m/z calcd. 481.3074 for C30H37Ng', found 481.3059.
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General procedure for reduction of the functionalized anthracene and pentacene diols. SnCl, (4
eq.) was added to a dispersion of diol 3a,b, 4a,b, 9a or 9¢ (1 eq.) in acetonitrile (~0.05 M) and the
mixture was stirred under argon atmosphere overnight at room temperature. The synthesis of
pentacene derivatives had to be carried under exclusion of ambient light and oxygen. Furthermore all
solvents were purged with argon before use. The work-up for both pentacene and anthracene
derivatives was achieved by filtration of the precipitate. Anthracenes were washed with DCM,
whereas pentacene derivatives were washed with methanol, water and acetonitrile. The obtained
solids were dried in vacuo.

4,4'-(9,10-Anthracenediyl)bis[1-hexyl-1H-1,2,3-triazole] (Ala). According to the general
procedure Ala was obtained by reduction of 3a (1.33 g, 2.6 mmol) with SnCl, (1.90 g, 10.0 mmol).
Product Ala was obtained in 91% (1.13 g) yield. Ry = 0.49 (DCM : MeOH 9:1). 'H NMR (400
MHz, CDCls): 6 = 7.82 - 7.80 (m, 4 H), 7.79 (s, 2 H), 7.39 - 7.37 (m, 4 H), 4.57 (t, J = 7.1 Hz, 4 H),
2.11 (quin, J = 7.1 Hz, 4 H), 1.49 - 1.36 (m, 12 H), 0.93 (t, ] = 6.8 Hz, 6 H) ppm. *C NMR (100
MHz, CDCls): 6 = 143.9 (s), 131.0 (s), 126.6 (s), 126.2 (d), 125.8 (d), 124.7 (d), 50.6 (t), 31.2 (1),
30.4 (1), 26.2 (t), 22.4 (t), 13.9 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 481.3074 for C3H37Ns
found 481.3066.

4,4'-(9,10-Anthracenediyl)bis[1-phenyl-1H-1,2,3-triazole] (Alb). According to the general
procedure Alb was obtained by reduction of 3b (499 mg, 1.0 mmol) with SnCl, (758 mg, 4.0
mmol). Product Alb was obtained in 93% (430 mg) yield. R¢ = 0.42 (light petroleum : ethyl acetate
2:1). "H NMR (600 MHz, CDCl;): & = 8.31 (s, 2 H), 7.98 - 7.94 (m, 8 H), 7.65 - 7.62 (m, 4 H), 7.54
-7.51 (m, 2 H), 7.48 - 7.45 (m, 4 H) ppm. °C NMR (150 MHz, CDCl): & = 144.7 (s), 137.1 (s),
131.1 (s), 129.9 (d), 128.9 (d), 126.3 (d), 126.2 (s), 126.2(d), 122.9 (d), 120.5 (d) ppm. HR-ESI-
FTMS [M+H]+ m/z caled. 465.1822 for CsoH2 Ny, found 465.1813.

5,5'-(9,10-Anthracenediyl)bis[3-hexylisoxazole] (A2a). According to the general procedure A2a
was obtained by reduction of 4a (134 mg, 0.26 mmol) with SnCl, (197 mg, 1.04 mmol). Product
A2a was obtained as yellow solid in 50% (62 mg) yield. R¢ = 0.67 (DCM). '"H NMR (400 MHz,
CDCl3): 6 =7.85-7.82 (m, 4 H), 7.52 - 7.49 (m, 4 H), 6.51 (s, 2 H), 2.91 (t, ] = 7.6 Hz, 4 H), 1.86
(quin, J = 7.6 Hz, 4 H), 1.55 - 1.48 (m, 4 H), 1.42 - 1.36 (m, 8 H), 0.94 (t, ] = 7.4 Hz 6 H) ppm. °C
NMR (100 MHz, CDCl3): 6 = 167.3 (s), 164.4 (s), 130.5 (s), 126.8 (d), 125.8 (d), 125.4 (s), 107.0
(d), 31.6 (t), 29.0 (t), 28.5 (1), 26.3 (1), 22.6 (1), 14.0 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
481.2850 for C3,H37N,0,", found 481.2873.

5,5'-(9,10-Anthracenediyl)bis[3-phenylisoxazole] (A2b). According to the general procedure A2b
was obtained by reduction of 4b (299 mg, 0.6 mmol) with SnCl, (455 mg, 2.4 mmol). Product A2b
was obtained as yellow solid in 45% (125 mg) yield. R¢= 0.69 (DCM). '"H NMR (600 MHz, CDCl;):
§ =8.03 - 8.01 (m, 4 H), 7.97 - 7.94 (m, 4 H), 7.58 - 7.52 (m, 10 H), 7.02 (s, 2 H) ppm. °C NMR
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(150 MHz, CDCls): 6 = 168.3 (s), 162.7 (s), 130.5 (s), 130.3 (d), 129.1 (d), 128.9 (s), 127.1 (d),
127.0 (d), 125.8 (d), 125.1 (s), 105.4 (d) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 465.1598 for
C32H21N>O; ", found 465.1595.

4,4'-(6,13-Pentacenediyl)bis[1-hexyl-1H-1,2,3-triazole] (P1la). The synthesis of Pla was carried
out according to the general reaction procedure. Starting from 9a (824 mg, 1.34 mmol) and SnCl,
(1.02 g, 5.36 mmol), P1a was obtained as dark blue solid, after column chromatography (90 g silica
gel, DCM / degassed anhydrous MeOH 5 — 10%) in 94% yield (546 mg). '"H NMR (400 MHz,
CDyCly): 6 =8.48 (s, 4 H), 8.02 (s, 2 H), 7.79 - 7.74 (m, 4 H) ppm, 7.29 - 7.24 (m, 4 H), 4.65 (t, ] =
7.1 Hz, 4 H), 2.18 -2.11 (m, 4 H), 1.46 - 1.37 (m, 8§ H), 1.28 - 1.20 (m, 4 H), 0.97 (t, ] = 7.0 Hz, 6 H)
ppm. °C NMR (100 MHz, CD,Cl,): & = 144.7 (s), 132.1 (s), 130.1 (s), 128.9 (d), 127.3 (s), 126.2
(d), 126.0 (d), 125.5 (d), 51.3 (t), 31.9 (1), 31.0 (t), 27.0 (t), 23.2 (t), 14.4 (q) ppm; HR-ESI-FTMS
[MJrH]+ m/z caled. 581.3387 for CagHa N ', found 581.3378.

4,4'-(6,13-Pentacenediyl)bis[1-cyclohexyl-1H-1,2,3-triazole] (P1c). The synthesis of Plc was
carried out according to the general reaction procedure. Starting from 9¢ (776 mg, 1.27 mmol) and
SnCl, (960 mg, 5.06 mmol), Ple was obtained as dark blue solid after purification by column
chromatography (90 g silica gel, DCM / degassed anhydrous MeOH 5 — 10%) in 95% yield (578
mg). '"H NMR (400 MHz, CD,Cl,): & = 8.50 (s, 4 H), 8.03 (s, 2 H), 7.83 - 7.79 (m, 4 H), 7.33 - 7.29
(m, 4 H), 4.82 - 4.65 (m, 2 H), 2.57 - 2.52 (m, 4 H), 2.10 - 2.00 (m, 8 H), 1.90 - 1.83 (m, 2 H), 1.70 -
1.59 (m, 4 H), 1.48 - 1.38 (m, 2 H) ppm. °C NMR (100 MHz, CD,CL): & = 144.3 (s), 132.0 (s),
130.1 (s), 129.0 (d), 127.4 (s), 126.2 (d), 125.6 (d), 124.0 (d), 61.2 (d), 34.4 (t), 25.9 (t), 25.9 (V)
ppm; HR-ESI-FTMS [M+H]" m/z caled. 611.3129 C33H39NO, ", found 611.3123.
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RESULTS AND DISCUSSION

Since post-synthetic modification of pentacene frameworks is known to be difficult because of the
low photostability of the acene backbone, a general mild synthetic protocol was sought suitable for
both model anthracene derivatives Ala,b, A2a,b and A3a as well as pentacenes Pla-c. Target
compounds were planned combining 9,10-disubstituted anthracene or 6,13-disubstituted pentacene

cores with electron-withdrawing structural scaffolds like 1,2,3-triazoles or isoxazoles.
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Scheme 1: Synthetic pathways toward 9,10-triazole- and isoxazole-substituted anthracenes; i: ethynyltrimethylsilane, n-
BuLi, THF; ii: alkyl/aryl azide or imidoyl chloride, CuSO,4 5H,0, Na-ascorbate, KF, t-BuOH/H,0, 50 °C, iii: SnCl,,
ACN, rt.

Synthetic pathways were initially probed toward anthracene derivatives Ala,b, A2a,b and A3a.
Nucleophilic addition of in situ generated lithium (trimethylsilyl)acetylide to commercially available
anthracene-9,10-dione following a procedure by Taylor et al.*’ resulted in a mixture of diol isomers
in 66% total yield (trans-isomer 46%:; cis-isomer 20%). After optimization of the reaction conditions
by applying tetrahydrofuran as solvent at -78 °C trans-isomer 2 was obtained selectively in 98%.
The introduction of 1,2,3-triazoles or isoxazoles was achieved by in situ deprotection of the terminal
alkyne groups applying potassium fluoride and subsequent copper catalyzed cycloaddition as the key
step toward electron-accepting moieties. All cycloadditions could be accomplished in good to
excellent yields. Reductive aromatization of diols 3a,b and 4a,b applying anhydrous SnCl, afforded
anthracenes Ala,b and A2a,b (Scheme 1)
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The synthetic key step toward regioisomer A3a was realized by copper catalyzed Huisgen
cycloaddition of 1-octyne and 9,10-diazidoanthracene 6, which was synthesized applying a copper

catalyzed procedure starting from diboronate 5 according to Grimes et al.*® (Scheme 2).

B B — Ng Ny — N N
/ \ N:/ \,/N
O s O
5 A3a

6

Scheme 2: Synthetic pathway toward compound A3a: i: NaN;, Cu(OAc), H,0, ii: 1-octyne, CuSO4 5H,0, Na-
ascorbate, KF, t-BuOH/H,0, 50 °C.

The synthetic protocol was further applied toward pentacene (Scheme 3): nucleophilic
addition of in situ generated lithium (trimethylsilyl)acetylide to pentacene-6,13-dione readily
provided trans-diol 8 in 70% yield. The relative stereochemistry of 8 could be deduced from an X-
ray measurement of the successive compound 9b (given in the supporting information).

The introduction of 1,2,3-triazoles was again achieved by in situ deprotection of the terminal
alkyne groups of 8 applying potassium fluoride and subsequent copper catalyzed cycloaddition
yielding triazole-substituted 9 (Scheme 3). Applying the same synthetic protocol toward isoxazole-
substituted pentacene derivatives, however, proved to be more troublesome, since the obtained diols
were highly unstable and therefore, further synthetic efforts were focused on triazole-based
compounds only. Pentacene precursors 9 were subjected to reductive aromatization using an excess
of SnCl, in degassed acetonitrile under strict exclusion of ambient light. The resulting mixture
turned deep blue, and reaction progress monitored by TLC showed complete conversion after
approx. 4 - 6 h. The resulting pentacenes could be isolated by filtration and subsequent washing with
water, methanol and acetone. However, phenyl-substituted P1b proved to be insoluble in organic
solvents and therefore was not subjected to further purification and characterization. Instead, Plc
bearing a cyclohexyl substituent attached to the triazole moiety was synthesized via 9¢ to achieve
better solubility. Pure products Pla and Plec were obtained in high yields by column
chromatography under exclusion of ambient light applying degassed solvents. Both pentacene
derivatives are soluble in common organic solvents such as CH,Cl,, CHCI;, THF, and toluene and
appear dark blue in color. The characterization of P1a and Plc was performed by 'H / *C NMR
spectroscopy and HR-MS analysis. The data are consistent with the proposed structural

formulations.
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Scheme 3: Synthetic pathway toward Pla-c. Reaction conditions: i: ethynyltrimethylsilane, n-BuLi, THF, ii:
alkyl/aryl azide, CuSO,4 5H,0, Na-ascorbate, KF, t-BuOH/H,0, 50 °C, iii: SnCl,, ACN, rt.

In order to evaluate general physical properties and to determine electrochemical characteristics of
both anthracene Ala,b, A2a,b and A3a as well as pentacene derivatives Pla and Plc, UV-Vis
spectroscopy and cyclic voltammetric methods were applied (Tablel).

Electronic absorption characteristics of molecules Ala,b, A2a,b and A3a were recorded in
degassed 5 uM ACN solutions, and representative spectra are presented in Figure 3 (left). Both
1,2,3-triazole- and isoxazole-containing anthracenes show characteristic absorptions in the lower
energy region: a series of four absorption maxima at approximately 394, 374, 356 and 338 nm is
evident. Interestingly, little changes in the absorption maxima values (+1 nm) are observed by
varying either the heterocyclic moieties or the substituent on the heterocycle (Ala,b and A2a,b),
whereas A3a shows a hypsochromic shift of about 4 nm.

The electronic absorption characteristics of pentacenes Pla and Plc were examined in degassed
5 uM CH;Cl, solutions and representative spectra are presented in Figure 3 (right). Both triazole
containing pentacenes showed characteristic absorption maxima at approximately 601, 556 and 517
nm (Figure 3, Table 1) with little change of position upon variation of the substituent (hexyl or

cyclohexyl) on the 1,2,3-triazole. A clear bathochromic shift of about 24 nm is evident for triazole-
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substituted pentacenes Pla and Plc compared to pentacene, which also manifests in the reduced

bandgap (Table 1).
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Figure 3: Absorption spectra of anthracene (left) in ACN and pentacene (right) derivatives in DCM solution.

Electrochemical properties of both anthracenes Ala,b, A2a,b and A3a as well as pentacene
derivatives Pla and Plc (see supporting information) were determined by cyclic voltammetric
methods. The first oxidation potentials were used to determine the HOMO energy levels. The
obtained data outlined in Table 1 clearly show that the HOMOs of triazole-substituted anthracenes
Ala and Alb are slightly higher in energy compared to unsubstituted anthracene, whereas the
HOMOs of isoxazole-substituted anthracenes A2a and A2b are about 0.3 eV lower. The HOMO of
triazole-substituted A3a is the lowest in energy at -6.01 eV, probably due to the direct linkage of the
acene backbone to the heteroatom of the heterocycle. The LUMO levels were determined from
optical bandgap and the HOMO energy level and range from -2.65 to -2.96 eV. The pertinent data
are depicted in Table 1. The photo-physical and electrochemical properties obtained for the
anthracene derivatives reveal a clear trend: a distinct reduction of the bandgap is evident, while the
HOMO level is slightly decreased or nearly the same as for unsubstituted anthracene. Therefore, in
terms of enhancing the stability of acenes and at the same time reducing the bandgap the
introduction of heterocycles appears to be a suitable methodology.

The electrochemical characteristics of pentacene derivatives P1la and P1c (determined as 0.5 mM
argon purged solutions in DCM) also reveal only small variations of HOMO levels (-5.02 eV to -
5.03 eV). However, the HOMO level is clearly about 0.1 eV lower in energy compared to
unsubstituted pentacene contributing to higher stability of Pla and Plc. The LUMO levels were
determined from optical bandgap and the HOMO energy level (Table 1).
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Table 1: Experimental data and physical characterization of target compounds.

Comp. Fo* T Ao’ Bandgap’ HOMO/LUMO® HOMO/LUMO" Bandgap®

(°C) (°O) (nm) (nm, eV) (V) (eV) calc (eV) calc
Anthracene 376,357, 340,324  383,3.24 -5.68/-2.44 -5.55/-2.00 3.56
Ala 204 355 393,373,355 337  412,3.01 -5.62/-2.61 -5.39/-2.01 3.39
Alb - 348 394,374,356,338  414,2.99 -5.67/-2.68 -5.54/-2.14 3.39
A2a - 322 394,374,357,338  416,2.98 -5.91/-2.93 -5.84/-2.48 3.36
A2b 293 351 395,376,357,338  418,2.97 -5.91/-2.94 -5.91/-2.56 3.35
A3a 182 307 392,371,353,333  403,3.08 -6.01/-2.93 -6.16/-2.74 3.42
Pentacene 577, 532, 499 592, 2.10 -4.90%/-3.00 -4.92/-2.73 2.19
Pla - 601, 556, 517 626, 1.98 -5.03/-3.05 -4.81/-2.69 2.12
Plc - 305 601, 556, 517 626, 1.98 -5.02/-3.04 -4.76/-2.65 2.11

C

? Obtained from DSC measurements. ® Thermal decomposition temperature determined from 5% mass loss.
Anthracenes measured in acetonitrile and pentacenes in DCM solution. ¢ Optical bandgaps determined from the onset of
lowest energy visible band. * HOMO-levels determined from solutions measured in ACN for anthracene and in DCM for
pentacene derivatives. All E,, data are reported relative to ferrocene (Fc/Fc', Eo, = 354 mV in ACN; Fc/Fe' Eox = 453
mV in DCM). The concentration of the compounds used in these experiments was 0.1 mM for anthracene derivatives in
ACN and 0.5 mM for pentacene derivatives in DCM; the scan rate was 50 mV s™. LUMO levels were determined from
the optical bandgap and the HOMO energy level according to the following equation: E;ymo = Enomo + Eg. " Calculated
HOMO/LUMO levels (B3LYP / 6-311+G(d)).  Calculated bandgaps (B3LYP / 6-311+G(d)).

These experiments are supported by quantum chemical calculations of target compounds Ala,b,
A2a,b, A3a, Pla and Plc. Values for the HOMO and LUMO orbital energy levels, calculated at the
B3LYP/6-11+G(d) level, are listed in Table 1, along with the experimental optical gap. Comparison
of theoretical calculations for the HOMO-LUMO gap and the experimentally measured gaps from

UV-Vis data indicates good agreement between theory and experiment.

Thermal properties of both anthracene and pentacene derivatives were investigated by DSC and
TGA measurements. Glass-forming properties and thermal stability of the compounds were
examined by simultaneous thermal analysis (STA). The melting points (Fp) were estimated from
DSC curves for Ala, A2b, and A3a (see supporting information) and range from 182 to 293 °C. The
phenyl-substituted derivative A2b shows the highest melting point, while A1b and A2a do not melt
before decomposition. All materials exhibit high thermal stability as evidenced by decomposition
temperatures corresponding to 5% mass loss between 307 and 355 °C (Table 1). Pentacene
derivative Plc shows no melting point and no glass transition points, but a decomposition

temperature corresponding to 5% mass loss at 305 °C (Table 1).
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In order to evaluate the stability of Pla and Plc kinetic analyses of the photooxidation were
conducted by separately dissolving purified pentacenes in degassed CH,Cl, to give 10* M stock
solutions followed by exposure to ambient light and air at 22 °C for prolonged periods. UV-Vis
spectra were recorded of solutions (diluted to 10° M) at regular intervals enabling a quantitative
determination of absorbance-time profiles for both the starting pentacenes Pla and Ple (Figure 4,
D). The solutions gradually became colorless by exposure to ambient conditions. Oxidation products
were characterized by "H NMR spectroscopy (given in the supporting information). A distinct high
field shift of 0.52 ppm for the singlet of the pentacene backbone (HS, H7, H12, H14) can be

observed which corresponds to the shift typically observed in literature for pentacene endo-peroxide
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Figure 4: UV-Vis spectra associated with the photooxidation of P1a (A), P1¢ (B) and pentacene (C) measured in

DCM solutions; Absorbance-time profiles for pentacene derivatives P1a and P1c and pentacene.

In the UV-Vis spectra the long wavelength bands of 601, 556 and 517 nm and the short
wavelength bands of 332 and 348 nm were all observed to diminish with reaction progress while a
new set of bands at 392, 372 and 352 nm corresponding to oxidation products were observed to
emerge (Figure 4, A and B).

The decrease in intensity of the longest wavelength absorption peak as a function of time was used
to monitor the degradation of each compound as a function of time (Figure 4, D). To compare the

data, the half-lifes of both pentacene derivatives Pla and Plc¢ were determined under these
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conditions and qualitatively compared to the decaying behavior of a saturated solution of pentacene
in CH,Cl, (Figure 4, C; approx. 0.1 uM). The half-life of pentacene obtained by this methodology
(7.5 min) corresponds to the value observed by Kaur et al.” As can be clearly seen in Figure 4, D
both pentacene derivatives show similar decaying behavior, yielding half-life values of 14 min for
Pla and 16 min for Ple. Therefore, Pla and Plc prove to be approximately twice as stable as

unsubstituted pentacene under similar condition due to the influence of the heteroaryl substituent.

CONCLUSION

This work offers a reliable synthetic protocol toward heteroaryl-substituted acene frameworks
based on cooper-catalysed cycloaddition reactions. Various alkyl and aryl azides have been
successfully applied in CuAAC reactions. Additionally, in situ generated nitrile oxides have been
used for attachment of isoxazoles to the anthracene backbone. The obtained heteroaryl-substituted
anthracenes have been subjected to UV-Vis spectroscopy and cyclic voltammetric measurements
indicating, that the nature of the heteroaryl system and the position of the linkage of acene backbone
to the heteroaryl moiety show little influence on the absorption spectra. However, a clear reduction
of the bandgaps and decreased HOMO levels are evident, indicating higher stability. Based on these
findings 6,13-symmetrically disubstituted pentacene derivatives have been synthesized bearing alkyl
1,2,3-triazole moieties as electron-withdrawing groups. The isolated pentacenes show good
solubility in organic solvents compared to unsubstituted pentacene. UV-Vis spectroscopy reveals
bathochromically shifted absorption maxima correlating with a decreased bandgap compared to the
unsubstituted acene backbone. Photokinetic studies also reveal higher photoresistance compared to

pentacene, which can be attributed to the 1,2,3-triazole moiety.
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A series of (trialkylsilyl)thienyl-substituted pentacenes was designed, synthesized and
characterized. Based on the results of DFT calculations, revealing the influence of thienyl
substituents on the stability and electronic properties of acenes, compounds bearing both bulky
trialkylsilyl- and electron-withdrawing bromo substituents (to counteract the electron-donating
effects of the trialkylsilyl group) on the thienyl moiety were selected for further investigations. Mild
reliable synthetic reaction conditions were evaluated toward disubstituted acene derivatives. All
novel acene compounds were characterized by NMR, cyclic voltammetry and UV-Vis spectroscopy,
which reveal a significant reduction of the HOMO energy level and the bandgap induced by the
bromo(trialkylsilyl)thienyl scaffolds, indicating improved stability compared to the unsubstituted
acene backbone. The applicability of these materials in organic electronic devices was demonstrated

in an organic field-effect transistor configuration yielding a hole mobility of 3 x 10 cm® V's™.
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INTRODUCTION

Pentacene 1a represents a highly attractive compound for the preparation of organic thin film
transistors (OTFTs) exhibiting excellent p-type semiconducting properties with charge carrier
mobilities up to 5.5 cm® V' s7'.! Owing to its outstanding properties, such as high mobility, low cost,
and ordered crystal structure, pentacene has been intensively investigated for the applications in
OTFT-based sensors.” However, it also exhibits some disadvantages like low solubility and stability
in solution,™® which limits processing techniques primarily to vacuum deposition.™® In order to
overcome these disadvantages structural variations of the pentacene backbone have been
performed,”® supported by a study by Glen et al. revealing that the photooxidative resistance of
substituted 6,13-difunctionalized pentacenes is strongly impacted by both steric as well as electronic
factors.* Anthony et al. successfully showed that the introduction of (triisopropylsilyl)ethynyl groups
in these positions (TIPS-pentacene, 1b, Figure 1) leads to a modification of molecular n-stacking,
resulting in high-performance semiconducting properties as well as improved solubility and stability
of the pentacene derivative.”'' Further strategies to improve the stability of pentacene compounds
also suitable as n-type semiconductors are based on the incorporation of electron-withdrawing
groups in 6- and 13-position like nitrile® or chloro'* substituents. Among p-type materials aryl
substitution (e.g. with phenyl,”” 3,4-dichlorophenyl'* or pentaflourophenyl'’) proved to be an
efficient method to increase stability against oxidation. Also heterocyclic substituents based on
oligothienyl groups,'® benzo[b]thiophenes'’ and thiophenes have been successfully applied.
Advantageously (6,13-pentacenediyl)bisthiophene 1¢ exhibits good solubility and hole mobilities up
t0 0.10 cm* V' 5.1

R
S
SS SO R TIPS
R

1a-c

Figure 1: Structures of pentacene derivatives.

The objective of this work is to increase device performance (charge carrier mobility) of
molecular acene motives by optimizing the solid-state ordering. We propose to adapt the strategy of
Anthony et al.'® by introducing bulky silyl groups to the (6,13-pentacenediyl)bisthiophene scaffold
in order to enhance the m-stacking of the acene subunit. The selection of final target structures was
guided by theoretical calculations particularly taking stability considerations into account. Positive
effects of bromine substituents on the oxidation potential of the pentacene backbone have been

14,19,20

demonstrated previously for p-type materials as well as for core substitution of various n-type

21-23

materials aiming for good transistor performance and stability. Schmidt et al. showed that
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among halogen substituents the attachment of bromine to perylene bisimide backbones leads to the
most efficient lowering of the molecular energy levels, although bromine possesses the smallest
electronegativity.”* To the best of our knowledge, the approach of applying bromine substituents,
exhibiting a sufficiently strong —I effect to counteract the +I effect of the silyl groups, is unique for

the design of silyl-based p-type organic semiconducting materials.
EXPERIMENTAL SECTION

Computations were performed using the Gaussian 09 package, revision A.02.° The ground state
(SO) geometries were optimized in gas phase using the Becke three parameters hybrid functional
with Lee—Yang—Perdew correlation (B3LYP)***’ in combination with Pople basis set 6-311+G(d).*®
Substances purchased from commercial sources were used as received. Anhydrous acetonitrile
(ACN), n-butyllithium solution (2.5 M in hexanes) and anthracene-9,10-dione were purchased from
Aldrich Chemical Co. Pentacene-6,13-dione (CAS 3029-32-1),% 3-br0mo-2-iodothiophene30 (CAS
60404-24-2), and  3-bromo-5-iodo-2-[tris(1-methylethyl)silyl]thiophene®’  were  synthesized
according to literature. Anhydrous tetrahydrofuran (THF), dichloromethane (DCM), methanol
(MeOH), and toluene were prepared immediately prior to use by a PURESOLV-plant (it-innovative
technology inc.). Technical grade solvents were distilled prior to use. Analytical TLC was performed
on Merck silica gel 60 F254 plates. Chromatographic separations at preparative scale were carried
out on silica gel (Merck silica gel 60, 40 — 63 um). Nuclear magnetic resonance (NMR) spectra were
obtained using a Bruker Avance III HD 600 MHz with cryo probe, Avance III HD 400 MHz,
Avance DRX-400 or DPX-200 fourier transform spectrometer operating at the following
frequencies: Avance III HD 600 MHz: 600.2 MHz (‘H) and 150.9 MHz (**C); Avance III HD 400
MHz and DRX-400: 400.1 MHz ('H) and 100.6 MHz (**C); DPX-200: 200.1 MHz ('H) and 50.3
MHz (**C). The chemical shifts are reported in & units, parts per million (ppm) downfield from
tetramethylsilane using residual solvent signals for calibration. Coupling constants are reported in
Hertz; multiplicity of signals is indicated by using following abbreviations: s=singlet, d=doublet,
t=triplet, g=quartet, quin=quintet. The multiplicity of '*C signals was obtained by measuring IMOD
spectra. A Thermo Scientific LTQ Orbitrap XL hybrid FTMS (Fourier Transform Mass
Spectrometer) equipped with Thermo Scientific MALDI Interface or Thermo Fischer Exactive Plus
Orbitrap (LC-ESI+) and a Shimadzu IT-TOF Mass Spectrometer were used for high-resolution mass
spectrometry. a.-Cyano-4-hydroxycinnamic acid was used as matrix for MALDI measurements. UV-
Vis absorption spectra were recorded in ACN or DCM solutions (5 uM) with a Perkin Elmer
Lambda 750 spectrometer. Cyclic voltammetry was performed using a three electrode configuration
consisting of a Pt working electrode, a Pt counter electrode and an Ag/AgCl reference electrode and
a PGSTATI128N, ADC164, DAC164, External, DI048 potentiostat provided by Metrohm Autolab B.
V. Measurements were carried out in 0.5 mM solution in anhydrous DCM with BusNBF, (0.1 M) as
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the supporting electrolyte. The solutions were purged with argon for 15 min prior to measurement.
HOMO energy levels were calculated from the onset of absorption. The onset potential was
determined by the intersection of two tangents drawn at the background and the rising of oxidation.
Ferrocene served as an external standard for calibrating the potential and calculating the HOMO

levels (-4.8 eV).

3-Bromo-5-iodo-2-(triethylsilyl)thiophene (3a). To a solution of diisopropylamine (5.08 g, 50.2
mmol, 1.35 eq.) in 250 mL anhydrous THF under argon n-BuLi (17.7 mL, 44.3 mmol, 2.5 M in
hexanes, 1.19 eq) was slowly added at -40 °C. After 40 min 3-bromo-2-iodothiophene (10.75 g, 37.2
mmol, 1.0 eq.) was added in 60 mL anhydrous THF at -75 °C and the reaction stirred for 2 h.
Subsequently triethylsilylchloride (6.68 g, 44.3 mmol, 1.2 eq.) was added and the mixture stirred at
rt overnight. The reaction was poured on water, extracted with Et,0, the organic phases were dried
over anhydrous Na,SO,4 and concentrated under reduced pressure to give the crude product. Bulb-to-
bulb distillation yielded 3a (13.67 g, 91%) as a yellow oil. "H NMR (200 MHz, CDCl;): & = 7.20 (s,
1H), 1.07 - 0.85 (m, 15 H) ppm. >C NMR (50 MHz, CDCls): & = 140.8 (d), 140.1 (s), 117.3 (s), 78.1
(s), 7.3 (q), 3.6 (t) ppm.

General Procedure: addition of substituted thiophenes to anthracene-9,10-dione and pentacene-
6,13-dione. n-BuLi (2.5 M, 4.2 eq.) was added dropwise to a solution of the appropriate thiophene
derivative (4 eq.) in anhydrous THF (~0.05 M) at -78 °C under argon atmosphere. The solution was
stirred for 2 hours at constant temperature, then dione (1 eq.) was added and the mixture was slowly
warmed to room temperature. After the reaction mixture was stirred at room temperature overnight,
it was poured in a saturated ammonium chloride solution and extracted with diethyl ether. The
combined organic layers were washed with saturated sodium chloride solution, dried over Na,SO4
and concentrated in vacuo.

9,10-Bis[4-bromo-5-(triethylsilyl)-2-thienyl]-9,10-dihydroanthracene-9,10-diol (5). 3a (11.29 g,
28 mmol) was dissolved in 160 mL anhydrous THF, n-BuLi (11.8 mL, 29.4 mmol) was added
dropwise. Anthracene-9,10-dione (1.47 g, 7 mmol) was added. After work-up according to the
general procedure the crude product was purified by column chromatography (180 g silica gel, light
petroleum : ethyl acetate 9:1) and 5 was isolated as colorless solid in 77% yield (4.10 g). R¢ = 0.56
(light petroleum : ethyl acetate = 9:1). "H NMR (200 MHz, CDCl;): & = 7.62 - 7.56 (m, 4 H), 7.43 -
7.37 (m, 4 H), 6.70 (s, 2 H), 2.77 (bs, 2 H), 1.04 - 0.82 (m, 30 H) ppm. °C NMR (50 MHz, CDCl5):
S =157.3 (s), 139.6 (s), 131.7 (s), 131.0 (d), 129.1 (d), 127.6 (d), 116.5 (s), 73.3 (s), 7.4 (q), 3.7 (1)
ppm.

6,13-Bis[4-bromo-5-(triethylsilyl)-2-thienyl]-6,13-dihydropentacene-6,13-diol (8a). According to
the general procedure 8a was synthesized starting from 3a (3.23 g, 8 mmol), n-BuLi (3.4 mL, 8.4
mmol) and pentacene-6,13-dione (616 mg, 2 mmol). After work-up the crude product was purified

by column chromatography (90 g silica gel, light petroleum : DCM 1:1) and 8a was isolated as
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colorless solid in 75% yield (1.29 g). Ry = 0.52 (light petroleum : ethyl acetate 5:1). '"H NMR (200
MHz, CDCl3): 6 = 8.17 (s, 4H), 7.91 - 7.86 (m, 4 H), 7.57 - 7.52 (m, 4 H), 6.79 (s, 2 H), 2.86 (bs, 2
H), 1.00 - 0.82 (m, 30 H) ppm. *C NMR (50 MHz, CDCl3): & = 156.5 (s), 138.2 (s), 137.8 (s), 133.0
(s), 132.2 (d), 128.3 (d), 127.0 (d), 126.7 (d), 116.7 (s), 74.4 (s), 7.4 (q), 3.6 (t) ppm. HR-ESI-FTMS
[M+H]" m/z calcd. 861.0917 for C4,H47Br,0,S,Si,", found 861.0740.

6,13-Bis[4-bromo-5-[tris(1-methylethyl)silyl]-2-thienyl]-6,13-dihydropentacene-6,13-diol ~ (8b).
According to the general procedure 8b was synthesized starting from 3-bromo-5-iodo-2-[tris(1-
methylethyl)silyl]thiophene 3b (1.78 g, 4 mmol), n-BuLi (1.68 mL, 4.2 mmol) and pentacene-6,13-
dione (310 mg, 1 mmol). After work-up the crude product was purified by column chromatography
(90 g silica gel, light petroleum : ethyl acetate 20:1) and 8b was isolated as yellow solid in 56% yield
(536 mg). Ry = 0.68 (light petroleum : ethyl acetate 5:1). "H NMR (400 MHz, CDCls): & = 8.18 (s, 4
H), 7.89 - 7.86 (m, 4 H), 7.56 - 7.52 (m, 4 H), 6.83 (s, 2 H), 2.86 (bs, 2 H), 1.53 (sept, J = 7.7 Hz, 6
H), 1.13 (d, T = 7.7 Hz, 36 H) ppm. >C NMR (100 MHz, CDCls): & = 156.5 (s), 138.4 (s), 133.0 (s),
132.8 (d), 131.7 (s), 128.2 (d), 127.0 (d), 126.8 (d), 117.0 (s), 74.3 (s), 18.8 (q), 12.3 (d) ppm. HR-
ESI-FTMS [M+H]Jr m/z caled. 945.1856 for CagHsoBr,0,S,Si, ", found 945.2054.

General procedure for reduction of the functionalized 9,10-dihydroanthracene-9,10-diol and 6,13-
dihydropentacene-6,13-diols. SnCl, (4 eq.) was added to a dispersion of the substituted diol 5, 8a, or
8b (1 eq.) in acetonitrile (~0.05 M) and the mixture was stirred under argon atmosphere overnight at
room temperature. The reaction mixture of the anthracene derivative was quenched with water,
extracted with chloroform, dried over Na,SO, and concentrated in vacuo. The synthesis of the
pentacene derivatives had to be carried under exclusion of ambient light and oxygen. Furthermore all
solvents were purged with argon before use. The work-up for pentacene derivatives was achieved by
filtration of the precipitate and washing with methanol, water and acetonitrile. The obtained solids
were dried in vacuo.

2,2°-(9,10-Anthracenediyl)bis[4-bromo-5-(triethylsilyl)thiophene] (6). According to the general
procedure 6 was synthesized starting from 5 (3.1 g, 4 mmol) and SnCl, (3.04 g, 16 mmol) in 50 mL
anhydrous acetonitrile. After work-up the crude product was purified by column chromatography
(90 g silica gel, light petroleum) and isolated as yellow solid in 88% yield (2.57 g). F, = 197.4 -
199.2 °C. R = 0.62 (light petroleum : ethyl acetate 10:1). '"H NMR (200 MHz, CDCl;): & = 7.96 -
791 (m, 4 H), 7.53 - 7.47 (m, 4 H), 7.30 (s, 2 H), 1.24 - 1.03 (m, 30 H) ppm. °C NMR (50 MHz,
CDCly): 6 = 144.8 (s), 134.5 (d), 133.9 (s), 131.0 (s), 129.4 (s), 126.4 (d), 126.0 (s), 116.9 (s), 7.5
(q), 3.8 (t) ppm.

2,2°-(6,13-Pentacenediyl)bis[4-bromo-5-(triethylsilyl)thiophene] (1h). According to the general
procedure 1h was synthesized starting from 8a (997 mg, 1.15 mmol) and SnCl, (874 mg, 4.6 mmol)
in 15 mL anhydrous acetonitrile. After work-up 1h was isolated as a dark blue solid in 90% yield

(860 mg). Further purification was realized by column chromatography (9 g silica gel, anhydrous
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DCM : anhydrous methanol 5%—10%). 'H NMR (400 MHz, CD,Cl,): & = 8.48 (s, 4 H), 7.85 - 7.83
(m, 4 H), 7.43 (s, 2 H), 7.34 - 7.32 (m, 4 H), 1.19 - 1.07 (m, 30 H) ppm. >C NMR (100 MHz,
CD,Cly): 6 = 145.8 (s), 135.5 (d), 135.0 (s), 132.0 (s), 130.1 (s), 129.8 (s), 129.0 (d), 126.4 (d), 125.6
(d), 117.6 (s), 7.8 (q), 4.3 (t) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 827.0863 for C4,H4sBr2S,Sis ",
found 827.0818.

2,2°-(6,13-Pentacenediyl)bis[4-bromo-5-[tris(1-methylethyl)silylJthiophene] (1i). According to the
general procedure 1i was synthesized starting from 8b (423 mg, 0.45 mmol) and SnCl, (337 mg,
1.78 mmol) in 10 mL anhydrous acetonitrile. After work-up 1i was isolated as a dark blue solid in
91% yield (370 mg). Further purification was realized by column chromatography (9 g silica gel,
anhydrous DCM : anhydrous methanol 5%—10%). "H NMR (600 MHz, CD,Cl,) : & = 8.51 (s, 4 H),
7.84 - 7.82 (m, 4 H), 7.46 (s, 2 H), 7.34 - 7.33 (m, 4 H), 1.74 (sept, J =7.1 Hz, 6 H), 1.31 (d,J =7.1
Hz, 36 H) ppm. °C NMR (150 MHz, CD,CL): & = 145.9 (s), 136.1 (d), 133.7 (s), 132.0 (s), 130.0
(s), 129.7 (s), 129.0 (d), 126.4 (d), 125.7 (d), 118.0 (s), 19.2 (q), 13.1 (d) ppm. HR-ESI-FTMS
[M+H]" m/z calcd. 911.1802 for C4sHs7Br2S,Si,", found 911.1767.

RESULTS AND DISCUSSION

It has been shown that 1c (Figure 2) crystallizes in a “sandwich herringbone” molecular
arrangement featuring a slight slip in the n-stacking motive (off-set along the short axis of pentacene
by approx. 0.7 A).** The aforementioned goal of this study is the introduction of bulky silyl groups
in order to improve the solid-state ordering toward a 2-D stacking arrangement along the long axis of
pentacene, similar to “running bond” bricklayers,? and to reduce the off-set along the short axis of
pentacene. Studies of Anthony et al. disclosed that the substituent diameter of the spherical silyl
group relative to the short axis length of the acene plays a crucial role for the molecular

arrangement®*8

and, thus, for the performance as semiconductive material.®> Therefore triethylsilyl
(TES) and triisopropylsilyl (TIPS) groups, which induce 1-D and 2-D slip stacking, respectively, in

bis(silylethynyl)pentacenes, were chosen for the synthesis of target compounds.®
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Figure 2: Packing motif of 1¢ arranging in a slipped stack along the short axis of pentacene. Close contacts between the

acene faces (~3.6 A) and neighboring columns (~3.8 A) are depicted.

To evaluate the impact of introducing silyl groups on electronic properties and, thus, the effects on
material characteristics (e.g. stability, charge carrier injection, etc.) an initial DFT study for model
compounds 1a and 1c-g has been conducted (see Table 1).

Table 1: HOMO and LUMO energy levels and bandgaps of the investigated molecules. “Calculated bandgaps and
HOMO/LUMO levels (B3LYP / 6-311+G(d)).

R Bandgap  HOMO/LUMO'
(eV) (eV)
la --H 2.19 -4.92/2.73
S
e () 2.12 -4.96/-2.84
O ___S\_SiMe;,
a Q) 2.12 4.91/-2.79
b
___S\_SiMe,
) le (\_[ 211 5.08/-2.96
W, F
___S\_SiMe,
1t W 2.11 15.08/-2.97
1a, 1c-g -
___S<_SiMe;
1g W 2.11 -5.08/-2.97

Br

Many studies showed that the introduction of electron-withdrawing substituents leads to a

decrease of the HOMO level and an increase in stability.***>* DFT calculations reveal that
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thiophene substitution of the pentacene core results in a lowered HOMO level (1¢, -4.96 eV) by 0.04
eV compared to pentacene 1a, which indicates a slightly improved oxidative stability. However, the
introduction of silyl groups raises the HOMO level (TMS (trimethylsilyl) — model 1d, -4.91 eV)
even above the value of pentacene (4.92 eV) indicating a destabilization of 1d as a consequence of
the +1 effect.

To counteract the electron-donating effect of the trialkylsilyl group a suitably strong —I substituent
in the 4-position of the 5-(trialkylsilyl)-2-thienyl moiety (ortho position to the silyl group) was
introduced. For spatial reasons only halogen atoms (F, CI, and Br) were taken into account in this
study (iodine was omitted due to its size and limited synthetic accessibility). For all halogen
substituted derivatives 1e-g the same HOMO level (-5.08 eV) was calculated, which is significantly
decreased compared to pentacene 1a (by 0.16 eV) indicating an increase in stability. These results
show that the electron-withdrawing effect of all halogens is sufficiently strong to counter the
electronic effects induced by the silyl group in this substitution pattern. Since the 4-bromo-5-silyl-2-

thienyl pattern can be easily achieved via the halogen dance®'”>"’

approach, the bromine moiety
was chosen for the synthesis of target compounds bearing TES (1h) and TIPS (1i) as silyl groups

(DFT calculations: Table 2, contour plots: Figures 3 and 4).

Figure 3: HOMO (bottom) and LUMO (top) of 1h.
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Figure 4: HOMO (bottom) and LUMO (top) of 1i.

Since post-synthetic modification of pentacene frameworks is known to be difficult because of the
low photostability of the acene backbone, a general mild synthetic protocol was sought suitable for
model anthracenes derivative as well as pentacenes. Synthetic pathways were initially probed toward
anthracene derivative 6 (Scheme 1): iodothiophene 3a was obtained in a halogen dance reaction
starting from dihalogenide 2 in 91% yield. Nucleophilic addition of [4-bromo-5-(triethylsilyl)-2-
thienyl]lithium, in situ generated by lithium—halogen exchange of 3a by treatment with n-BuLi, to
anthracene-9,10-dione 4 gave diol 5 as a single isomer. Subsequently, a mild reductive aromatization
method using an excess of SnCl, in degassed acetonitrile, which was shown to be also suitable for

pentacene derivatives by Li et al.,”® was applied to compound 5 and provided 6 in 88% yield.

Et,Si Br
SNPZ
O
_—
XS
Br SiEt,
5 6

Scheme 1: Synthetic pathway toward anthracene compound 6; i: n-BuLi, DIPA, triethylsilylchloride, THF, -78 °C; ii:
n-BuLi, THF, -78 °C; iii: SnCl,, ACN, rt.

The developed synthetic protocol was further successfully applied toward pentacenes 1h and 1i

(Scheme 2): nucleophilic addition of in sifu generated [4-bromo-5-(trialkylsilyl)-2-thienyl]lithium to
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pentacene-6,13-dione 7 readily provided diols 8a and 8b in 75% and 56% yield, respectively. These
pentacene precursors were subjected to reductive aromatization under strict exclusion of ambient
light. The resulting mixture turned deep blue, and monitoring by TLC showed that the reactions
were complete after approximately 4 — 6 h. The resulting pentacenes could be isolated by filtration
and subsequently washing with water, methanol and acetone. Filtration yielded analytically pure
compounds (Table 2), small samples were further purified by column chromatography applying
degassed solvents and under exclusion of ambient light for further OFET device characterization.
Pentacene derivatives 1h and 1i are soluble in common organic solvents such as DCM, CHCls, and
toluene and appear dark blue in color. The characterization of 1h and 1i was performed by 'H / °C

NMR spectroscopy and HR-MS analysis, and the data are consistent with the proposed structural

formulations.
I~ S\_SiR;
\
Br R3Si Br
3a (R =Et) —
3b (R = i-Pr) SNGZ
o)
9000® L - I
o) S
Br SiR,
7 8a (R = Et) 1h (R = Et)
8b (R = i-Pr) 1i (R = i-Pr)

Scheme 2: Synthetic pathway toward target pentacenes. i: n-BuLi, THF, -78 °C; ii: SnCl,, ACN, rt.

The electronic absorption characteristics of anthracene 6 and pentacene derivatives 1h and 1i were
examined by UV-vis spectrometry in degassed DCM solutions. The respective spectra are depicted
in Figure 5 in comparison to anthracene and pentacene.

Compound 6 shows a series of four absorption maxima (343 — 401 nm) characteristic for acene
moieties. Similar absorption characteristics were detected for pentacene derivatives 1h and 1i at
higher wavelength (486 — 608 nm). A bathochromic shift of the absorption maxima of 1h and 1i by
approximately 30 nm compared to non-substituted pentacene 1a (Amax = 577 nm), which also
corresponds to the observations for 6 compared to anthracene (23 nm), can be attributed to an
extended m-conjugation partially incorporating the thiophene subunits™ (also see contour plots in
Figure 3 and 4).

For anthracene derivative 6 a reduced bandgap by approximately 0.2 eV compared to anthracene
could be observed (determined from the onset of the lowest energy absorption band). Both pentacene
derivatives exhibit 1h and 1i the same optical bandgap (1.96 eV), which corresponds to a decrease in

68



optical bandgap by 0.15 eV compared to pentacene.

Table 2: Experimental data and physical characterization of compounds 1h, 1i, and 6.

Comp. Yield Bandgap® Amax’ HOMO/LUMO® HOMO/LUMO*
(%) (nm, eV) (nm) (eV) (eV)
Anthracene - 386, 3.21 378, 359, 341, 325 -5.70/-1.70% -5.55/-2.00
6 88 422,2.93 401, 381, 361, 343 -5.64/-2.71 -5.73/-2.35
Pentacene - 592,2.10 577, 532, 499, 465 -4.90/-3.20" -4.92/-2.73
1h 90 633, 1.96 608, 562, 523, 486 -5.10/-3.17 -5.06/-2.95
1i 91 634, 1.96 608, 562, 522, 486 -5.13/-3.14 -5.08/-2.97

* Optical bandgaps determined from the onset of lowest energy visible band. ® Absorption maxima determined
from DCM solutions. ©* HOMO levels determined from solutions measured in DCM. All E,, data are reported
relative to ferrocene (Fc/Fc', Eox = 463 mV). The concentration of the compounds used in these experiments was
0.5 mM; the scan rate was 50 mV s”'. LUMO levels were determined from the optical bandgap and the HOMO
energy level according to the following equation: ELymo = Enomo + Eg. 4 Calculated bandgaps and HOMO/LUMO
levels (B3LYP / 6-311+G(d)). " HOMO and LUMO levels according to Dediu et al.* * HOMO and LUMO levels

according to Djurovich et al.*’

T T T T T T
1.0- . . 1.0 ) .
I\ i

. 1 — 6 1 _ — 1h i!
3 " =1 i
© 0.8 - - - Anthracene @, 0.8 - - I 1
g 5 i
=4 = —-—- Pentacene
= 0.6+ 2
<} I}
2 ]
< <
g 04 2
© k]
[0} Kl
® 02 &

0.0 S A

T T T T T T T T T T T T T T T T T T T T T T
300 350 400 450 500 550 400 450 500 550 600 650 700 750

Wavelength [nm] Wavelength [nm]

Figure 5: Absorption spectra of 6 (left), 1h and 1i (right) in DCM solution.

The cyclic voltammetric (CV) measurements of anthracene 6 and pentacene derivatives 1h and 1i
were performed in degassed DCM and are depicted in Figure 6. The first oxidation potentials were
used to determine the HOMO energy levels (Table 2). The HOMO energy level of 6 of -5.64 eV
suggests limitations for charge carrier (hole) injection for the anthracene derivative. Only small
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variations of the detected HOMO levels of pentacene derivatives 1h (-5.09 eV) and 1i (-5.13 eV)
were observed, indicating good charge carrier injection behavior and reasonable stabilities although
being low-bandgap (< 2.0 eV) materials suitable for OFET applications. The LUMO levels were
acquired from the optical bandgap (UV-Vis) and the HOMO energy levels obtained from CV

measurements.

0.15 T T T T T
—40.30
0.104
= do20 =
< <<
E =
& 005 ]
E 1010 5
0.00+ J0.00
-0.05 -0.10

T T T T T T
-200 0 200 400 600 800 1000 1200
Potential vs. Fc/Fc' [mV]

Figure 6: Cyclic voltammograms of 1h, 1i and 6 measured in DCM solution.

The semiconducting properties of the materials 1h and 1i were tested in a top-contact OFET
configuration by 4-point measurements. Hydrophobic Cytop fluoropolymer (approx. 30 nm) spin-
coated on SiO; (263 nm) / Si (n-doped) was applied as gate dielectric. Transfer curve (Figure 7, left)
and corresponding output characteristics (Figure 7, right) of 1h and 1i could be obtained.

For pentacene 1h hole mobilities up to 3 x 10 cm? V' s, an on/off ratio of 10* and an average
threshold voltage of approximately 12 V could be acquired. These rather low mobility values point
out that the intended 2-D slip stack arrangement could not be realized by the introducing the TES
groups. However, stable and reproducible OFET devices could be engineered from target materials.
In addition, stability trials based on repeated device fabrication and characterization proved that 1h
is stable at room temperature for > 1 year. The hole mobilities for 1i, being one order of magnitude
lower, support the assumption that the intended solid-state ordering is not achieved in the designed
materials; it is concluded that the TIPS group further reduces the m-overlap due to the enlarged

diameter (TES = 6.6 A vs. TIPS =7.5 A).’
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Figure 7: Transfer and corresponding output characteristics of 1h (A, B) and 1i (C, D).

This contribution outlines the applicability of (trialkylsilyl)thienyl substituents in acene
frameworks guided by DFT calculations. Novel pentacene derivatives bearing bulky (trialkylsilyl)-2-
thienyl groups and an additional bromo substituent (to counteract the electron-donating effects of the
trialkylsilyl group) on the thienyl moiety were synthesized and characterized regarding their
photophysical and electrochemical properties. Absorption spectra reveal a red shift of the absorption
maxima of pentacene derivatives, indicating a decreased bandgap. The reduced HOMO levels
compared to pentacene demonstrate the efficiency of the introduction of these
bromo(trialkylsilyl)thienyl side groups. Both pentacene derivatives were tested as semiconductors in
organic field-effect transistor devices, however, only low charge carrier mobilities of almost 3 x 107
cm” V' s for 1h could be observed. The introduction of silyl groups on the thiophene moiety
obviously impedes efficient charge transfer, which may be caused by inefficient n-stacking due to

steric hindrance.
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We report on the electrical properties of organic field-effect transistors (OFET) based on a new class
of organic semiconductors. The molecules consist of the same thieno[2,3-b][1]benzothiophene
building blocks, connected by different n-bridge spacers (ethylene, phenylene, and fluorophenylene).
Molecular orbitals and highest occupied molecular orbital/lowest unoccupied molecular orbital
energies were calculated and compared with results from cyclic voltammetric and UV-vis
absorption measurements. In order to study the influence of the bridge groups on the molecular
arrangement and surface interaction, the transistor performance on a wide range of dielectrics has
been investigated in detail. These include as grown SiO, and Al,O; and also treated with
octadecyltrichrolosilane and octadecylphosphonic acid, as well as Cytop and Parylene C. An
extended study of the multitude of combinations of these materials revealed mobilities up to
~1cm?/Vs, measured for devices made of the phenylene-bridged compound. Surprisingly, the
mobility was quite independent of the supporting gate dielectric. Stability over time has been
observed with no degradation after 5 months. By eliminating the hysteresis using Cytop, we were
able to show that some of the molecules form films without long-term charge carrier trapping.
These are interesting features for practical industrial processing of organic electronics. © 2074

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863209]

INTRODUCTION

In the ongoing search for organic semiconductor materi-
als that would enable easily producible electronics and with
long lifetime, the focus is on charge carrier mobility, long-
term stability, and easy but high yield fabrication. In addi-
tion, particular electronic performance characteristics, such
as turn-on voltage, sub-threshold swing, and electric hystere-
sis are also optimized. These factors are taken into account
in this extensive study when we explore four new molecules
for their application potential in organic electronics. The
compounds have common TBT (thieno[2,3-b][1]benzothio-
phene) building blocks, connected by distinctly different
bridging units. They are deposited as thin films by thermal
evaporation on several substrates with nine different gate
dielectric stacks, to form organic field-effect-transistors
(OFET). By evaluating more than 80 such devices, we find
clear trends in the device performance for the various mate-
rial combinations. Hole mobility up to ~1cm?/Vs is
observed as well as vanishing electronic hysteresis and
excellent long-term stability.

THE MOLECULES

Here, we study a new substance class based on two TBT
building blocks linked by different n-bridge spacers (Figure 1).
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The TBT building block and bridge concept was introduced by
Chen et al.' The TBT structure is expected to provide good re-
dox and thus environmental stability. Furthermore, the
extended m-conjugation system in the fused TBT molecules
provides efficient orbital overlap and the molecular packaging
in sulfur rich TBT in the combination with intermolecular
multiple sulfur-sulfur, sulfur—carbon, and carbon-hydrogen
n-interactions could lead to high charge mobilities.' The intro-
duction of thieno[2,3-b]benzothiophene, a regioisomer of
Chen’s TBT building block, linked to various 7m-spacer leads to
a novel substance class. Here, we focus on four TBT based
molecules with the following bridge spacers: a single bond
(BTT), 1,2-ethendiyl (ENE), 2,3,5,6-tetrafluoro-1,4-phenylene
(4F), and finally 1,4-phenylene (PHEN) completed the sub-
stance ensemble shown in Figure 1.

To explore similarities and differences between these
molecules, density functional calculations have been per-
formed.”” The structural configuration was optimized in the
ground state, and the local minima in the potential energy
surface were verified by a frequency analysis (Gaussian
Version 09, Rev.A.02, B3LYP/6-3114+G(d)).*® These cal-
culations reveal that in the BTT molecule the TBT building
blocks are twisted with respect to each other by 32.3°, a
potential impediment to defect free stacking in thin film
growth. This could lead to less than ideal charge carrier
propagation inside the solid. ENE on the other hand shows a
fully planar molecular structure, while the n-bridges at the
center, in both the 4F and PHEN, are slightly rotated
(approx. 14° and 31°, respectively). While these properties

© 2014 AIP Publishing LLC
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FIG. 1. Molecular structure of the TBT building blocks connected by four
different 7-bridge spacers: direct linkage of TBT units (black, BTT), an
ethene double bond (red, ENE), a fluorinated phenyl ring (green, 4F), and a
phenyl ring (pink, PHEN).

might be relevant for the structural packing, also the elec-
tronic energies are of importance for the device performance
(Figure 2). The highest occupied molecular orbital (HOMO)
level for each molecule was determined by cyclic voltamme-
try. The optical band gap was obtained from the onset of the
UV-vis absorption. These experimental results are compared
to the data from density functional theory calculations in
Table I. The energy of the lowest unoccupied molecular or-
bital (LUMO) is between —1.6 and —2.4¢V, and those of
the HOMO between —5.1 and —5.8 eV. As expected, the lev-
els for the fluorine containing compounds are the lowest due
to the high electronegativity of the fluorine. Also shown in
Figure 2 is the value for the gold work function ranging in
value from —5.2 to —4.8 eV, depending on the quality of the
gold film and the surface contamination.”'® Accordingly, we
can expect gold contacts to be suitable for hole injection in
p-type devices. This is indeed born out in the results.

BTT

ENE

Gold
measured
calculated

FIG. 2. Graphical illustration of the HOMO and structural configuration of
the four TBT based molecules calculated with DFT. On the right side: meas-
ured and calculated energies of the HOMO and LUMO levels and the wide
range of realistic values of the gold work function.
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TABLE I. Energy levels (HOMO and LUMO) of the investigated molecules
comparing experimental values obtained using cyclic voltammetry for the
HOMO value and the optical band gap (Gap,,,) from UV-vis absorption,
and calculated values from density functional theory calculations. LUMO
was determined from the HOMO and optical band gap.

HOMO/LUMO
Bridge 2ABSmax (€V) Gap,; (eV) Meas. (eV) Calc. (eV)
BTT 356 3.13 —5.26/-2.13 —5.56/—1.65
ENE 386 2.78 —5.16/-2.38 —5.32/-2.04
4F 371 3.03 —5.34/-2.31 —5.77/-2.37
PHEN 365 3.04 —5.32/-2.28 —5.57/-1.86

DEVICE FABRICATION AND STRUCTURE

To evaluate the potential of the four molecules in or-
ganic semiconductor applications, they have been combined,
in the form of evaporated thin films, with various dielectrics.
For almost all devices, standard highly doped silicon wafer
was used as substrate. As gate dielectric, the following
materials were used: SiO, (260nm) as purchased and also
modified with a self assembled monolayer (SAM) of
octadecyltrichrolosilane (OTS)'' or a thin layer of Cytop
(30nm)."*"3 A1,05 (100 nm) was also used as purchased and
also modified with SAMs of OTS or octadecylphosphonic
acid (ODPA).'* The SiO, surface was used as substrate to
thermally evaporate a 2 nm adhesion layer of chromium and
a gold gate electrode with a dielectric layer of spin coated
Cytop'#'*1>7!7 or evaporated Parylene C.'® Cytop is a fluo-
ropolymer with a highly hydrophobic surface and forms trap
free interfaces to organic semiconductors as shown by Kalb
et al.">'® Parylene C is an organic dielectric, also with a
highly hydrophobic surface, and is deposited from vapor.
Considering the list of dielectrics used, we have covered
most major fabrication techniques: thermal evaporation,
sputtering, self assembly, spin coating, and deposition from
vapor phase. Additionally, we employ high-k (Al,O3, e ~ 10)
and low-k (Cytop, € ~ 2) materials.

The organic semiconductors were thermally evaporated
through a shadow mask. The thickness of the films was in
average around 24 nm. The ~ 25 nm gold source/drain elec-
trodes were evaporated onto the semiconductor resulting in a
bottom gate top electrode device structure. The semiconduc-
tors were deposited, in general, with the substrate at room-
temperature. For particular material combinations, the tem-
perature of the substrate was raised during evaporation to
optimize the film growth conditions: PHEN on Al,O;
(60°C), PHEN on Al,O; with OTS (120°C for the first
10nm, final 20nm at RT), and PHEN on SiO, with OTS
(same as Al,O3 with OTS). The mobility from the optimal
conditions is used for analysis and discussions of this study.

OFET PERFORMANCE

An Agilent 4155A semiconductor analyzer was used to
measure the transfer and output characteristics of the FETs,
with the samples kept in helium atmosphere.'® From the
many trends observed in these measurements, we focus on
the hole mobility, drain current, and hysteresis in the transfer
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FIG. 3. Transfer characteristics for transistors made with the four semicon-
ductors: BTT (black) and ENE (red) on SiO, and thin Cytop, 4F (green) on
bare SiO, and PHEN (pink) on OTS treated SiO,. The source-drain current,
normalized by the channel dimensions, is plotted against the field induced
charge carrier density to account for the different capacitance of the
dielectrics.

curve. Four transfer curves representing the four semicon-
ductors are shown in Figure 3. They are chosen to show an
optimal combination of narrow hysteresis, low off-current,
and high mobility on comparable gate dielectric. The slightly
different values of their capacitances have been taken into
account by plotting the field induced charge carrier density
instead of the applied gate voltage. All materials yield tran-
sistors with good characteristics, including high on-off ratios.
Noteworthy are the low saturation currents for BTT, despite
the otherwise comparable parameters. We surmise this to be
not an intrinsic property of the semiconductor, but the result
of a poorly crystalline thin film, e.g., only sparsely connected
semiconducting islands embedded in an otherwise insulating
surrounding.

HOLE MOBILITY SYSTEMATICS

The hole mobility, as a key quantity, has been evaluated
from the saturation regime of the transfer curve, according to
the following equation:

J. Appl. Phys. 115, 043707 (2014)
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More than 80 devices were measured to study the vari-
ous material combinations and their mobilities are shown in
Figure 4. The results, grouped by the dielectric, show the
clustering for each molecule/dielectric combination and
reveal the “best” and “worst” choices. PHEN shows the
highest mobility and BTT by far the lowest, and the two
others (ENE and 4F) are in between. Particularly noteworthy
is the fact that PHEN tends to perform similarly well on the
different dielectrics. This result suggests the formation of
high quality films on all dielectrics, quite independent on the
particular surface property. Apparently, the inter-molecular
forces are sufficiently strong to overcome interactions with
the surface. On the other hand, one might speculate the twist-
ing of the BTT molecule (Figure 2) to be the origin of the
low mobility, as the resulting non-optimal microscopic pack-
ing of the molecules induces disorder in the orbital overlap
and charge localization. Also worth noting is the distinctly
non-uniform performance of 4F: the apparent mobility is
very low when deposited on the highly hydrophobic surfaces
of Cytop or Parylene C, yet it forms a good semiconductor
on most other dielectrics. One might ascribe this inferior per-
formance to an adverse interaction between the fluorine of
the 4F molecule and the substrates.

LONG TERM STUDY

We refer here to the device performance in terms of mo-
bility only. A full stability study would address the influen-
ces of a very wide range of external parameters, including
room temperature annealing of structural defects, chemical
modification by, e.g., oxygen or humid air, illumination with
UV light, etc. In the present study, we have chosen to keep
and measure the devices in a controlled He environment (O,
0.1 ppm, H,O 0.1 ppm) for up to 5 months. During this time,
all samples have been moved into ambient air and UV light
five times for 1 day and returned for measurements. No sig-
nificant variations in the mobility were observed for PHEN
on three different dielectrics (Figure 5).
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FIG. 5. Long term mobility study of PHEN thin film FETs on SiO, and
Al,O3. The mobility is stable over more than 5 months.

ELIMINATION OF HYSTERESIS

Long-term charge trapping (hold and release time of trap
state exceeds measurement time, typically in the range of
minutes) and hysteresis in the transfer curve can originate from
trapping of charge carriers in the semiconductor and/or the
dielectric. To distinguish between the two situations, we
employ a powerful tool: Cytop has been shown to be free of
long-term trapping and to form trap free interfaces.'*'> When,
for example, ENE is deposited on bare SiO, or Al,Os, a distinct
hysteresis is measured (Figure 6). However, when these dielec-
trics are coated with an additional thin film of Cytop (30 nm),
the hysteresis completely vanishes and, in addition, the mobility
improves. Thus, no long-term charge trapping occurs in these
TBT based semiconductors. From this, we conclude that the
molecular alignment of the semiconductor thin film is improved
on Cytop and no long term charge trapping occurs.

SUMMARY

In this study, we have explored new organic semiconduc-
tor materials based on TBT building blocks with four different
n-bridge spacers (BTT, ENE, 4F, and PHEN) and have
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FIG. 6. ENE films deposited on 30nm Cytop on SiO, yield hysteresis-free
transfer characteristics, while deposition on bare SiO, forms an OFET with
a clearly visible hysteresis. The inset shows an equivalent behavior for
another dielectric, Al,Os.
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combined them with various gate dielectrics. Clear trends in
the OFET performance have been established. The ENE
n-bridge material showed no long-term charge trapping in the
semiconductor, indicating optimal growth and molecular
stacking for charge transport, with no hysteresis to speak of in
the transfer curve. In PHEN n-bridge devices, the mobility
exceeds 1 cm?/Vs and was stable over time. The overall supe-
rior mobility of PHEN might originate in a microscopically
more advantageous geometric arrangement of the adjacent
molecules: the slightly twisted (31°) phenylene bridge will
favor lateral “lock-in” of the molecules, preventing the sliding
along the long axis, and thus optimizing orbital overlap. This
is reminiscent of the role of the side-groups in rubrene.
Moreover, the supporting gate dielectric upon which the semi-
conductor films are evaporated has a limited effect on the high
mobility. Apparently, the interaction among the molecules
within the films dominates over the interaction with the
dielectric substrate, a very interesting result for practical
industrial processing of organic electronic applications.
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A novel one-pot synthesis toward benzo[b]selenophene carboxylic acid esters starting from
commercially available o-chlorobenzaldehyde or o-chloroacetophenone applying litithium
alkylselenides and a Fiesselmann type reaction is presented. Further derivatization of the obtained
products gives rise to a broad spectrum of benzo[b]selenophene building blocks valuable for various

scientific disciplines.

83


mailto:brigitte.holzer@tuwien.ac.at

INTRODUCTION

The synthesis of benzo[b]selenophene derivatives is of considerable scientific interest owing to
their potential applications in diverse scientific disciplines like medicinal chemistry,'?
crystallography,’ and materials chemistry.*> While the benzo[b]selenophene heterocyclic moiety
itself has not been found in natural compounds, it is considered to be a bioisostere of naphthalene,
benzofuran, benzothiophene, and indole,” which especially makes the selenium analog of tryptophan
a potentially interesting building block in medicinal and biochemistry. Substitution at 2- and 3-
position of benzo[b]chalcogenophenes gives rise to important building blocks for the preparation of
potential drugs.’® Recently, benzo[b]selenophene analogues of raloxifene (Figure 1, A) and
milfasartan have been evaluated toward their applications as antiproliferative agents in treatment of
breast cancer’ or as AT, receptor antagonists.” Replacement of indole by benzo[b]selenophene
toward the selenotryptophan (Figure 1, B) derivatives may reduce phase problems in X-ray
crystallographic protein studies,’ since the heavy selenium atoms are easily distinguishable from
atoms typically present in biological samples because of their larger electron densities.” In addition,
benzo[b]selenophene moieties proved to be very useful synthetic intermediates in materials
chemistry and can function as suitable building blocks to synthesize narrow bandgap bulk
heterojunction solar cell devices' or high-performance field-effect transistors (e.g. DPh-BSBS,

Figure 1, C).*>"

B
A COOH
C/N/\/O
O
HCI C

este® ORFO-C

Figure 1: Benzo[b]selenophene derivatives: (A) raloxifene analog, (B) selenotryptophan, and (C) 2,7-
diphenyl[1]benzoselenopheno[3,2-b][1]benzoselenophene (DPh-BSBS).

Although benzo[b]selenophenes constitute important synthetic starting materials, the lack of a
low-cost, high-yielding and convenient synthesis is evident considering the few commercial
suppliers available and the high costs of these scaffolds. Various syntheses have been proposed
based on tandem free-radical addition/substitution sequences starting from rather explosive
diazonium salts,® intramolecular cyclization of costly ethynylbenzenes using sodium
chalcogenides,'? and radical cyclisation of 2-(benzylseleno)-1-(2-iodophenyl)ethanols,”® which in

turn are prepared in a multistep synthesis, to name a few.
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Herein we report a convenient one-pot synthesis toward benzo[b]selenophene-2-carboxylates
starting from commercially available o-chlorobenzaldehyde or o-chloroacetophenone. Further
derivatization of the obtained compounds with strong emphasis on functionalization possibilities in
2- and 3-position gives rise to a broad spectrum of substituted benzo[b]selenophenes suitable as

building blocks for various scientific disciplines.

EXPERIMENTAL SECTION

Substances purchased from commercial sources were used as received. Anhydrous N,N-
dimethylformamide (DMF), methyllithium (1.6 M in diethyl ether), n-butyllithium solution (2.5 M
in hexanes), o-chlorobenzaldehyde and o-chloroacetophenone were purchased from Aldrich
Chemical Co. Anhydrous tetrahydrofuran (THF) and 1,4-dioxane were prepared immediately prior
to use by a PURESOLV-plant (it-innovative technology inc.). Technical grade solvents were distilled
prior to use. Analytical TLC was performed on Merck silica gel 60 F254 plates. Chromatographic
separations at preparative scale were carried out on silica gel (Merck silica gel 60, 40 - 63 pm).
Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker Avance III HD 600 MHz
with cryo probe or Avance III HD 400 MHz fourier transform spectrometer operating at the
following frequencies: Avance III HD 600 MHz: 600.2 MHz ('H), 150.9 MHz (C) and 114.5 MHz
("’Se); Avance III HD 400 MHz: 400.1 MHz (‘H), 100.6 MHz ("°C) and 76.5 MHz ("’Se). The
chemical shifts are reported in d units, parts per million (ppm) downfield from tetramethylsilane
using solvent residual signals for calibration. "'Se chemical shifts are given in ppm relative to
dimethylselenide, using selenophene (& 605 ppm)'* as an external secondary standard. Coupling
constants are reported in Hertz; multiplicity of signals is indicated by using following abbreviations:
s=singlet, d=doublet, t=triplet, q=quartet, quin=quintet. The multiplicity of Bc signals was obtained
by measuring JMOD spectra. High-resolution mass spectra (HRMS) were acquired using a Thermo
Scientific LTQ Orbitrap XL hybrid FTMS (Fourier Transform Mass Spectrometer) equipped with
Thermo Fischer Exactive Plus Orbitrap (LC-ESI+) and a Shimadzu IT-TOF Mass Spectrometer.

2-(Methylseleno)benzaldehyde (2). Grey selenium (1.58 g, 20 mmol, 1 eq.) was suspended in
40 mL anhydrous degassed THF under argon atmosphere. The suspension was cooled to 0 °C and
MelLi (1.45 mL, 22 mmol, 1.1 eq.) was added dropwise. The resulting white suspension was stirred
for 40 minutes. o-Chlorobenzaldehyde 1a (2.80 g, 20 mmol, 1 eq.) was added dropwise giving a
clear orange solution, which was stirred overnight at room temperature, quenched with water and
extracted repeatedly with ethyl acetate. The organic layer was washed with brine, dried over
anhydrous Na,SO, and the solution was concentrated in vacuo. 2 was purified by column
chromatography (40 g silica gel, light petroleum : ethyl acetate 20:1) and isolated in 42% yield as a
yellow oil (1.70 g). TLC (silica gel, light petroleum : ethyl acetate 7:1): R¢ = 0.45. "H NMR (600
MHz, CDCl3): & = 10.15 (s, 1 H), 7.81 (dd, J = 7.6, 1.5 Hz, 1 H), 7.51 - 7.49 (m, 1 H), 7.46 - 7.45
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(m, 1 H), 7.35 (td, T = 7.3, 1.1 Hz, 1 H), 2.30 (s, 3 H) ppm. °C NMR (150 MHz, CDCls): & = 192.4
(d), 138.7 (s), 135.5 (d), 134.2 (s), 133.8 (d), 127.8 (d), 124.8 (d), 5.77 (q) ppm. "'Se NMR (114
MHz, CDCls): 6 = 248 ppm. HR-ESI-FTMS [MJrH]Jr m/z caled. 200.9813 for CgHeOSe", found
200.9811.

Ethyl 2-[(2-formylphenyl)seleno]acetate (3). 2 (1.70 g, 8.5 mmol, 1 eq.) and ethyl bromoacetate
(1.40 g, 8.5 mmol, 1 eq.) were heated to reflux. Conversion was monitored by TLC. After 12 hours
the resulting red liquid was dissolved in dichloromethane and directly concentrated on 6 g silica gel
and purified by column chromatography (40 g silica gel, light petroleum : ethyl acetate 10:1). 3 was
isolated in 73% yield (1.68 g) as a yellow solid. TLC (silica gel, light petroleum : ethyl acetate 7:1):
Ry =0.52. F, = 34.2 - 36.0 °C. "H NMR (600 MHz, CDCl3): & = 10.15 (s, 1 H), 7.85 (dd, J = 7.6, 1.5
Hz, 1 H), 7.76 (m, 1 H), 7.53 (m, 1 H), 7.40 (m, 1 H), 4.17 (q, J = 7.2 Hz, 2 H), 3.58 (s, 2 H), 1.24 (t,
J =72 Hz, 3 H) ppm. °C NMR (150 MHz, CDCL): & = 192.6 (d), 170.9 (s), 136.9 (s), 135.2 (d),
134.5 (s), 134.1 (d), 129.3 (d), 125.8 (d), 61.4 (t), 25.3 (t), 14.1 (q) ppm. "'Se NMR (114 MHz,
CDCl): 6 = 367 ppm. HR-ESI-FTMS [MJrH]+ m/z caled. 273.0024 for C; H;30:Se’, found
273.0058.

Ethyl benzo[b]selenophene-2-carboxylate (4a). 3 (1.68 g, 6.2 mmol, 1 eq.) was dissolved in 20 mL
anhydrous DMF, K,CO; (1.71 g, 12.4 mmol, 2 eq.) was added and the reaction mixture was heated
to 120 °C for two hours. The solution was quenched with water and extracted repeatedly with ethyl
acetate. The organic layer was washed with brine, dried over anhydrous Na,SO4 and concentrated in
vacuo. 4a was purified by column chromatography (40 g silica gel, light petroleum : ethyl acetate
20:1) and isolated in 96% yield as a yellow oil (1.50 g). TLC (silica gel, light petroleum : ethyl
acetate 9:1): Ry = 0.59. "H NMR (400 MHz, CDCl3): & = 8.29 (s, 1 H), 7.94 - 7.87 (m, 2 H), 7.43 -
7.36 (m, 2 H), 4.39 (q,J=7.3 Hz, 2 H), 1.41 (t, J = 7.3 Hz, 3 H) ppm. The obtained NMR data are in
accordance with literature.® HR-ESI-FTMS [M+H]+ m/z caled. 254.9919 for C;;H;,0,Se’, found
254.9916.

General Procedure for the one-pot synthesis of 4a and 4b: Grey selenium (1 eq.) was suspended in
anhydrous degassed THF under argon atmosphere. The suspension was cooled to 0 °C and n-BuLi
(1.1 eq.) was added dropwise. The resulting white suspension was stirred for 40 minutes. 1a or 1b
(1 eq.) dissolved in 20 mL anhydrous DMF was added dropwise giving a clear orange solution. The
resulting solution was stirred overnight at room temperature. Full conversion of starting material was
confirmed by GC-MS analysis. THF and hexanes were distilled off under reduced pressure and
100 mL anhydrous DMF was added. Ethyl bromoacetate (2 eq.) was added and the resulting solution
was refluxed overnight. Potassium carbonate (2 eq.) was added and the reaction mixture was
refluxed for four hours. The reaction mixture was cooled to room temperature, 100 mL 2N NaOH
was added and the product was extracted repeatedly with ethyl acetate. The organic layer was

washed with brine, dried over anhydrous Na,SO4 and concentrated in vacuo.

86



Ethyl benzo[b]selenophene-2-carboxylate (4a). Starting from n-BuLi (44 mL, 110 mmol) in 160
mL THF, freshly distilled o-chlorobenzaldehyde (14.06 g, 100 mmol), ethyl bromoacetate (33.6 g,
200 mmol) and potassium carbonate (27.6 g, 200 mmol) 4a was synthesized according to the general
procedure. 4a was purified by distillation (0.15 mbar, 120 °C) and isolated in 74% yield (18.81 g) as
a yellow oil. The obtained NMR and HRMS data were consistent with those acquired from the
multistep procedure.

Ethyl 3-methylbenzo[b]selenophene-2-carboxylate (4b). Starting from from n-BuLi (26.4 mL, 66
mmol) in 100 mL THF, o-chloroacetophenone (9.30 g, 60 mmol), ethyl bromoacetate (20.04 g, 120
mmol) and potassium carbonate (16.58 g, 120 mmol) 4b was synthesized according to the general
procedure. 4b was purified by column chromatography (light petroleum: ethyl acetate 9:1) and
isolated in 57% yield (9.10 g) as a yellow solid. TLC (180 g silica gel, light petroleum : ethyl acetate
7:1): Rg=0.61. F, = 42.3 - 43.1 °C. 'H NMR (400 MHz, CDCl3): & = 7.89 - 7.81 (m, 2 H), 7.45 -
7.38 (m, 2 H), 4.38 (q, J = 7.3 Hz, 2 H), 2.73 (s, 3 H), 1.41 (t, J = 7.3 Hz, 3 H) ppm. °C NMR (100
MHz, CDCls): 8 = 164.5 (s), 143.9 (s), 142.7 (s), 141.7 (s), 129.1 (s), 127.0 (d), 125.6 (d), 125.5 (d),
124.6 (d), 61.1 (t), 14.3 (q), 14.4 (q) ppm. "’Se NMR (76 MHz, CDCl;): 8 = 521 ppm. HR-ESI-
FTMS [M+H]" m/z calcd. 269.0075 for C1,H;30,Se *, found 269.0075.

3-Methylbenzo[b]selenophene-2-carboxylic acid (5). 4b (5.44 g, 20 mmol, 1 eq.) and sodium
hydroxide (1.60 g, 40 mmol, 2 eq.) were refluxed in 60 mL solvent (methanol : H,O 2:3) for four
hours. Conversion was monitored by TLC (dichloromethane : methanol 9:1). The reaction mixture
was cooled to room temperature and 2 N HCI was added. The precipitate was filtrated and dried in
vacuo. 5 was isolated in 91% yield (4.34 g) as a colourless solid. TLC (silica gel, dichloromethane :
methanol 9:1): Ry = 0.38. F, = 189.2 - 191.4 °C. '"H NMR (600 MHz, DMSO-d): & = 13.32 (bs, 1
H), 8.08 - 8.07 (m, 1 H), 7.94 - 7.92 (m, 1 H), 7.50 - 7.45 (m, 2 H), 2.66 (s, 3 H) ppm. °C NMR
(150 MHz, DMSO-de): & = 165.5 (s), 142.6 (s), 142.6 (s), 140.9 (s), 130.6 (s), 127.3 (d), 126.1 (d),
125.8 (d), 125.0 (d), 14.1 (q) ppm. "Se NMR (114 MHz, DMSO-dg): & = 516 ppm.

3-Methylbenzo[b]selenophene (6). 5 (4.07 g, 17 mmol, 1 eq.) and copper (486 mg, 7.7 mmol,
0.45 eq.) were refluxed in 40 mL quinoline for three hours. The reaction mixture was cooled to room
temperature and 2 N HCI was added. The aqueous layer was extracted repeatedly with diethyl ether.
The organic layer was washed with brine, dried over anhydrous Na,SO4 and concentrated in vacuo.
6 was purified by column chromatography (90 g silica gel, light petroleum) and isolated in 94%
yield (3.12 g) as a yellow liquid. TLC (silica gel, light petroleum): Ry = 0.63. 'H NMR (400 MHz,
CDCl3): 6=8.12-8.10 (m, 1 H), 7.90 - 7.88 (m, 1 H), 7.71 (d, J = 1.3 Hz, 1 H), 7.61 (ddd, J = 8.1,
7.0, 1.1 Hz, 1 H), 7.50 (ddd, J = 8.3, 7.0, 1.2 Hz, 1 H), 2.57 (d, J = 1.3 Hz, 3 H) ppm. *C NMR (100
MHz, CDCls): 6 = 141.8 (s), 141.4 (s), 134.9 (s), 125.8 (d), 124.1 (d), 124.1 (d), 123.4 (d), 123.2 (d),
15.8 (q) ppm. ''Se NMR (76 MHz, CDCl3): 8 = 479 ppm. HR-ESI-FTMS [M+H]" m/z calcd.
196.9864 for CoHoSe ", found 196.9882.
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Benzo[b]selenophene-3-carbaldehyde (7). 6 (1.07 g, 5.5 mmol, 1 eq.) and SeO, (732 mg, 6.6
mmol, 1.2 eq.) were refluxed in 10 mL anhydrous 1,4-dioxane for six hours. The reaction mixture
was cooled to room temperature, grey selenium was filtered over celite and the obtained solution
was concentrated in vacuo. The crude product was purified by column chromatography (90 g silica
gel, light petroleum : ethyl acetate 8:1) and isolated in 90% yield (1.04 g) as a colourless solid. TLC
(silica gel, light petroleum : ethyl acetate 9:1): Ry = 0.42. F, = 87.8 - 88.2 °C. 'H NMR (600 MHz,
CDCls): 6 =10.08 (s, 1 H), 9.00 (s, 1 H), 8.78 - 8.77 (m, 1 H), 7.93 - 7.91 (m, 1 H), 7.52 - 7.49 (m, 1
H), 7.42 - 7.40 (m, 1 H) ppm. °C NMR (150 MHz, CDCls): & = 186.1 (d), 149.3 (d), 142.4 (s),
140.0 (s), 137.0 (s), 126.6 (d), 126.3 (d), 126.0 (d), 125.3 (d) ppm. "’Se NMR (114 MHz, CDCl;): &
=537 ppm. HR-ESI-FTMS [M+H]+ m/z caled. 210.9657 for CoH;0Se", found 210.9659.

Benzo[b]selenophene-2-methanol (8a). 4a (10.13 g, 40 mmol, 1 eq.) was dissolved in 100 mL
anhydrous THF. The solution was cooled to 0 °C and LiAlH4 (1.52 g, 40 mmol, 1 eq.) was added in
portions. The reaction mixture was stirred at room temperature for one hour and hydrolysed with 2 N
NaOH. The aqueous layer was extracted repeatedly with diethyl ether. The organic layer was washed
with brine, dried over anhydrous Na,SO4 and concentrated in vacuo. 8a was isolated in 97% yield
(8.20 g) as a colourless solid. TLC (silica gel, light petroleum : ethyl acetate 3:1): R = 0.49. F, =
107.7 - 108.5 °C. "H NMR (400 MHz, CDCl;): & = 7.88 - 7.86 (m, 1 H), 7.73 - 7.71 (m, 1 H), 7.37 -
7.33 (m, 2 H), 7.27 - 7.23 (m, 1 H), 4.95 (d, I = 1.2 Hz, 2 H) ppm. °C NMR (100 MHz, CDCl;): & =
149.2 (s), 141.9 (s), 141.3 (s), 125.6 (d), 125.2 (d), 124.6 (d), 124.4 (d), 124.4 (d), 62.9 (t) ppm. "'Se
NMR (76 MHz, CDCls): 6 = 513 ppm.

Benzo[b]selenophene-3-methanol (8b). 7 (1.34 g, 6.4 mmol, 1 eq.) was dissolved in 20 mL
anhydrous ethanol. The solution was cooled to 0 °C and NaBH4 (242 mg, 6.4 mmol, 1 eq.) was
added in portions. The reaction mixture was stirred at room temperature for three hours and
hydrolysed with water. The aqueous layer was extracted repeatedly with diethyl ether. The organic
layer was washed with brine, dried over anhydrous Na,SO, and concentrated in vacuo. 8b was
isolated in 92% yield (1.24 g) as a yellow oil. TLC (silica gel, light petroleum : ethyl acetate 3:1): Ry
= 0.46. '"H NMR (600 MHz, CDCl3): 8 = 7.93 - 7.92 (m, 1 H), 7.91 (s, 1 H), 7.86 - 7.84 (m, 1 H),
7.41 (ddd, J=8.1, 7.1, 1.1 Hz, 1 H), 7.33 (ddd, J = 8.5, 6.9, 1.2 Hz, 1 H), 4.87 (d, J = 0.9 Hz, 2 H)
ppm. °C NMR (150 MHz, CDCl3): & = 142.1 (s), 139.8 (s), 139.0 (s), 126.1 (d), 126.0 (d), 124.8
(d), 124.5 (d), 123.7 (d), 61.3 (t) ppm. "’Se NMR (114 MHz, CDCls): & = 491 ppm.

3-Bromobenzo[b]selenophene-2-methanol (9a). 8a (7.39 g, 35 mmol, 1 eq.) was dissolved in 150
mL chloroform. The solution was cooled to 0 °C and N-bromosuccinimide (6.22 g, 35 mmol, 1 eq.)
was added in portions. The reaction mixture was stirred at room temperature for one hour and
hydrolysed with 50 mL 2 N NaOH. The aqueous layer was extracted repeatedly with chloroform.
The organic layer was dried over anhydrous Na,SO4 and 9a was isolated in 86% yield (8.68 g). TLC
(silica gel, light petroleum : ethyl acetate 3:1): Rr=0.62. F, = 103.2 - 104.9 °C. "H NMR (600 MHz,
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CDCl): 6 =791 (dd, J = 8.3, 0.8 Hz, 1 H), 7.78 (dd, J = 8.2, 0.9 Hz, 1 H), 7.39 (ddd, J = 8.3, 7.0,
1.3 Hz, 1 H), 7.31 (ddd, = 8.2, 6.8, 1.3 Hz, 1 H), 4.87 (s, 2 H) ppm. °C NMR (150 MHz, CDCl;):
S =141.7 (s), 139.8 (s), 137.7 (s), 125.3 (d), 125.2 (d), 125.1 (d), 124.0 (d), 116.4 (s), 58.7 (t) ppm.
7Se NMR (114 MHz, CDCls): & = 581 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 290.8918 for
CoHBrOSe", found 290.8915.

2-Bromobenzo[b]selenophene-3-methanol (9b). 8b (2.01 g, 9.5 mmol, 1 eq.) was dissolved in 10
mL anhydrous chloroform. The solution was cooled to 0 °C and N-bromosuccinimide (1.69 g, 9.5
mmol, 1 eq.) was added in portions. The reaction mixture was stirred at room temperature for one
hour and hydrolysed with 50 mL 2 N NaOH. The aqueous layer was extracted repeatedly with
diethyl ether. The organic layer was dried over anhydrous Na,SOy, the crude product was purified by
column chromatography (50 g silica gel, light petroleum : ethyl acetate 9:1). 9b was isolated as
yellow oil in 45% yield (1.23 g). TLC (silica gel, light petroleum : ethyl acetate 3:1): Ry = 0.60. F, =
139.6 - 142.1 °C. "H NMR (600 MHz, CDCl;): & = 7.91 - 7.90 (m, 1 H), 7.79 - 7.77 (m, 1 H), 7.39
(ddd, T=8.2, 6.9, 1.3 Hz, 1 H), 7.31 (ddd, ] = 8.2, 6.9, 1.3 Hz, 1 H), 4.87 (s, 2 H) ppm. °C NMR
(150 MHz, CDCl3): 6 = 141.7 (s), 139.9 (s), 137.7 (s), 125.3 (d), 125.2 (d), 125.1 (d), 124.0 (d),
116.5 (s), 58.8 (t) ppm. "Se NMR (114 MHz, CDCl3): 8 = 581 ppm. HR-ESI-FTMS [M+H]" m/z
calcd. 290.8918 for CoHgBrOSe", found 290.8913.

3-Bromobenzo[b]selenophene-2-carbaldehyde (10a). 9a (8.70 g, 30 mmol, 1 eq.) was dissolved in
150 mL ethyl acetate. MnO, (15.65 g, 180 mmol, 6 eq.) was added and the reaction mixture was
stirred at room temperature overnight. The reaction mixture was filtered over celite, concentrated,
dissolved in dichloromethane and stirred with active charcoal for one hour. The charcoal was filtered
over celite and 10a was isolated in 75% yield (6.50 g) as a colourless solid. TLC (silica gel, light
petroleum : ethyl acetate 15:1): Ry = 0.54. F, = 99.7 - 102.1 °C. 'H NMR (600 MHz, CDCl3): & =
10.20 (s, 1 H), 8.12 - 8.10 (m, 1 H), 7.93 - 7.92 (m, 1 H), 7.54 - 7.49 (m, 2 H) ppm. °C NMR (150
MHz, CDCls): 6 = 186.2 (d), 141.2 (s), 140.1 (s), 139.5 (s), 129.2 (d), 127.2 (d), 126.3 (d), 126.1 (d),
120.4 (s) ppm. "'Se NMR (114 MHz, CDCls): 8 = 536 ppm. HR-ESI-FTMS [M+H]" m/z calcd.
288.8762 for CoH¢BrOSe", found 288.8758.

2-Bromobenzo[b]selenophene-3-carbaldehyde (10b). 9b (1.62 g, 5.6 mmol, 1 eq.) was dissolved
in 150 mL ethyl acetate. MnO, (2.92 g, 33.6 mmol, 6 eq.) was added and the reaction mixture
refluxed for 30 hours. The reaction mixture was filtered over celite, concentrated and 10b was
isolated in 98% yield (1.58 g) as a colourless solid. TLC (silica gel, light petroleum : ethyl acetate
7:1): Re= 0.60. F, = 140.8 - 143.6 °C. 'H NMR (400 MHz, CDCls): & = 10.21 (s, 1 H), 8.79 (dd, T =
8.1, 1.4 Hz, 1 H), 7.76 (dd, J = 8.1, 1.0 Hz, 1 H), 7.46 - 7.36 (m, 2 H) ppm. *C NMR (100 MHz,
CDCls): 6 =186.3 (d), 140.7 (s), 137.4 (s), 137.1 (s), 134.5 (s), 126.4 (d), 126.3 (d), 125.6 (d), 124.3
(d) ppm. "’Se NMR (76 MHz, CDCl3): 8 = 618 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 288.8762
for CoHgBrOSe”, found 288.8756.
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RESULTS AND DISCUSSION

The synthetic pathway toward benzo[b]selenophene carboxylic acid esters is based on a
Fiesselmann type reaction (Scheme 1) and was planned to give target compounds in a one-pot
procedure (route 1) without the need of isolating intermediate products. The synthetic sequence was
first probed by a stepwise approach yielding 4a (route 2). Introduction of selenium in commercially
available 1a was achieved by nucleophilic aromatic substitution applying in situ generated lithium
methyl selenide giving, rise to methyl selenide 2 in 42% yield. The applied method inspired by
Tiecco et al.'® introduces selenium as organo-selenide, while earlier reports on the synthesis toward
phenyl selenides are based on lithiation of the phenyl ring and subsequent conversion with elemental
selenium requiring protective groups for carbonyl substituents.'” Thus the need for derivatization of
the carbonyl functionality and the tedious preparation of unstable Na,Se or NaHSe frequently used

1.'7!® Further conversion

to prepare phenyl selenides are avoided by the applied synthetic protoco
toward 3 was realized by refluxing 2 with ethyl bromoacetate following a similar procedure reported
by Renson et al."” This step was proposed to proceed by the addition of ethyl bromoacetate to the
aryl methyl selenide forming an intermediate selenonium bromide.”® Thermal decomposition of this
salt gave rise to arylselenoacetic ester 3 in 73% yield. Finally ring closure toward
benzo[b]selenophene carboxylate 4a was achieved by applying a base-induced condensation reaction

in 96% yield.

A (@] i Se
— @L/fcooa
Cl

1a Route 1 4a

¢ -
e
Se” SeYOV
(0]

2 3
Route 2

Scheme 1: One-pot (route 1): i: grey selenium, n-BuLi, THF, r.t. 40 min / DMF, ethyl bromoacetate, reflux / K,COs3,
120 °C; and stepwise synthesis procedure (route 2): ii: grey selenium, MeLi THF, r.t. 40 min; iii: ethyl bromoacetate,

reflux; iv. DMF, K,COs3, 120 °C.

Based on the obtained results a one-pot approach toward 4a avoiding the necessity of isolating 2 and
3 was pursued. Since the decomposition of the in situ generated triorgano-selenonium bromide
generates toxic bromomethane as side product, the first step of the synthetic pathway was altered:
instead of lithium methyl selenide its butyl analog, generated in situ from elementary selenium and

n-butyllithium, was applied. The reaction progress was monitored by GC-MS analysis and clean
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conversion toward the respective aryl butyl selenide could be observed. Subsequently the solvent
was distilled off under vacuum and replaced by DMF in order to achieve the high reaction
temperatures necessary for the decomposition of the selenonium salt. Ethyl bromoacetate was added,
the reaction mixture was refluxed and after an appropriate reaction time base was added. The desired
compound 4a was obtained in 74% yield, however GC-MS analysis revealed butyl
benzo[b]selenophene-2-carboxylate as side product. The formation of the latter can be attributed to
trans-esterification of 4a with butanol, which originates from the hydrolysis of butyl bromide
generated during the decomposition of the selenonium bromide.

The developed procedure was also applied to o-chloroacetophenone (Scheme 2) giving rise to 4b
in 57% yield.

O

i Se
— y COOEt
Cl

1b 4b

Scheme 2: Synthesis of 4b. Reaction conditions: i: grey selenium, n-BuLi, THF, r.t., 40 min / DMF, ethyl
bromoacetate, reflux / K,COs, 120 °C.

Since benzo[b]selenophenes substituted in the 2- and 3-position bearing both a carbonyl group and
a properly substituted reaction site for successive cross-coupling (e.g., a halogenide) constitute
essential building blocks for various disciplines (Figure 1), an efficient and reliable synthetic
methodology was probed toward both isomers 10a and 10b. Both functional groups provide valuable
strategic linking points for further transformation. Furthermore, the planned strategy should be high-
yielding and based on the application of low-cost reagents suitable for materials science and
medicinal chemistry without the need of complex purification.

The reaction toward 10a (Scheme 3) was achieved by reducing the obtained ester 4a applying
LiAlH4 in 97% yield. Subsequent bromination of alcohol 8a gave 9a in 86% yield, further oxidation
with MnQO; led to aldehyde 10a in 75% yield.

The synthetic pathway toward isomer 10b (Scheme 3) was planned to proceed via alcohol 8b
including two additional steps to remove the carboxylate functionality. Saponification of 4b in 91%
yield, decarboxylation of the obtained acid § in 94% yield, and oxidation of 6 using SeO, gave
aldehyde 7 (90% yield). Further reduction applying NaBH4 led to alcohol 8b in 92% yield.
Bromination of 8b with N-bromosuccinimide led to 9b in 45% yield, which gave rise to 10b in 98%

yield after oxidation.
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Scheme 3: Synthesis of substituted benzo[b]selenophenes. Reaction conditions: i: LiAlH,, THF; ii: NBS, CHCI; or
THEF; iii: MnO,, CHCI; or ethyl acetate; iv: NaOH, H,O / MeOH, reflux; v: Cu, quinoline, 160 °C; vi: SeO,, 1,4-dioxane,
reflux; vii: NaBH,, EtOH.

CONCLUSION

In conclusion, a synthetic methodology toward benzo[b]selenophene carboxylic acid esters could be
devised and developed into a one-pot procedure, which supersedes the isolation of intermediate
compounds and is superior in yield over a stepwise approach. The synthetic protocol is applicable
for commercially available low-cost starting materials giving rise to valuable substitution patterns.
The benzo[b]selenophene carboxylic acid esters could easily be converted to bromo-substituted
benzo[b]selenophene carbaldehydes, which constitute attractive building blocks for different

disciplines.
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A reliable synthetic protocol toward a series of fused chalcogenopheno[1]benzochalcogenophene
(CBC) building blocks was developed based on a Fiesselmann reaction. The obtained CBC units
were applied in McMurry, Sonogashira and Stille coupling reactions toward symmetric ene- and
yne-linked dimers. These potentially semiconducting compounds were characterized regarding their
photophysical, electrochemical and thermal properties and proved to be thermally stable materials
with reduced bandgaps and low HOMO energy levels. Single-crystal X-ray diffraction experiments

revealed strong intermolecular selenium-selenium and selenium-carbon interactions.
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INTRODUCTION

Organic electronic field-effect transistors (OFETs) have attracted attention due to their potential
advantages of flexibility, large-area fabrication, and low weight.! Accordingly, OFETs are being
considered for applications in electronic paper,” organic light emitting displays, and sensor devices,’
such as electronic noses (e-nose),® electronic skin (e-skin),” medical diagnostics,” environmental
monitoring’ but also in everyday technology like radio frequency identification tags (RFIDs).?

Since the first OFETs emerged,” many efforts have been dedicated to improving their performance
by adopting new organic semiconductors (OSC) or optimizing the device configuration.'® Despite
the broad fields of promising applications of organic semiconductors, there is still a need for further
research to obtain stable materials bearing high charge carrier mobility for fast electrical switching,
low operating voltages, and large on/off ratios."!

In order to achieve good OFET performance both the film morphology and the molecular
arrangement in organic semiconducting layers play significant roles.'” The molecular packing and
consequently charge carrier mobility are essentially determined by intermolecular coupling between
the m-electron clouds of aromatic molecules, which is maximized when molecules adopt a face-to-

10,13,14 . . . .
34 Tntermolecular 7+ 7w and C-H---w interactions are predominant in acenes and

face orientation.
their thiophene analogues. The incorporation of sulfur in acenes may induce an effective overlap
between the HOMOs of neighbouring molecules in the solid state due to the large electron densities
on the heteroatoms.'” Consequently, the molecular packing in sulfur-rich thienoacenes is strongly
influenced by the combination of intermolecular multiple S---S, S---C, and CH:--m interactions,
which in turn can be correlated to high charge carrier mobility.'®'” Another benefit of replacing
benzene rings with heteroaromatic groups is the increase of the molecular oxidation stability.'
Recently, we have published on the electrical properties of OFET materials based on thieno[2,3-
b][1]benzothiophene building blocks connected by different n-spacers (e.g. ethylene spacer, BTTE;
Figure 1, left) exhibiting both high stability and charge carrier mobility."® Also DTBTE materials

(Figure 1, right) were reported revealing strong intermolecular S---S, S---C, and CH: ‘& interactions,

which can be correlated with high charge carrier mobility."

S

S
//S/;/S /S\/\S/
S
BTTE DTBTE

Figure 1: Thieno[1]benzothiophene-based organic field-effect transistors BTTE (left) and DTBTE (right) exhibiting

mobilities up to 3.3 x 103 cm? V- sl and 0.5 ecm® V' s, respectively.

Further enhancement of intermolecular overlap may be achieved by molecular modification of

thienoacenes: the substitution of sulfur with selenium atoms may increase interactions in organic
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compounds due to the larger atomic radius and therefore higher polarizability of selenium atoms,*
possibly enhancing device performance by improvement of intermolecular overlap in the solid state
and thus charge carrier mobility. Thus, selenophene-fused aromatics constitute attractive candidates
for electronic applications. However, due to a lack of available starting materials up to now
development of reliable synthetic pathways toward selenium-based materials is matter of ongoing
research.”’

Herein, we report on the design and synthesis of regioisomeric chalcogenopheno[l]benzo-
chalcogenophene (CBC) building blocks. These selenium-based moieties were applied in a series of
symmetrical ene- and yne-linked potential organic semiconductors (Schemes 1 and 3), which were
characterized by NMR, UV-Vis absorption spectroscopy, cyclic voltammetry, and X-ray diffraction
(XRD). In particular, the effect of the selenium position and the annelation side of the CBC subunits

on the electronic and optical properties of these materials was matter of interest.

EXPERIMENTAL SECTION

Substances purchased from commercial sources were used as received. frans-1,2-Bis(tri-n-
butylstannyl)ethylene and titanium tetrachloride were purchased from ACROS Co, N-
bromosuccinimide from Apollo Scientific Ltd. and grey selenium from Aldrich Chemical Co. 3-
Bromobenzo[b]thiophene-2-carboxaldehyde (CAS 10135-00-9),* 2-bromobenzo[b]thiophene-3-
carboxaldehyde (CAS 39856-98-9),> 3-bromobenzo[b]selenophene-2-carboxaldehyde (CAS 26581-
53-3)** and 2-bromobenzo[b]selenophene-3-carboxaldehyde (CAS 26526-30-7)** were synthesized
according to literature. Anhydrous tetrahydrofuran (THF), diethyl ether, toluene and
dichloromethane (DCM) were prepared immediately prior to use by a PURESOLV-plant (it-
innovative technology inc.). Technical grade solvents were distilled prior to use. Analytical TLC was
performed on Merck silica gel 60 F254 plates. Chromatographic separations at preparative scale
were carried out on silica gel (Merck silica gel 60, 40 - 63 um). Nuclear magnetic resonance (NMR)
spectra were obtained using a Bruker Avance III HD 600 MHz with cryo probe or Avance III HD
400 MHz fourier transform spectrometer operating at the following frequencies: Avance II1 HD 600
MHz: 600.2 MHz (‘H), 150.9 MHz (°C) and 114.5 MHz ("’Se); Avance III HD 400 MHz: 400.1
MHz ('H), 100.6 MHz (°C) and 76.5 MHz ("’Se). The 'H and °C chemical shifts are reported in &
units, parts per million (ppm) downfield from tetramethylsilane using residual solvent signals for
calibration. "’Se chemical shifts are given in ppm relative to dimethylselenide, using selenophene (8
= 605 ppm)> as an external secondary standard. Coupling constants are reported in Hertz;
multiplicity of signals is indicated by using following abbreviations: s=singlet, d=doublet, t=triplet,
q=quartet, quin=quintet. The multiplicity of '>C signals was obtained by measuring JMOD spectra.
High-resolution mass spectra (HRMS) were acquired using a Thermo Scientific LTQ Orbitrap XL
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hybrid FTMS (Fourier Transform Mass Spectrometer) equipped with Thermo Fischer Exactive Plus
Orbitrap (LC-ESI+) and a Shimadzu IT-TOF Mass Spectrometer.

UV-Vis absorption spectra were recorded in DCM solutions (5 uM) with a Perkin Elmer Lambda
750 spectrometer. Cyclic voltammetry was performed using a three electrode configuration
consisting of a Pt working electrode, a Pt counter electrode and an Ag/AgCl reference electrode and
a PGSTATI128N, ADC164, DAC164, External, DI048 potentiostat provided by Metrohm Autolab B.
V. Measurements were carried out in a 0.5 mM solution in anhydrous DCM (oxidation scan) with
BusNBF,4 (0.1 M) as the supporting electrolyte. The solutions were purged with nitrogen for 15
minutes prior to measurement. HOMO energy levels were calculated from the onset of oxidation.
The onset potential was determined by the intersection of two tangents drawn at the background and
the rising of oxidation peaks. The thermal behavior of substances 7a-c was studied with differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) using a Netzsch simultaneous
thermal analyzer (STA 449 F1 Jupiter). Powder samples with a mass of approx. 10 mg were slightly
pressed into the bottom of open aluminum pans and heated at 10 °C/min from 25 °C to 500 °C under
N, gas at a flow rate of 40 mL/min. The STA 449 Type-K thermocouples were calibrated using
indium, tin, bismuth and zinc metals.

All DFT computations were performed using the Gaussian 09 package, revision A.02.%° For the
calculation of HOMO/LUMO levels of compounds 7a-c, 11a-c, 17 and 20 ground state (Sy)
geometries were optimized in gas phase within C3 symmetry using the Becke three parameters
hybrid functional with Lee—Yang—Perdew correlation (B3LYP)?”** in combination with Pople basis
set 6-311+G*.*

General procedure toward 3a, 3¢, 4a and 4¢. Grey selenium (1.1 eq.) was suspended in anhydrous
ethanol under argon atmosphere and cooled to 0 °C. Sodium borohydride (1.43 eq.) was added in
portions and stirred for 40 minutes. Sodium hydride was added as dispersion (60%, 0.98 eq.). After
30 minutes a solution of 1a,b or 2a,b (1 eq.) in anhydrous THF was added and the obtained solution
was stirred for two hours at room temperature. Subsequently, ethyl bromoacetate (2.16 eq.) was
added dropwise resulting in a suspension. After one hour sodium ethanolate (2 eq.) was added and
the reaction mixture was stirred for further 12 hours at room temperature. The reaction mixture was
quenched with water, the aqueous phase was extracted repeatedly with ethyl acetate, the obtained
organic layers were washed with water and 10% NH4CI solution, dried over anhydrous sodium
sulfate and concentrated under reduced pressure. The obtained crude product was purified by column
chromatography.

Ethyl selenolo[3,2-b][1]benzothiophene-2-carboxylate (3a). According to the general procedure 3a
was synthesized applying grey selenium (533 mg, 6.7 mmol) suspended in 30 mL anhydrous
ethanol, sodium borohydride (332 mg, 8.8 mmol), sodium hydride (240 mg, 6 mmol), a solution of
1a (1.48 g, 6.1 mmol) in 40 mL anhydrous THF, ethyl bromoacetate (2.38 g, 13.3 mmol) and sodium
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ethanolate (12.2 mmol). After work-up the crude product was purified by column chromatography
(light petrol / ethyl acetate 5%, 90 g silica gel) and 3a was obtained as yellow solid in 72% yield
(1.37 g). Rf = 0.74 (light petrol / ethyl acetate 6:1). F, = 108.3 - 109.2 °C. 'H NMR (600 MHz,
CDCls): 6=8.27 (s, 1 H), 7.89 - 7.81 (m, 2 H), 7.45 - 7.42 (m, 2 H), 4.40 (q, J = 7.2 Hz, 2 H), 1.41
(t, J=7.2 Hz, 3 H) ppm. °C NMR (150 MHz, CDCl3): & = 163.3 (s), 143.0 (s), 141.2 (s), 139.4 (s),
138.4 (s), 134.8 (s), 129.0 (d), 125.9 (d), 125.0 (d), 123.8 (d), 122.5 (d), 61.6 (t), 14.3 (q) ppm. "'Se
NMR (114 MHz, CDCl;): 8 = 542.2 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 310.9639 for
C13H110,88e”, found 310.9634.

Ethyl selenolo[3,2-b][1]benzoselenophene-2-carboxylate (3¢). According to the general procedure
3¢ was synthesized applying selenium (869 mg, 11 mmol) suspended in 50 mL anhydrous ethanol,
sodium borohydride (541 mg, 14.3 mmol), sodium hydride (376 mg, 9.8 mmol), a solution of 1b
(2.88 g, 10 mmol) in 20 mL anhydrous THF, ethyl bromoacetate (3.89 g, 21.6 mmol) and sodium
ethanolate (20 mmol). After work-up the crude product was purified by column chromatography
(light petrol / ethyl acetate 5%, 90 g silica gel) and 3¢ was obtained as yellow solid in 95% yield
(3.38 g). Ry =0.69 (light petrol / ethyl acetate 6:1). F, =90.1 - 90.9 °C. "H NMR (CDCls, 400 MHz):
8=28.27(s,1H),7.93-792(m,1H),7.85(dd,J="7.7,1.0 Hz, 1 H), 7.44 (ddd, J =8.1, 7.1, 1.2 Hz,
1 H), 7.35(ddd, J =8.2,7.1, 1.2 Hz, 1 H), 439 (q,J = 7.2 Hz, 2 H), 1.41 (t,J = 7.2 Hz, 3 H) ppm.
BC NMR (100 MHz, CDCls): & = 163.2 (s), 144.4 (s), 143.2 (s), 138.8 (s), 137.0 (s), 135.7 (s), 131.8
(d), 126.9 (d), 126.0 (d), 125.5 (d), 124.1 (d), 61.6 (t), 14.4 (q) ppm. "'Se NMR (76 MHz, CDCls): &
= 569.7, 494.0 ppm. HR-ESI-FTMS [MJrH]+ m/z caled. 358.9084 for C;3H;;0,Se,", found
358.9081.

Ethyl selenolo[2,3-b][1]benzothiophene-2-carboxylate (4a). According to the general procedure 4a
was synthesized applying grey selenium (1.30 g, 16.5 mmol) suspended in 30 mL anhydrous
ethanol, sodium borohydride (811 mg, 21.45 mmol), sodium hydride (546 mg, 14.7 mmol), a
solution of 2a (3.62 g, 15 mmol) in 20 mL THF, ethyl bromoacetate (5.83 g, 32.4 mmol) and sodium
ethanolate (30 mmol). After work-up the crude product was purified by column chromatography
(light petrol / DCM 40%, 90 g silica gel) and 4a was obtained as yellow solid in 91% yield (4.24 g).
R¢=0.68 (light petrol / ethyl acetate 6:1). F, = 89.7 - 92.2 °C. 'H NMR (CDCls, 600 MHz): & = 8.47
(s, 1 H), 7.95-793 (m, 1 H), 7.83 - 7.82 (m, 1 H), 7.43 (ddd, ] = 8.7, 6.8, 1.1 Hz, 1 H), 7.35 (ddd, J
= 8.9, 6.6, 1.1 Hz, 1 H), 440 (q, J = 7.2 Hz, 2 H), 1.42 (t, ] = 7.2 Hz, 3 H) ppm. >C NMR (150
MHz, CDCl3): 8 = 163.2 (s), 144.8 (s), 144.1 (s), 143.0 (s), 139.3 (s), 133.9 (s), 127.7 (d), 124.9 (d),
124.6 (d), 122.8 (d), 121.6 (d), 61.5 (t), 14.4 (q) ppm. ’Se NMR (114 MHz, CDCl3): & = 571.1 ppm.
HR-ESI-FTMS [M+H]" m/z caled. 310.9695 for C;3H;,0,SSe", found 310.9633.

Ethyl selenolo[2,3-b][1]benzoselenophene-2-carboxylate (4¢). According to the general procedure
4c was synthesized applying grey selenium (304 mg, 3.85 mmol) suspended in 10 mL anhydrous
ethanol, sodium borohydride (189 mg, 5 mmol), sodium hydride (82 mg, 3.4 mmol), a solution of 2b
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(1.01 g, 3.5 mmol) in 3 mL THF, ethyl bromoacetate (1.36 g, 7.6 mmol) and sodium ethanolate (7
mmol). After work-up the crude product was purified by column chromatography (light petrol / ethyl
acetate 5%, 90 g silica gel) and 4¢ was obtained as colorless solid in 68% yield (851 mg). R¢= 0.66
(light petrol / ethyl acetate 6:1). F, = 100.4 - 102.5 °C. 'H NMR (CDCls, 600 MHz): 8 = 8.47 (s, 1
H), 7.95 (dd, J = 8.0, 1.0 Hz, 1 H), 7.86 - 7.85 (m, 1 H), 7.42 (ddd, ] = 8.2, 6.6, 1.1 Hz, 1 H), 7.30
(ddd, J = 8.3, 6.6, 1.3 Hz, 1H), 440 (q, ] = 7.1 Hz, 2 H), 1.42 (t, J = 7.1 Hz, 3 H) ppm. °C NMR
(150 MHz, CDCls): 6 = 163.1 (s), 145.9 (s), 144.4 (s), 142.6 (s), 140.6 (s), 136.1 (s), 128.9 (d), 125.9
(d), 125.3 (d), 124.9 (d), 123.1 (d), 61.5 (1), 14.4 (q) ppm. "’Se NMR (114 MHz, CDCl;): & = 601.5,
512.0 ppm.

General procedure toward 3b and 4b. The properly substituted aldehyde 1b or 2b (1 eq.), ethyl
mercaptoacetate (1.17 eq.) and K,COj (2 eq.) were suspended in anhydrous DMF and stirred at room
temperature for 48 hours. The reaction mixture was quenched with water and the aqueous phase was
extracted repeatedly with DCM. The obtained organic phases were washed with a saturated NH,4Cl
solution, dried over anhydrous sodium sulfate and concentrated under reduced pressure. The
obtained crude product was purified by column chromatography.

Ethyl [1]benzoselenopheno[3,2-b]thiophene-2-carboxylate (3b). 1b (500 mg, 1.7 mmol), ethyl
mercaptoacetate (240 mg, 2 mmol) and K,CO; (484 mg, 3.5 mmol) were suspended in 3.5 mL DMF.
After work-up the crude product was purified by column chromatography (light petrol / ethyl acetate
5%, 90 g silica gel) and 3b was isolated as yellow solid in 48% yield (253 mg). Ry = 0.68 (light
petrol / ethyl acetate 6:1). F, = 94.4 - 95.3 °C. 'H NMR (600 MHz, CDCl3): & = 8.03 (s, 1 H), 7.91 -
7.88 (m, 2 H), 7.44 (ddd, J = 8.3, 6.7, 1.1 Hz, 1 H), 7.35 (ddd, J = 8.3, 6.7, 1.1 Hz, 1 H), 4.41 (q,J =
7.1 Hz, 2 H), 1.41 (t, J = 7.1 Hz, 3 H) ppm. °C NMR (150 MHz, CDCl3): & = 162.1 (s), 143.7 (s),
142.8 (s), 134.8 (s), 134.4 (s), 134.2 (s), 129.3 (d), 127.0 (d), 126.1 (d), 125.5 (d), 123.2 (d), 61.5 (¢),
14.4 (q) ppm. ""Se NMR (114 MHz, CDCls): 8 = 462.3 ppm. HR-ESI-FTMS [M+H]" m/z calcd.
310.9695 for C3H;;0,SSe”, found 310.9637.

Ethyl [1]benzoselenopheno[2,3-b]thiophene-2-carboxylate (4b). 2b (1.01 g, 3.5 mmol), ethyl
mercaptoacetate (492 mg, 4.1 mmol) and K,COs (967 mg, 7 mmol) were suspended in 7 mL DMF.
After work-up the crude product was purified by column chromatography (light petrol / ethyl acetate
5%, 90 g silica gel) and 4b was isolated as yellow solid in 92% yield (995 mg). Ry = 0.67 (light
petrol / ethyl acetate 6:1). F, = 94.3 - 95.6 °C. 'H NMR (600 MHz, CDCL3): & = 8.21 (s, 1 H), 7.94
(dd,J=7.9,1.0 Hz, 1 H), 7.85 (m, 1 H), 7.44 (ddd, J =8.3, 6.7, 1.2 Hz, 1 H), 7.32 (ddd, J = 8.2, 6.7,
1.2 Hz, 1 H), 441 (q,J=7.2 Hz, 2 H), 1.42 (t, ] = 7.2 Hz, 3 H) ppm. °C NMR (150 MHz, CDCl;):
S =161.9 (s), 144.4 (s), 143.6 (s), 141.2 (s), 137.1 (s), 134.7 (s), 126.2 (d), 126.2 (d), 125.4 (d),
125.4 (d), 123.1 (d), 61.4 (1), 14.4 (q) ppm. "’Se NMR (114 MHz, CDCl;): & = 484.8 ppm. HR-ESI-
FTMS [M+H]" m/z caled. 310.9640 for C3H;;0,SSe”, found 310.9637.
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General procedure toward 5a-c. LiAlH4 (1 eq.) was suspended in anhydrous THF and cooled to 0
°C. The appropriate ester 3a-c¢ (1 eq.) was added as a THF solution. The reaction mixture was stirred
at room temperature and conversion was monitored by TLC (light petrol / ethyl acetate 7:1). The
reaction mixture was quenched drop wise with 2 N NaOH and the aqueous phase was extracted with
DCM. The organic layer was washed with water, dried over anhydrous sodium sulfate and
concentrated under reduced pressure.

Selenolo[3,2-b][ 1 ]benzothiophene-2-methanol (5a). According to the general procedure 3a (1.24
g, 4.00 mmol) was dissolved in 10 mL anhydrous THF and added to a suspension of LiAlH4 (152
mg, 4.00 mmol) in 20 mL anhydrous THF. After work-up the crude product was purified by column
chromatography (light petrol / ethyl acetate 10%, 90 g silica gel) and 5a was isolated as yellow solid
in 80% yield (858 mg). Ry= 0.23 (light petrol / ethyl acetate 4:1). F, = 130.3 - 132.3 °C. 'H NMR
(400 MHz, CDCl3): 6 =7.87 - 7.85 (m, 1 H), 7.78 - 7.76 (m, 1 H), 7.43 - 7.32 (m, 3 H), 4.97 (d, ] =
5.3 Hz, 2 H), 2.06 (t, J = 5.3 Hz, 1 H) ppm. °C NMR (100 MHz, CDCl3): & = 153.1 (s), 141.5 (s),
138.1 (s), 135.5 (s), 135.0 (s), 124.7 (d), 124.4 (d), 123.7 (d), 121.6 (d), 120.0 (d), 62.9 (t) ppm. "'Se
NMR (76 MHz, CDCl;): § = 521.2 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 268.9534 for
C11Hy0SSe”, found 268.9531.

[1]Benzoselenopheno[3,2-b]thiophene-2-methanol (Sb). According to the general procedure 3b
(2.78 g, 9.00 mmol) was dissolved in 10 mL anhydrous THF and added to a suspension of LiAlHy
(342 mg, 9.00 mmol) in 30 mL anhydrous THF. After work-up the crude product was purified by
column chromatography (light petrol / ethyl acetate 10%, 90 g silica gel) and 5b was isolated as
yellow solid in 67% yield (1.61 g). Ry = 0.24 (light petrol / ethyl acetate 4:1). F, = 128.2 - 130.0 °C.
'H NMR (600 MHz, CD,Cl,): & = 7.88 - 7.87 (m, 1 H), 7.79 - 7.78 (m, 1 H), 7.43 - 7.34 (m, 3 H),
4.95 (d, T =5.4 Hz, 2 H), 2.24 (t, ] = 5.4 Hz, 1 H) ppm. ?C NMR (150 MHz, CD,Cl,): & = 154.5 (s),
142.0 (s), 138.7 (s), 136.0 (s), 135.2 (s), 125.3 (d), 124.9 (d), 124.2 (d), 122.0 (d), 120.2 (d), 63.2 (1)
ppm. ’Se NMR (114 MHz, CD,Cl,): 8 = 517.4 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 268.9534
for C1Hs0SSe”, found 268.9533.

Selenolo[3,2-b][ 1 ]benzoselenophene-2-methanol (5¢). According to the general procedure 3c
(3.21 g, 9.00 mmol) was dissolved in 10 mL anhydrous THF and added to a suspension of LiAlHy
(342 mg, 9.00 mmol) in 10 mL anhydrous THF. After work-up the crude product was purified by
column chromatography (light petrol / ethyl acetate 10%, 90 g silica gel) and Se¢ was isolated as
yellow solid in 66% yield (1.85 g). Ry = 0.23 (light petrol / ethyl acetate 4:1). F, = 104.4 -105.8 °C.
"H NMR (600 MHz, CD,Cl,): & = 7.93 - 7.91 (m, 1 H), 7.77 - 7.76 (m, 1 H), 7.43 - 7.40 (m, 2 H),
7.28 (ddd, J=8.3, 6.6, 1.2 Hz, 1 H), 4.95 (dd, J=6.1, 1.1 Hz, 2H), 2.19 (t, ] = 6.1 Hz, 1 H) ppm. °C
NMR (100 MHz, CD,Cl,): & = 153.8 (s), 142.2 (s), 138.1 (s), 138.0 (s), 136.0 (s), 127.3 (d), 125.8
(d), 125.1 (d), 123.6 (d), 123.0 (d), 63.1 (t) ppm. "'Se NMR (114 MHz, CD,Cl,): & = 541.3, 483.6
ppm. HR-ESI-FTMS [M+H]" m/z calcd. 316.8978 for C;;HoOSe,", found 316.8912.
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General procedure toward 6a-c. The appropriate alcohol 5a-¢ (1 eq.) and MnO, (6 eq.) were stirred
in ethyl acetate for 12 hours. The reaction progress was monitored by TLC (light petrol / ethyl
acetate 5:1). The reaction mixture was filtrated over celite and the obtained solution was
concentrated under reduced pressure.

Selenolo[3,2-b][1]benzothiophene-2-carbaldehyde (6a). To a solution of 5a (3.47 g, 13 mmol) in
50 mL ethyl acetate MnO,; (6.64 g, 76 mmol) was added. After work-up according to the general
procedure the crude product was purified by column chromatography (light petrol / ethyl acetate
50%, 90 g silica gel) and 6a was isolated as yellow solid in 75% yield (2.60 g). Rf = 0.50 (light
petrol / ethyl acetate 4:1). F, = 88.9 - 100.5 °C. 'H NMR (400 MHz, CDCls): & = 9.86 (s, 1 H), 8.20
(s, 1 H), 7.91 - 7.88 (m, 2 H), 7.48 - 7.43 (m, 2 H) ppm. >C NMR (100 MHz, CDCls): & = 184.1 (d),
150.1 (s), 143.8 (s), 143.0 (s), 138.8 (s), 134.6 (s), 132.7 (d), 126.6 (d), 125.3 (d), 123.8 (d), 123.2
(d) ppm. ”’Se NMR (76 MHz, CDCl3): § = 519.0 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 266.9377
for C;;H,08Se”, found 266.9374.

[1]Benzoselenopheno[3,2-b]thiophene-2-carbaldehyde (6b). To a solution of Sb (1.34 g, 5 mmol)
in 25 mL ethyl acetate MnO; (2.61 g, 30 mmol) was added. After work-up according to the general
procedure the crude product was purified by column chromatography (light petrol / ethyl acetate
50%, 90 g silica gel) and 6b was isolated as yellow solid in 87% yield (1.15 g). Rf = 0.49 (light
petrol / ethyl acetate 4:1). F, =112.1 - 115.6 °C. 'H NMR (600 MHz, CDCl;): & =9.87 (s, 1 H), 8.22
(s, 1 H), 7.92 - 7.89 (m, 2 H), 7.48 - 7.45 (m, 2 H) ppm. °C NMR (150 MHz, CDCls): § = 184.2 (d),
150.1 (s), 143.8 (s), 143.0 (s), 138.8 (s), 134.6 (s), 132.7 (d), 126.7 (d), 125.3 (d), 123.9 (d), 123.2
(d) ppm. ”’Se NMR (114 MHz, CDCly): 8 = 517.0 ppm. HR-ESI-FTMS [M+H]" m/z calcd.
266.9377 for C;;H;0SSe", found 266.9377.

Selenolo[3,2-b][ 1 ]benzoselenophene-2-carbaldehyde (6¢). To a solution of Sc¢ (1.57 g, 5 mmol) in
25 mL ethyl acetate MnO; (2.61 g, 30 mmol) was added. After work-up according to the general
procedure the crude product was purified by column chromatography (light petrol / ethyl acetate
50%, 90 g silica gel) and 6¢ was isolated as yellow solid in 86% yield (1.34 g). R¢ = 0.49 (light
petrol / ethyl acetate 4:1). F, =110.3 - 112.1 °C. 'H NMR (600 MHz, CDCls): & =9.85 (s, 1 H), 8.20
(s, 1 H), 7.93 - 7.92 (m, 1 H), 7.89 (dd, ] = 7.8, 0.9 Hz, 1 H), 7.45 (ddd, J = 8.4, 6.6, 0.9 Hz, 1 H),
7.38 (ddd, J = 8.6, 6.6, 1.2 Hz, 1 H) ppm. °C NMR (CDCl;, 150 MHz): & = 184.0 (d), 149.4 (s),
146.3 (s), 143.9 (s), 136.7 (s), 136.0 (s), 135.6 (d), 126.9 (d), 126.7 (d), 125.7 (d), 124.7 (d) ppm.
77Se NMR (114 MHz, CDCls): & = 542.2, 494.2 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 314.8822
for C1H;0Se; ", found 314.8820.

General procedure toward 8a-c and 12a-c. The obtained esters 3a-c or 4a-c and (1 eq.) and sodium
hydroxide (2 eq.) were refluxed in a mixture of methanol and water (2:3). The conversion was

monitored by TLC (DCM / MeOH 10:1). The reaction mixture was cooled to room temperature and
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the respective acid was precipitated by addition a sufficient amount of 2 N HCI. The precipitate was
filtered, washed with water and dried in vacuo.

Selenolo[2,3-b][ 1 ]benzothiophene-2-carboxylic acid (8a). A mixture of 4a (760 mg, 2.5 mmol)
and sodium hydroxide (200 mg, 5 mmol) was refluxed in 15 mL solvent for 6 hours. After work-up
according to the general procedure 8a was isolated as yellow solid in 90% yield (623 mg). R¢= 0.24
(DCM / MeOH 10:1). F, = 240.5 - 243.6 °C. 'H NMR (600 MHz, DMSO-dg): & = 13.18 (bs, 1 H),
8.66 (s, 1 H), 8.23 - 8.22 (m, 1 H), 8.04 - 8.03 (m, 1 H), 7.46 - 7.37 (m, 2 H) ppm. °C NMR (150
MHz, DMSO-de): 6 = 164.4 (s), 145.0 (s), 143.7 (s), 142.4 (s), 140.9 (s), 133.8 (s), 128.1 (d), 124.9
(d), 124.6 (d), 123.1 (d), 121.9 (d) ppm. ”’Se NMR (114 MHz, DMSO-ds): & = 582.0 ppm.

[1]Benzoselenopheno[2,3-b]thiophene-2-carboxylic acid (8b). A mixture of 4b (989 mg, 3.2
mmol) and sodium hydroxide (255 mg, 6.4 mmol) was refluxed in 15 mL solvent for 6 hours. After
work-up according to the general procedure 8b was isolated as yellow solid in 74% yield (663 mg).
R¢=0.21 (DCM / MeOH 10:1). F, = 234.0 - 237.6 °C. 'H NMR (600 MHz, DMSO-dg): & = 13.19
(bs, 1 H), 8.41 (s, 1 H), 8.19 - 8.18 (m, 1 H), 8.11 - 8.09 (m, 1 H), 7.44 - 7.43 (m, 1 H), 7.35 - 7.33
(m, 1 H) ppm. *C NMR (150 MHz, DMSO-dg): 8 = 162.9 (s), 143.9 (s), 143.7 (s), 142.3 (s), 137.8
(s), 134.6 (s), 126.7 (d), 126.6 (d), 125.2 (d), 125.1 (d), 123.3 (d) ppm. ""Se NMR (114 MHz,
DMSO-de): 6 =498.7 ppm.

Selenolo[2,3-b][1]benzoselenophene-2-carboxylic acid (8¢). A mixture of 4¢ (854 mg, 2.4 mmol)
and sodium hydroxide (192 mg, 4.8 mmol) was refluxed in 15 mL solvent for 6 hours. After work-
up according to the general procedure 8c was isolated as yellow solid in 81% yield (640 mg). R¢ =
0.20 (DCM / MeOH 10:1). F, =233.5 - 235.3 °C. 'H NMR (600 MHz, DMSO-de): & = 13.09 (bs, 1
H), 8.62 (s, 1 H), 8.19 - 8.18 (m, 1 H), 8.09 - 8.08 (m, 1 H), 7.43 - 7.40 (m, 1 H), 7.32 - 7.29 (m, 1
H) ppm. °C NMR (150 MHz, DMSO-de): & = 164.4 (s), 144.8 (s), 144.6 (s), 144.4 (s), 141.8 (s),
136.3 (s), 129.7 (d), 126.8 (d), 125.5 (d), 125.1 (d), 123.6 (d) ppm. "’Se NMR (114 MHz, DMSO-
de): 06 =0611.0, 526.1 ppm.

Selenolo[3,2-b][1]benzothiophene-2-carboxylic acid (12a). A mixture of 3a (1.37 g, 4.4 mmol)
and sodium hydroxide (350 mg, 8.8 mmol) was refluxed in 15 mL solvent for 6 hours. After work-
up according to the general procedure 12a was isolated as colorless solid in 92% yield (1.15 g). R¢=
0.24 (DCM / MeOH 10:1). F, = 242.7 - 246.5 °C. 'H NMR (600 MHz, DMSO-dg): & = 8.41 (bs, 1
H), 8.15 - 8.08 (m, 2 H), 7.50 - 7.47 (m, 2 H) ppm. >C NMR (150 MHz, DMSO-dg): & = 164.2 (s),
142.2 (s), 141.9 (s), 139.7 (s), 138.5 (s), 134.5 (s), 129.1 (d), 126.0 (d), 125.2 (d), 124.1 (d), 122.9
(d) ppm. ”’Se NMR (114 MHz, DMSO-dy): & = 541.5 ppm.

[1]Benzoselenopheno[3,2-b]thiophene-2-carboxylic acid (12b). A mixture of 3b (248 mg, 0.8
mmol) and sodium hydroxide (60 mg, 1.6 mmol) was refluxed in 9 mL solvent for 2 hours. After
work-up according to the general procedure 12b was isolated as colorless solid in 81% yield (184

mg). Re=0.21 (DCM / MeOH 10:1). "H NMR (400 MHz, DMSO-dg): & = 13.41 (bs, 1 H), 8.20 (s, 1
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H), 8.17(d, J=79Hz, 1 H),8.03(d,J=7.9Hz, 1 H), 7.48 (t, ] =6.8 Hz, 1 H), 7.40 (t, ] = 6.8 Hz, 1
H) ppm. °C NMR (100 MHz, DMSO-d): & = 162.9 (s), 143.6 (s), 141.2 (s), 135.6 (s), 135.4 (s),
133.6 (s), 130.3 (d), 127.5 (d), 126.1 (d), 125.5 (d), 123.1 (d) ppm. ”’Se NMR (76 MHz, DMSO-de):
0 =471.6 ppm.

Selenolo[3,2-b][1]benzoselenophene-2-carboxylic acid (12¢). A mixture of 3¢ (3.56 g, 10 mmol)
and sodium hydroxide (800 mg, 20 mmol) was refluxed in 60 mL solvent for 2 hours. After work-up
according to the general procedure 12¢ was isolated as colorless solid in 76% yield (2.48 g). R¢ =
0.19 (DCM / MeOH 10:1). "H NMR (600 MHz, DMSO-ds): & = 13.33 (bs, 1 H), 8.43 (s, 1 H), 8.17
(d, 7=7.9Hz, 1 H), 8.08 (d, ] = 7.7 Hz, 1 H), 7.48 - 7.45 (m, 1 H), 7.41 - 7.38 (m, 1 H) ppm. °C
NMR (150 MHz, DMSO-de): 6 = 164.1 (s), 143.1 (s), 142.9 (s), 139.9 (s), 136.9 (s), 136.6 (s), 132.7
(d), 127.3 (d), 126.0 (d), 125.6 (d), 124.2 (d) ppm. "’Se NMR (114 MHz, DMSO-ds): & = 564.3,
498.2 ppm.

General procedure toward 9a-c and 13a-c. Decarboxylation of carboxylic acids was achieved by
refluxing 8a-c or 12a-c and copper (0.45 eq.) in quinoline. The conversion was monitored by TLC
(DCM / MeOH 10:1). The reaction mixture was cooled to room temperature and repeatedly
extracted with chloroform after addition of 2 N HCI. The obtained organic phases were washed with
water, dried over anhydrous sodium sulfate and concentrated under reduced pressure. The obtained
crude product was purified by column chromatography (light petrol, 90 g silica gel).

Selenolo[2,3-b][1]benzothiophene (9a). 8a (815 mg, 2.9 mmol) and copper (83 mg, 1.3 mmol)
were refluxed in 40 mL quinoline for four hours. After work-up according to the general procedure
9a was isolated as yellow solid in 58% yield (403 mg). R¢ = 0.45 (light petrol). F, = 81.6 - 82.4 °C.
'H NMR (CDCls, 600 MHz): & = 8.01 (d, J = 5.5 Hz, 1 H), 7.95 - 7.94 (m, 1 H), 7.85 - 7.83 (m, 1
H), 7.80 (d, J = 5.5 Hz, 1 H), 7.42 - 7.40 (m, 1 H), 7.34 - 7.31 (m, 1 H) ppm. >C NMR (150 MHz,
CDCls): 6 = 144.8 (s), 143.6 (s), 138.0 (s), 134.0 (s), 131.2 (d), 124.4 (d), 123.8 (d), 122.9 (d), 121.8
(d), 121.5 (d) ppm. ”’Se NMR (114 MHz, CDCls): & = 551.7 ppm.

[1]Benzoselenopheno[2,3-b]thiophene (9b). 8b (647 mg, 2.3 mmol) and copper (66 mg, 1 mmol)
were refluxed in 40 mL quinoline for four hours. After work-up according to the general procedure
9b was isolated as yellow solid in 43% yield (237 mg). Ry = 0.37 (light petrol). F, = 50.7 - 51.6 °C.
'H NMR (CDCls, 600 MHz): & = 7.93 - 7.92 (m, 1 H), 7.86 - 7.85 (m, 1 H), 7.57 (d, ] = 5.2 Hz, 1
H), 7.50 (d, T = 5.2 Hz, 1 H), 7.43 - 7.41 (m, 1 H), 7.29 - 7.28 (m, 1 H) ppm. °C NMR (150 MHz,
CDCls): 6 =144.5 (s), 144.1 (s), 135.1 (s), 133.7 (s), 128.9 (d), 126.3 (d), 125.0 (d), 124.6 (d), 123.0
(d), 120.5 (d) ppm. ”’Se NMR (114 MHz, CDCls): & = 471.3 ppm.

Selenolo[2,3-b][1]benzoselenophene (9¢). 8¢ (623 mg, 1.9 mmol) and copper (54 mg, 0.86 mmol)
were refluxed in 40 mL quinoline for four hours. After work-up according to the general procedure

9¢ was isolated as yellow solid in 77% yield (413 mg). Rr = 0.42 (light petrol). F, = 61.9 - 62.3 °C.
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'H NMR (CDCls, 600 MHz): & = 8.10 (d, J = 5.6 Hz, 1 H), 7.95 - 7.93 (m, 1 H), 7.88 - 7.87 (m, 1
H), 7.81 (d, J =5.6 Hz, 1 H), 7.41 (ddd, J = 8.2, 6.9, 1.1 Hz, 1 H), 7.27 (ddd, ] = 8.2, 6.9, 1.1 Hz, 1
H) ppm. C NMR (150 MHz, CDCls): & = 146.2 (s), 144.9 (s), 136.3 (s), 134.6 (s), 132.5 (d), 126.1
(d), 124.9 (d), 124.2 (d), 123.2 (d), 123.1 (d) ppm. "Se NMR (114 MHz, CDCl3): & = 580.4, 496.4
ppm.

Selenolo[3,2-b][1]benzothiophene (13a). 12a (3.66 g, 13 mmol) and copper (371 mg, 5.85 mmol)
were refluxed in 10 mL quinoline for four hours. After work-up according to the general procedure
13a was isolated as colorless solid in 90% yield (2.78 g). Ry = 0.45 (light petrol). F, = 108.9 - 109.4
°C. '"H NMR (600 MHz, CDCl;): 8 =8.11 (d, ] = 5.6 Hz, 1 H), 7.88 - 7.87 (m, 1 H), 7.82 - 7.81 (m,
1 H),7.57(d,J=5.6 Hz, 1 H), 7.42 (ddd,J=7.9,7.1,0.9 Hz, 1 H), 7.36 (ddd, ] =8.2, 7.3, 1.2 Hz, 1
H) ppm. C NMR (150 MHz, CDCls): & = 142.0 (s), 139.2 (s), 135.4 (s), 135.2 (s), 131.6 (d), 124.7
(d), 124.4 (d), 123.7 (d), 122.9 (d), 121.7 (d) ppm. ”’Se NMR (114 MHz, CDCls): § = 522.2 ppm.

[1]Benzoselenopheno[3,2-b]thiophene (13b). 12b (184 mg, 0.7 mmol) and copper (19 mg, 0.3
mmol) were refluxed in 2 mL quinoline for four hours. After work-up according to the general
procedure 13b was isolated as yellow solid in 77% yield (120 mg). R¢= 0.32 (light petrol). F, = 64.6
- 65.4 °C. '"H NMR (600 MHz, CDCl3): 8 = 7.91 - 7.89 (m, 1 H), 7.86 - 7.84 (m, 1 H), 7.47 (d, J =
5.1 Hz, 1 H), 7.42 (ddd, J = 8.2, 7.0, 0.9 Hz, 1 H), 7.35 (d, J = 5.1 Hz, 1 H), 7.28 (ddd, J = 8.1, 7.1,
1.3 Hz, 1 H) ppm. >C NMR (150 MHz, CDCl;): & = 142.5 (s), 137.3 (s), 134.9 (s), 134.8 (s), 127.1
(d), 126.9 (d), 125.1 (d), 124.6 (d), 123.2 (d), 122.4 (d) ppm. ’Se NMR (114 MHz, CDCl;): & =
457.1 ppm.

Selenolo[3,2-b][1]benzoselenophene (13¢). 12¢ (2.29 g, 7 mmol) and copper (200 mg, 3.2 mmol)
were refluxed in 50 mL quinoline for four hours. After work-up according to the general procedure
13c was isolated as yellow solid in 77% yield (1.53 g). Rr = 0.29 (light petrol). F, = 103.8 - 104.5
°C.'H NMR (600 MHz, CD,Cl,): §=8.11 (d, J = 5.6 Hz, 1 H), 7.94 - 7.93 (m, 1 H), 7.82 - 7.81 (m,
1 H), 7.60 (d, ] =5.6 Hz, 1 H), 7.43 (ddd, ] = 8.3, 7.1, 1.0 Hz, 1 H), 7.30 (ddd, ] = 8.4, 7.0, 1.3 Hz, 1
H) ppm. >C NMR (150 MHz, CD,Cl,): & = 142.6 (s), 138.7 (s), 137.9 (s), 137.0 (s), 131.8 (d), 127.4
(d), 126.3 (d), 125.8 (d), 125.2 (d), 123.8 (d) ppm. "’Se NMR (114 MHz, CD,Cl,): & = 545.8, 482.0
ppm.

General procedure toward 10a-c¢ and 14a-c. Bromination of 9a-c¢ and 13a-¢ was achieved by
addition of NBS (1.0 eq.) to a cooled solution of 9a-¢ and 13a-c in THF. The reaction progress was
monitored by TLC (light petrol). After full conversion the reaction mixture was quenched with 2 N
sodium hydroxide solution and repeatedly extracted with chloroform. The obtained organic phase
was washed with water, dried over anhydrous sodium sulfate and concentrated under reduced
pressure. The obtained crude product was purified by column chromatography (light petrol, 90 g

silica gel).
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2-Bromoselenolo[2,3-b][1]benzothiophene (10a). 9a (403 mg, 1.7 mmol) was dissolved in 20 mL
THF and cooled to 0 °C. NBS (302 mg, 1.7 mmol) was added in portions. After work-up according
to the general procedure 10a was isolated as yellow solid in 98% yield (528 mg). Ry = 0.58 (light
petrol). F, = 95.8 - 98.0 °C. '"H NMR (CDCl3, 600 MHz): 8 = 7.86 - 7.85 (m, 1 H), 7.83 - 7.82 (m, 1
H), 7.77 (s, 1 H), 7.41 (ddd, T=8.3, 6.8, 1.1 Hz, 1 H), 7.33 (ddd, J = 8.0, 6.8, 1.1 Hz, 1 H) ppm. "°C
NMR (150 MHz, CDCls): 8 = 143.4 (s), 141.9 (s), 137.9 (s), 133.3 (s), 125.3 (d), 124.7 (d), 124.1
(d), 122.8 (d), 121.4 (d), 114.4 (s) ppm. "’Se NMR (114 MHz, CDCls): & = 625.9 ppm.

2-Bromo[1]benzoselenopheno[2,3-b]thiophene (10b). 9b (237 mg, 1 mmol) was dissolved in 20
mL THF and cooled to 0 °C. NBS (178 mg, 1 mmol) was added in portions. After work-up
according to the general procedure 10b was isolated as yellow solid in 67% yield (212 mg). Ry =
0.50 (light petrol). F, = 95.8 - 100.3 °C. '"H NMR (CDCl;, 600 MHz): § = 7.85 - 7.84 (m, 2 H), 7.54
(s, 1 H), 7.42 (ddd, T = 8.1, 6.9, 1.1 Hz, 1 H), 7.29 (ddd, J = 8.1, 6.9, 1.1 Hz, 1 H) ppm. °C NMR
(150 MHz, CDCls): 6 = 143.6 (s), 143.1 (s), 134.5 (s), 132.9 (s), 126.2 (d), 125.2 (d), 124.8 (d),
123.6 (d), 122.9 (d), 113.1 (s) ppm. ’Se NMR (114 MHz, CDCl3): & =491.7 ppm.

2-Bromoselenolo[2,3-b][1]benzoselenophene (10¢). 9¢ (398 mg, 1.4 mmol) was dissolved in 20
mL THF and cooled to 0 °C. NBS (249 mg, 1.4 mmol) was added in portions. After work-up
according to the general procedure 10c was isolated as yellow solid in 95% yield (484 mg). Ry =
0.51 (light petrol). F, = 93.7 - 96.1 °C. '"H NMR (CDCl;, 600 MHz): & = 7.87 - 7.84 (m, 2 H), 7.76
(s, 1 H), 7.42 - 7.39 (m, 1 H), 7.29 - 7.26 (m, 1 H) ppm. *C NMR (150 MHz, CDCls): § = 144.7 (s),
143.9 (s), 135.7 (s), 134.7 (s), 126.7 (d), 126.0 (d), 125.1 (d), 124.5 (d), 123.1 (d), 115.1 (s) ppm.
77Se NMR (114 MHz, CDCl3): & = 652.6, 512.4 ppm.

2-Bromoselenolo[3,2-b][1]benzothiophene (14a). 13a (2.4 mmol, 560 mg) was dissolved in 15 mL
THF and cooled to 0 °C. NBS (426 mg, 2.4 mmol) was added in portions. After work-up according
to the general procedure 14a was isolated as yellow solid in 97% yield (722 mg). Ry = 0.49 (light
petrol). F, = 76.8 - 77.6 °C. '"H NMR (CDCl3, 600 MHz): & = 7.86 - 7.84 (m, 1 H), 7.71 - 7.70 (m, 1
H), 7.52 (s, 1 H), 7.40 (ddd, T=8.3, 6.9, 1.3 Hz, 1 H), 7.36 (ddd, J=8.1, 6.8, 1.4 Hz, 1 H) ppm. "°C
NMR (150 MHz, CDCls): 8 = 140.9 (s), 137.4 (s), 136.0 (s), 134.9 (s), 126.0 (d), 124.9 (d), 124.6
(d), 123.6 (d), 121.5 (d), 115.8 (s) ppm. "’Se NMR (114 MHz, CDCls): & = 606.9 ppm.

2-Bromo[1]benzoselenopheno[3,2-b]thiophene (14b). 13b (419 mg, 1.8 mmol) was dissolved in
60 mL THF and cooled to 0 °C. NBS (327 mg, 1.8 mmol) was added in portions. After work-up
according to the general procedure 14b was isolated as colorless solid in 90% yield (501 mg). Ry =
0.45 (light petrol). F, = 65.4 - 69.0 °C. "H NMR (CDCls, 400 MHz): § = 7.89 - 7.86 (m, 1 H), 7.76 -
7.74 (m, 1 H), 7.41 (ddd, J =8.3,7.0, 1.0 Hz, 1 H), 7.32 (s, 1 H), 7.28 (ddd, J = 8.3, 6.8, 1.1 Hz, 1 H)
ppm. *C NMR (100 MHz, CDCls): & = 141.6 (s), 137.6 (s), 134.4 (s), 133.8 (s), 126.8 (d), 125.9 (d),
125.3 (d), 124.8 (d), 122.3 (d), 113.3 (s) ppm. ”’Se NMR (76 MHz, CDCl5): & = 477.8 ppm.
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2-Bromoselenolo[3,2-b][1]benzoselenophene (14¢). 13¢ (1.42 g, 5 mmol) was dissolved in 30 mL
THF and cooled to 0 °C. NBS (890 mg, 5 mmol) was added in portions. After work-up according to
the general procedure 14¢ was isolated as colorless solid in 96% yield (1.74 g). Ry = 0.41 (light
petrol). F, = 105.0 - 109.1 °C. "H NMR (600 MHz, CD,Cl,): & = 7.92 - 7.91 (m, 1 H), 7.72 - 7.70
(m, 1 H), 7.55 (s, 1 H), 7.43 - 7.40 (m, 1 H), 7.31 - 7.29 (m, 1 H) ppm. “C NMR (150 MHz,
CD,Cly): 6 = 141.8 (s), 139.6 (s), 137.6 (s), 135.4 (s), 129.4 (d), 127.2 (d), 126.0 (d), 125.4 (d),
123.6 (d), 115.7 (s) ppm. ’Se NMR (114 MHz, CD,Cl,): & = 628.7, 502.9 ppm.

General procedure toward 7a-c. To a suspension of zinc powder (10 eq.) in THF was slowly added
titanium tetrachloride (5 eq.) at 0 °C, and then the mixture was refluxed for 3 h under an argon
atmosphere. A solution of compound 6a-c¢ (1 eq.) and pyridine (11 eq.) in 30 mL THF was slowly
added to the mixture, and then the mixture was refluxed for another 6 h. After cooling to room
temperature, the mixture was diluted with 50 mL saturated sodium bicarbonate and stirred for 30
min. The solid was filtered and washed with diluted hydrochloric acid, water, and acetone and then
dried in vacuo.

(E)-2,2’-(1,2-Ethenediyl)bis[selenolo[3,2-b][ 1 ]benzothiophene] (7a). The synthesis of 7a was
carried out according to the general procedure starting from 6a (1.59 g, 6 mmol), zinc powder (3.92
g, 60 mmol) and titanium tetrachloride (5.69 g, 30 mmol). The crude product was sublimated twice
to give a bright yellow solid (1.02 g, 68%). R¢= 0.30 (light petrol : DCM 4:1). "H NMR (600 MHz,
CD,Cl,): 6=7.89 - 7.87 (m, 2 H), 7.80 - 7.79 (m, 2 H), 7.49 (s, 2 H), 7.43 (ddd, J = 8.0, 6.9, 1.0 Hz,
2 H), 7.37 (ddd, J = 8.0, 6.9, 1.0 Hz, 2 H), 7.17 (s, 2 H) ppm. °C NMR (150 MHz, CD,Cl,): & =
149.7, 142.5, 140.0, 135.7, 133.9, 126.0, 125.5, 125.3, 124.2, 122.9, 122.2 ppm. "'Se NMR (114
MHz, CD,Cl,): 6 =495.6 ppm.

(E)-2,2’-(1,2-Ethenediyl)bis[[ 1 ]benzoselenopheno[3,2-b]thiophene] (7b). The synthesis of 7b was
carried out according to the general procedure starting from 6b (1.06 g, 4 mmol), zinc powder (2.62
g, 40 mmol) and titanium tetrachloride (3.79 g, 20 mmol). The crude product was sublimated twice
to give a bright yellow solid (548 mg, 55%). R¢= 0.27 (light petrol : DCM 4:1). "H NMR (400 MHz,
CD,Cly): 6=7.92 - 7.90 (m, 2 H), 7.83 - 7.81 (m, 2 H), 7.44 (ddd, J = 8.0, 6.9, 1.0 Hz, 2 H), 7.36 (s,
2 H), 7.29 (ddd, J = 8.0, 6.9, 1.0 Hz, 2 H), 7.24 (s, 2 H) ppm. >C NMR (150 MHz, CDCly): & =
144.2 (s), 142.6 (s), 136.0 (s), 135.4 (s), 134.8 (s), 126.9 (d), 125.3 (d), 124.8 (d), 122.5 (d), 122.4
(d), 122.1 (d) ppm. ""Se NMR (114 MHz, CD,Cl,): & = 457.5 ppm.

(E)-2,2’-(1,2-Ethenediyl)bis[selenolo[3,2-b][ 1 ]benzoselenophene] (7¢). The synthesis of 7¢ was
carried out according to the general procedure starting from 6¢ (1.87 g, 6 mmol), zinc powder (3.92
g, 60 mmol) and titanium tetrachloride (5.69 g, 30 mmol). The crude product was purified by
column chromatography (90 g activated basic aluminum oxide, Brockmann 1, light petrol / DCM 0
— 100%) to give a bright yellow solid (1.12 g, 63%). R¢= 0.24 (light petrol : DCM 4:1). '"H NMR
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(600 MHz, CD,Cl,): & = 7.93 - 7.92 (m, 2 H), 7.79 - 7.77 (m, 2 H), 7.50 (s, 2 H), 7.43 (ddd, J = 8.3,
6.8, 0.9 Hz, 2 H), 7.30 (ddd, J = 8.3, 6.9, 1.2 Hz, 2 H), 7.16 (s, 2 H) ppm. °C NMR (150 MHz,
CD,CLy): 8= 149.2 (s), 142.8 (s), 137.9 (s), 137.4 (s), 136.8 (s), 127.3 (d), 126.0 (d), 125.9 (d), 125.9
(d), 125.4 (d), 123.8 (d) ppm. ’Se NMR (114 MHz, CD,Cl,): & = 518.5, 486.1 ppm.

General procedure toward 1la-c. Bromide 10a-¢ (2.5 eq.) and (£)-1,2-bis(tri-n-
butylstannyl)ethylene (1 eq.) were dissolved in anhydrous toluene. The mixture was bubbled with
argon for 30 min. Pd(PPh;3)4 (0.03 eq.) was added and the mixture was heated to 90 °C for 48 hours
under an argon atmosphere. The reaction mixture was cooled to room temperature, the obtained
precipitate filtered, washed with methanol as well as acetone and dried in vacuo.

(E)-2,2’-(1,2-Ethenediyl)bis[selenolo[2,3-b][ 1 ]benzothiophene] (11a). 11a was synthesized
according to the general procedure starting from 10a (506 mg, 1.6 mmol), (E)-1,2-bis(tri-n-
butylstannyl)ethylene (388 mg, 0.64 mmol) and Pd(PPh;)4 (22 mg, 0.02 mmol). The crude product
was sublimated twice to give a bright yellow solid (73 mg, 23%). R¢= 0.34 (light petrol : DCM 4:1).
'H NMR (600 MHz, CD,Cl,): & = 7.94 - 7.93 (m, 2 H), 7.87 - 7.86 (m, 2 H), 7.69 (s, 2 H), 7.44
(ddd, J=8.1,7.0, 1.2 Hz, 2 H), 7.35 (ddd, J = 8.0, 7.0, 1.2 Hz, 2 H), 7.10 (s, 2 H) ppm.

(E)-2,2’-(1,2-Ethenediyl)bis[[ 1 ]benzoselenopheno[2,3-b]thiophene] (11b). 11b was synthesized
according to the general procedure starting from 10b (190 mg, 0.6 mmol), (E)-1,2-bis(tri-n-
butylstannyl)ethylene (120 mg, 0.2 mmol) and Pd(PPhs)s (2 mg, 0.002 mmol). The crude product
was sublimated twice to give a bright yellow solid (36 mg, 30%). R¢= 0.31 (light petrol : DCM 4:1).
'H NMR (600 MHz, CD,Cl,): 8 = 7.96 — 7.91 (m, 2 H), 7.91 - 7.86 (m, 2 H), 7.53 (s, 2 H), 7.47 -
7.43 (m, 2 H), 7.33 - 7.29 (m, 2 H), 7.18 (s, 2 H) ppm. 3C NMR (150 MHz, CD,Cl,): & = 146.7 (s),
145.4 (s), 144.2 (s), 135.5 (s), 134.2 (s), 126.8 (d), 125.8 (d), 125.3 (d), 123.5 (d), 122.1 (d), 119.9
(d) ppm.

(E)-2,2’-(1,2-Ethenediyl)bis[selenolo[2,3-b][ 1 ]benzoselenophene] (11¢). 1l¢ was synthesized
according to the general procedure starting from 10c¢ (474 mg, 1.5 mmol), (£)-1,2-bis(tri-n-
butylstannyl)ethylene (303 mg, 0.5 mmol) and Pd(PPhs)s (17 mg, 0.02 mmol). The crude product
was purified by column chromatography (90 g activated basic aluminum oxide, Brockmann 1, light
petrol / DCM 0 — 100%) as brownish solid (83 mg, 28%). R¢ = 0.29 (light petrol / DCM 4:1). 'H
NMR (600 MHz, CD,Cl,): & = 7.95 - 7.86 (m, 4 H), 7.69 (s, 2 H), 7.47 - 7.40 (m, 2 H), 7.33 - 7.26
(m, 2 H), 7.10 (s, 2 H) ppm. >C NMR (150 MHz, CD,CL): & = 150.8 (s), 146.7 (s), 145.0 (s), 136.8
(s), 125.7 (d), 125.4 (d), 125.0 (d), 123.6 (d), 122.7 (d) ppm.

2-[(Trimethylsilyl)ethynyl]selenolo[3,2-5][ 1 ]benzothiophene (15). 14a (632 mg, 2 mmol, 1 eq.),
ethynyltrimethylsilane (294 mg, 3 mmol, 1.5 eq.), Pd(PPh;3)4 (46 mg, 0.04 mmol, 0.02 eq.), Cul (15
mg, 0.08 mmol, 0.04 eq.) and 5 mL Et;N were stirred at 98 °C under argon atmosphere for one hour.

Triethylamine was evaporated and the residue filtrated over 10 g silica gel using light petrol as
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eluent. 15 was isolated as brownish oil in 85% yield (566 mg). R¢= 0.23 (light petrol). "H NMR (400
MHz, CDCls): § =7.86 - 7.85 (m, 1 H), 7.78 - 7.76 (m, 1 H), 7.62 (s, 1 H), 7.42 - 7.36 (m, 2 H), 0.28
(s, 9 H) ppm. °C NMR (100 MHz, CDCls): & = 142.6 (s), 138.0 (s), 136.7 (s), 135.0 (s), 128.0 (d),
128.0 (s), 125.0 (d), 124.9 (d), 123.7 (d), 121.8 (d), 102.6 (s), 99.5 (s), -0.2 (q) ppm. "’Se NMR (76
MHz, CDCls): & = 609.6 ppm.

2-Ethynylselenolo[3,2-b][ 1 ]benzothiophene (16). 15 (566 mg, 1.7 mmol, 1 eq.), and K,CO; (704
mg, 5.1 mmol, 3 eq.) were dissolved in 5 mL methanol and stirred for one hour at room temperature.
The reaction mixture was quenched with water and extracted with diethyl ether. The organic layer
was dried over Na,SO4 and the solvent was evaporated. The product was purified by column
chromatography (10 g silica gel, light petrol / ethyl acetate 9 : 1) and obtained as brownish oil in
52% yield (230 mg). R¢ = 0.24 (light petrol). 'H NMR (400 MHz, CDCls): & = 7.88 - 7.85 (m, 1 H),
7.79 - 7.76 (m, 1 H), 7.68 (s, 1 H), 7.43 - 7.35 (m, 2 H), 3.66 (s, | H) ppm. °C NMR (100 MHz,
CDCls): 6 = 142.7 (s), 138.0 (s), 137.0 (s), 135.0 (s), 128.6 (d), 126.8 (s), 125.1 (d), 125.0 (d), 123.8
(d), 121.9 (d), 84.6 (s), 79.2 (d) ppm. "’Se NMR (76 MHz, CDCls): & = 608.1 ppm.

2,2’-(1,2-Ethynediyl)bis[selenolo[3,2-b][ 1 ]benzothiophene] (17). 16 (230 mg, 0.9 mmol, 1 eq.),
14a (306 mg, 0.97 mmol, 1.1 eq.), Cul (6.7 mg, 0.04 mmol, 0.04 eq.), Pd(PPhs)s (20.4 mg, 0.02
mmol, 0.02 eq.) and 2 mL triethylamine were stirred at 98 °C under argon atmosphere overnight.
Triethylamine was evaporated and the residue filtrated over 10 g silica gel using light petrol as
eluent. 17 was isolated as yellow solid in 55% yield (245 mg). R¢= 0.23 (light petrol). '"H NMR (600
MHz, CD,Cl,): 6 =7.92 - 7.90 (m, 2 H), 7.84 - 7.82 (m, 2 H), 7.74 (s, 2 H), 7.45 (ddd, J = 8.0, 6.9,
1.2 Hz, 2 H), 7.41 (ddd, J = 8.0, 6.9, 1.2 Hz, 2 H) ppm. °C NMR (150 MHz, CD,Cl,): & = 143.1 (s),
139.2 (s), 138.0 (s), 135.5 (s), 128.2 (d), 127.6 (s), 125.8 (d), 125.6 (d), 124.3 (d), 122.4 (d), 92.4 (s)
ppm. ’Se NMR (114 MHz, CD,Cl,): & = 601.3 ppm.

2-[(Trimethylsilyl)ethynyl]selenolo[2,3-b][ 1 ]benzothiophene (18). 10a (430 mg, 1.36 mmol, 1
eq.), ethynyltrimethylsilane (200 mg, 2 mmol, 1.5 eq.), Pd(PPhs)4 (31 mg, 0.03 mmol, 0.02 eq.), Cul
(10 mg, 0.05 mmol, 0.04 eq.) and 4 mL Et;N were stirred at 98 °C under argon atmosphere
overnight. Triethylamine was evaporated and the residue filtrated over 10 g silica gel using light
petrol as eluent. 18 was isolated as brownish oil in 43% yield (195 mg). Ry = 0.23 (light petrol). 'H
NMR (600 MHz, CDCls): 6 =7.92 - 7.86 (m, 2 H), 7.85 - 7.80 (m, 1 H), 7.41 (ddd, J =8.2, 7.0, 1.2
Hz, 1 H), 7.33 (ddd, J = 8.2, 7.0, 1.2 Hz, 1 H), 0.28 (s, 9 H) ppm. °C NMR (150 MHz, CDCl;): & =
144.3 (s), 142.2 (s), 139.6 (s), 133.7 (s), 127.9 (s), 126.9 (d), 124.7 (d), 124.2 (d), 122.9 (d), 121.6
(d), 101.5 (s), 99.5 (s), -0.2 (q) ppm. "’Se NMR (114 MHz, CDCl5): & = 628.5 ppm.
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2-Ethynylselenolo[2,3-b][1]benzothiophene (19). 18 (184 mg, 0.55 mmol, 1 eq.), and K,COs (229
mg, 1.66 mmol, 3 eq.) were dissolved in 2 mL methanol and stirred for one hour at room
temperature. The reaction mixture was quenched with water and extracted with diethyl ether. The
organic layer was dried over Na,SO4 and the solvent was evaporated. The product was purified by
column chromatography (10 g silica gel, light petrol / ethyl acetate 9:1) and obtained as brownish oil
in 95% yield (137 mg). Ry = 0.23 (light petrol). '"H NMR (600 MHz, CDCls): & = 7.92 (s, 1 H), 7.91
-7.86 (m, 1 H), 7.86 - 7.80 (m, 1 H), 7.42 (ddd, J =8.1, 7.0, 1.2 Hz, 1 H), 7.34 (ddd, J = 8.1, 7.0, 1.2
Hz, 1 H), 3.61 (s, 1 H) ppm. °C NMR (150 MHz, CDCl;): & = 144.5 (s), 142.1 (s), 139.8 (s), 133.7
(s), 127.5 (d), 126.7 (s), 124.8 (d), 124.3 (d), 122.9 (d), 121.6 (d), 83.7 (d), 79.1 (s) ppm. ’Se NMR
(114 MHz, CDCl3): 6 = 629.2 ppm.

2,2’-(1,2-Ethynediyl)bis[selenolo[2,3-b][ 1 ]benzothiophene] (20). 19 (129 mg, 0.5 mmol, 1 eq.),
10a (173 mg, 0.55 mmol, 1.1 eq.), Cul (3.8 mg, 0.02 mmol, 0.04 eq.), Pd(PPh3)4 (11.4 mg, 0.009
mmol, 0.02 eq.) and 2 mL triethylamine were stirred at 98 °C under argon atmosphere overnight.
Triethylamine was evaporated and the residue filtrated over 10 g silica gel using light petrol as
eluent. 20 was isolated as yellow solid in 22% yield (54 mg). Ry = 0.22 (light petrol). "H NMR (600
MHz, CDCl3): § =7.96 - 7.91 (m, 4 H), 7.88 - 7.84 (m, 2 H), 7.45 - 7.42 (m, 2 H), 7.37 - 7.34 (m, 2
H) ppm.
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RESULTS AND DISCUSSION

Synthesis. The synthesis toward ene- and yne-bridging target molecules was planned by linkage of
chalcogenopheno[ 1 Jbenzochalcogenophene (CBC) building blocks. Starting from properly
substituted benzo[b]thiophenes 1a and 2a and benzo[b]selenophenes 1b and 2b reported earlier,”*
the key step toward fused CBC moieties 3a-c as well as 4a-c is based on an optimized one-pot
Fiesselmann reaction adapted from Machara et al.*® Nucleophilic aromatic substitutions of aldehydes
with in situ generated sodium hydrogenselenide and subsequent addition of ethyl bromoacetate or
applying ethyl thioglycolate in triethylamine gave access to annelated ring systems 3a-c as well as
4a-c in good to excellent yield (Scheme 1).

Based on previously reported approaches toward ene-bridged substrates'*' derivatization of the
obtained CBCs for McMurry reactions was the basis of further synthetic efforts. Functionalization of
CBCs as aldehydes was realized by reduction of 3a-c applying LiAlH4 and subsequent re-oxidation
of the obtained alcohols 5a-c¢ to yield aldehydes 6a-c. Finally, regioisomers 7a-c¢ (Scheme 1, Table
1) were selectively accessible as E-isomers in good yields applying reductive McMurry reaction

conditions according to procedures toward DTBTE systems (X, Y = S) applied in literature."’

x 9 X/ \ ) X X
/ ii Iii
@E/g_/ Q_Z?\cooa a %
Br Y OH YN0

1aX =8 3aX=S,Y=S8e 5aX=S,Y=S8e 6aX=S,Y=Se
1b X = Se 3bX=Se,Y=S5 5bX=Se,Y=S 6bX=Se,Y=85
3c X=Se,Y=Se 5¢c X=Se, Y =Se 6c X =Se, Y = Se
X
O I\~ " %
Y \
X
Ta-c aX=S,Y=Se
bX=Se,Y=S

cX=Se,Y=Se

X
Y 7
(L () PUSIN s,

Y

11a-c X Vil

X ) X X ] X B X
Cl G oo G (G (L
~ ~COOEt Z / Z " Br

4 %

2aX=S 4aX=S,Y =Se 8aX=8S5,Y=Se 9aX=S,Y =Se 10aX=S8,Y =Se
2b X = Se 4b X =Se,Y=S 8bX=Se,Y=S 9b X=Se,Y=S 10b X =Se,Y=S
4c X =Se, Y = Se 8c X=S8e, Y =Se 9c X=Se,Y=Se 10cX=Se,Y =Se

Scheme 1: Synthetic strategy toward target molecules 7 and 11: i: NaHSe, ethyl bromoacetate or triethylamine, ethyl
thioglycolate, base, ii: LiAlH,, THEF, iii: MnO,, iv: Zn, TiCly, pyridine, THF, v: NaOH, H,0 / MeOH, vi: Cu, quinoline,
160 °C, vii: NBS, THF, viii: Pd(PPhs),, toluene, reflux.
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For regioisomers 11a-c an alternative synthetic pathway was chosen since the reduction of 4a-c
yielded the respective alcohols only in low yield. Therefore, hydrolysis of CBC esters 4a-c and
subsequent decarboxylation of the acquired acids 8a-c led to CBC cores 9a-c (Scheme 1). Further
bromination of the latter applying NBS gave the respective CBC bromides 10a-c¢ in good to
excellent yields. The synthesis toward 11a-¢ was realized applying brominated CBC cores 10a-c in a

Stille coupling reaction with #rans-1,2-bis(tri-n-butylstannyl)ethylene according to literature.’'

For the purpose of proving the applicability of the developed methods for all regioisomers,
functionalization procedures were also applied toward CBC derivatives 14a-c. Saponification of 3a-
¢ and subsequent decarboxylation of the acquired acids 12a-¢ led to 13a-c¢ in good to excellent

yields. Bromination applying NBS gave the respective CBC bromides 14a-c in high yields
(Scheme 2).

X X X X
7\ i i i
CLcoon ™ (Lo = Ty = Ty
Y Y Br

3aX=8,Y=Se 12aX=S,Y =Se 13aX=S,Y=8e 14aX=8,Y =Se
3bX=S8e,Y=8 12bX=Se,Y=5 13bX=Se,Y=8 14b X=Se, Y =8
3c X=S8e, Y =Se 12¢ X = Se, Y = Se 13c X=Se, Y =Se 14c X=Se, Y =Se

Scheme 2: Synthetic strategy toward 14a-c: i: NaOH, H,O/MeOH, ii: Cu, quinoline, 160 °C, iii: NBS, THF.

In order to investigate the influence of more rigid yne linkers on material properties, bromides 10a
and 14a were applied in a stepwise Sonogashira coupling sequence (Scheme 3) for both

regioisomers 17 and 20 proving the applicability of CBCs in further cross coupling reactions.

S S
/\ r_', -\ i
Se Se <X ™S
14a 15
S S
y Se i 7 Se i
Y Br Z Q
T™MS
10a 18

Scheme 3: Synthetic strategy toward target molecules 17 and 20: i: ethynyltrimethylsilane, Pd(PPh;),, Cul, ii: K,COs,
MeOH, iii: Pd(PPh3),, Cul.

The obtained solid materials 7a-¢, 11a-¢, 17 and 20 appear yellow to orange in color and are

slightly soluble in chlorinated organic solvents. The characterization or all compounds was
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performed by "H/ *C / ”’Se NMR spectroscopy, HR-MS analysis, and single-crystal XRD. The data
are consistent with the proposed structural formulations.

Optical and Electrochemical Properties. Photophysical properties of 7a-c, 11a-c, 17 and 20 were
determined in 5 uM CH,Cl, by UV-Vis spectroscopy (Figure 3, Table 1 and supporting information)
and compared to the sulfur-based compounds BTTE and DTBTE. According to the data, it is clear
that the UV-Vis absorption spectra of the compounds are strongly affected by the heteroatoms
incorporated. Three absorption maxima were observed for each substance: the maxima for all
selenium containing compounds are shifted to higher wavelengths, which can be attributed to the
higher electron density induced by the selenium heteroatom. Obviously, the heterocycle next to the
ene-bridge of 7a-c plays an important role and strongly correlates with the position of the absorption
maximum: while for the thiophene ene-conjugated moieties 7b and 11b bathochromic shifts can be
observed, its selenophene analogues 7¢ and 11¢ exhibit red shifts compared to DTBTE and BTTE,

respectively.

Table 1: Experimental data, physical characterization and computational data of compounds 7a-c, 11a-c, 17 and 20.

Comp. Yield T, T A’ Bandgap! HOMO® LUMO' | Bandgap® HOMO® LUMO®
(%) (°C) (°C) (nm) (nm, eV) (eV) (eV) (eV) (eV) (eV)
DTBTE - - 433,409,388 452,2.74  -531 -2.57 2.99 -5.39 -2.40
7a 68 304 353 447,420,398 467,265  -5.23 -2.58 2.91 -5.37 -2.40
7b 55 250 396 438,412,392 456,2.72  -5.26 -2.54 2.97 -5.39 -2.48
7c 63 294 350 451,424,400 470,2.64  -5.28 -2.64 2.89 -5.37 -2.48
BTTE - - 402,385 446,278  -5.16 -2.38 3.28 -5.32 -2.04
11a 23 417,397 441,281  -5.30 -2.49 3.18 -5.32 -2.14
11b 30 405,387 434,286  -5.30 -2.44 3.26 -5.29 -2.03
11c 28 419,398 450,276  -5.27 -2.51 3.16 -5.29 -2.13
17 55 421,392,350 435,285  -561 -2.76 3.09 -5.53 -2.44
20 22 395,371 420,295  -550 -2.55 3.39 -5.46 -2.07

* Obtained from DSC measurements. ° Thermal decomposition temperature determined from 5% mass loss. °

Absorption maxima measured in DCM solutions. ¢ Bandgaps were determined from the onsets of the absorption in DCM
solutions. © HOMO levels determined by cyclic voltammetric measurements. All E,, data are reported relative to
ferrocene (Fc/Fc' Ex = 446 mV). The concentration of the compounds used in this experiment was 5 uM in DCM; the
scan rate was 50 mV s, f LUMO levels were determined from the optical bandgap and the HOMO energy level
according to the following equation: E; ymo= Enomo * Ebandeap- ¢ Calculated bandgaps and HOMO/LUMO levels (B3LYP
/ 6-311+G(d)).

The optical bandgaps were obtained from the onset of the UV-Vis absorption (Table 1). The
bandgaps of selenium-based materials 7a-¢ are reduced compared to sulfur based compound
DTBTE, therefore charge carrier mobilities are expected to be enhanced. For 7¢ a reduction of the
bandgap of 0.1 eV could be observed. In general the bandgaps of regioisomers 11a-c are higher than

for 7a-c.The regioisomers 11a,b show increased bandgaps compared to the sulfur-based BTTE,

115



whereas the bandgap of 11c¢ is slightly decreased. The introduction of an yne spacer leads to an

increase in bandgap, which may not be beneficial for charge carrier transport.
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Figure 3: Absorption spectra of 7a-c as well as DTBTE (left) and 11a-c as well as BTTE (right).

Electrochemical characteristics of compounds 7a-¢ and 11a-c were investigated by cyclic
voltammetric (CV) methods and compared to those of DTBTE and BTTE, respectively (Figure 4).
The first oxidation potentials were used to determine the HOMO energy levels. All compounds 7a-c
undergo reversible oxidation indicating the formation of stable cation radicals. The HOMO levels of
selenium-based compounds are slightly increased (ranging from -5.28 eV to -5.23 eV) compared to
DTBTE (-5.31 eV). When comparing the regioisomer 11a-¢ with BTTE, however, a significant
reduction of the HOMO level can be observed, which may indicate good stability. The LUMO
energy levels were determined from the optical bandgaps and the HOMO levels obtained from CV
data and vary in the range from -2.58 to -2.64 eV. These findings are supported by quantum
chemical calculations (Table 1). Calculated HOMO/LUMO levels are in good accordance with the

experimental data for compounds 7a-c (the pertinent data are listed in Table 1).
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Figure 4: Cyclic voltammograms of 7a-c as well as DTBTE (left) and 11a-c as well as BTTE (right) in DCM

solution.
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Thermal properties. Glass-forming properties and thermal stability of the compounds were
examined by simultaneous thermal analysis (STA). Compounds 7a-c¢ exhibit melting points in the
range of 250 °C to 304 °C and good thermal stability was evidenced by decomposition temperatures
corresponding to 5% mass loss between 350 °C and 396 °C (Table 1, see also supporting
information). The thermal stability may allow for fabrication of homogeneous and stable amorphous
thin films by vacuum deposition.

Single crystal structures. The effect of molecular conformation and packing properties in single
crystals on charge carrier transport is a fundamental issue for organic semiconducting materials.
Single crystals of 7a-c, 17 and 20 were obtained by slow evaporation of solutions of the respective
substrate in dichloromethane. All CBC subunits have almost planar forms and adopt an anti-
conformation of the two fused chalcogenophenes, which may be favorable for charge carrier
transport.32

Similarly to DTBTE, the molecular structures of 7a and 7b show a nearly coplanar confirmation
with a condensed herringbone arrangement, comparable with that of pentacene as depicted in Figure
5.3 In contrast to 7a,b the crystal structure of 7c is arranging considerably different in a sandwich-

herringbone arrangement.

A B C

Figure 5: Front view and side views of the molecular structures and neighboring interactions of 7a (A), 7b (B) and 7¢

©.

The observed intermolecular distances are listed in Table 2. Strong short Se---C interactions are
dominant in the packing motives of 7a-c. Whereas additional Se---S as well as S---C interactions can
be observed in 7a, 7¢ also exhibits Se---Se short contacts of up to 3.959 A, which is close to the sum
of the van der Waals radii of Se (3.80 A).** All these short interactions form an effective three-

dimensional structure, which may be beneficial to obtaining a high charge transport performance.
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Table 2: Intermolecular distances of atoms in DTBTE, 7a-c, 17 and 20.

Comp. SC CH''m S-S Se'Se Se'"C S'Se
[A] [A] [A] [A] [A] [A]
DTBTE 3.323,3.364, 3.497 2.816 3.507 - - -
7a  3.431,3.403,3.438 3.335 5.172,5.878  3.496,3585  3.579
7b 3.959 2.813 4.061,5.929 4.111,5929 3.349,3.341  3.622
7e ] 2.876, 2.872, 3.959,4.278, 3.342, 3.468,
2.860, 2.857, 2.831 4.290,4.242  3.514,3.559
17 3.481, 3.482 2.831, 2.792 3.592
20 2.796 3.574

The molecular structures of 17 and 20 reveal a nearly planar conformation exhibiting less
intermolecular interactions, which may not be beneficial for charge carrier transport. The front and

side vies are depicted in Figure 6 and short contacts are given in Table 2.

Figure 6: Front view and side views of the molecular structures and neighboring interactions of 17 (A) and 20 (B).

CONCLUSION

This contribution outlines optimized synthetic pathways toward functionalized building blocks of
chalcogenopheno[ 1]benzochalcogenophene (CBC) regioisomers. These CBC units were applied in
McMurry, Stille and Sonogashira coupling reactions yielding selenium-based potential
semiconductors linked by both ene and yne spacers. A closer look at these target compounds
revealed, that both the HOMO levels and the bandgaps are strongly influenced by the position and
number of the incorporated selenium atoms. While 3,2-b-fused ene-bridged materials 7a-c¢ exhibit
lower bandgaps and slightly increased HOMO levels, 2,3-b-fused regioisomers 11a-¢ have similar
bandgaps and decreased HOMO levels compared to the respective sulfur-based analogues. The
molecular structure and packing of the materials indicate strong intermolecular interaction for ene-

based compounds, which may be beneficial for charge carrier transport. Contrary, CBC units
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connected by yne linkers give rise to an increase in bandgap. The incorporation of yne linkers leads
to less intermolecular interactions, therefore, lower charge carrier mobilities are expected. Further
research will focus on the evaluation of the obtained materials as active semiconductors in organic

thin film transistor devices.
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star shaped organic electronic materialst
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Simon Waid,® Heinz D. Wanzenbéck,© Martina Marchetti-Deschmann,®
Christian Hametner,® Emmerich Bertagnolli,“ loannis Kymissis® and
Johannes Frohlich?

A versatile synthetic protocol toward a series of various substituted triphenylamine derivatives serving
as building blocks for organic electronic materials was developed. Key steps during synthesis were
either Ullmann condensations or nucleophilic aromatic substitutions giving rise to structural modification
of triphenylamines and their electronic nature. In turn, these scaffolds were exemplarily attached to
a dendritic tris(2-thienyllbenzene core affording star shaped organic semiconducting materials which
were characterized regarding their photo-physical, electro-chemical and thermal properties. A strong
influence of the substituent’s nature on both photo-physical and morphological thin film characteristic
of star shaped target compounds was observed. The applicability of these materials in organic electronic
devices was demonstrated in an organic field effect transistor configuration yielding a hole mobility of
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Introduction

Organic electronic (OE) thin film devices have gained raising
interest from academia and industry due to the variety of
possible applications with enormous commercial potential.*
This field covers the application of conducting and semi-
conducting organic materials within electronic devices such as
organic field effect transistors (OFETSs),> organic light emitting
devices (OLEDs)? and organic photovoltaics (OPVs).” The appli-
cation of these materials in the field of organic electronics allows
for solution processability, thus rendering OE-technology com-
patible with established high-throughput printing techniques
and with the potential to realize thin, flexible and light-weight
devices with low manufacturing costs.®

In general, a high charge carrier mobility is mandatory for
the performance of different devices and strongly depends both
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. The performance of the materials can be correlated to the substituents applied.

on the molecular structure and the morphology of the semicon-
ducting material.>” Therefore, a broadly applicable material with
high charge carrier mobility independent of processing techniques
is desirable.>® The quest for novel compounds is an ongoing
process in material science.

Poly- and oligothiophene based compounds have a long
history in the field of OE.’® While high hole mobilities (up to
1.3 ecm® V' s7') have been observed for thin films of poly-
(3-hexylthiophene) (P3HT),"" the material cannot be used in the
light emitting layers of an OLED due to fluorescent self-
quenching caused by strong n-m stacking.'? Another useful
class of OE materials are modified triphenylamine (TPA) struc-
tures, which have excellent electron donor and hole transport
properties.”*™” The combination of these structural scaffolds
results in a material class incorporating good charge carrier
transport as a result of the oligothiophene unit and enhanced
luminescent properties by circumventing self-quenching (e.g.
BMA-1T, Fig. 1)."® Moreover, star-shaped compounds are found
to exhibit better solubility and film-forming properties than
their linear counterparts.®'®*°

Combining TPA and thiophenes in C; symmetric configura-
tions leads to enhanced electronic and luminescent properties
with the benefit of solution processability.>’ To realize Cj
symmetry, one can think of two possible molecular designs.
One possibility is to use the TPA moiety as a central node with
thiophene moieties as dendrons.'®?>?** Alternatively, a core
(e.g tris(2-thienyl)benzene) can be used to ensure C; symmetry
bearing TPA units as side arms.?>* Based on these two possible
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$1,R=H
$2,R=CH,
S3,R=F

R

Fig. 1 Linear motifs (top) presented by Noda;'® star shaped molecules
described in this work (bottom).

structural connectivities, this paper focuses on the latter possi-
bility, since substituent alteration on the three TPA moieties
constituting the outer sphere of the molecule strongly influences
glass- and film-forming behaviour® of the resulting materials, in
turn affecting device performance.

Due to the widespread application of TPA-based compounds
as building blocks in the field of organic electronics,* the
synthetic protocol presented in this work is of considerable
interest for the molecular design and potential modifications
(e.g. in terms of photo-physical properties) toward a broad range
of novel materials. Fine tuning of material properties can be
realized by applying structurally and electronically diverse TPA
motifs. However, due to the broad spectrum of substituents
(electron donating or withdrawing) attached to the TPA, no
general synthetic protocol is available. Access to TPAs bearing
electron donating substituents is often described in literature,
mainly applying Ullmann condensation.”® On the other hand,
this synthetic technique often fails when applied towards the
synthesis of electron withdrawing groups. As a result of our
investigations to overcome this drawback, we present a general
protocol using nucleophilic aromatic substitution in order to
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gain access to TPAs bearing electron withdrawing substituents.
Reaction conditions for the consecutive transformation to the
above-mentioned boronic acid esters also depend on the sub-
stituents’ nature. While lithiation protocols can be applied for
most TPAs under investigation, Miyaura borylation is required
for TPAs bearing —M substituents (Scheme 2).

With these TPA boronic acid esters in hand, a set of three
star shaped compounds S1-3 was realized using a Suzuki
reaction. This nontoxic procedure proofed superior in yield to
a previously reported procedure incorporating a Stille reaction
for the same compound $1.*

Measurements of electro-chemical and optical properties (e.g.
fluorescence spectra and quantum yields) of the star shaped
compounds S1-3 reveal the strong influence of the substituents’
nature on the TPA moiety on the above-mentioned properties. The
materials were characterized with respect to thermal stability,
film-forming upon spin coating and semiconducting behaviour
(charge carrier mobility in OFET configuration) to probe device
applicability. Mobilities of almost 10> ecm®> V! s7* and low
threshold voltages of approx. 0 V were recorded using methyl-
TPA substituted derivative S2.

Experimental section
Synthesis and characterization

Substances purchased from commercial sources were used
as received. Anhydrous N,N-dimethylformamide (DMF), n-butyl-
lithium solution (2.5 M in hexanes) and 1,3,5-tribromobenzene
were purchased from Aldrich Chemical Co. Isopropyl pinacol
borate®” (CAS 61676-62-8), (IPr)Pd(allyl)CI*® (CAS 478980-03-9)
were synthesized according to literature. Anhydrous tetrahydro-
furan (THF), diethyl ether, toluene were prepared immediately
prior to use by a PURESOLV-plant (it-innovative technology inc.).
Technical grade solvents were distilled prior to use. Analytical
TLC was performed on Merck silica gel 60 F254 plates. Chromato-
graphic separations at preparative scale were carried out on silica
gel (Merck silica gel 60, 40-63 pm), alox or RP-gel. Nuclear
magnetic resonance (NMR) spectra were obtained using a Bruker
DPX-200 or Avance DRX-400 Fourier transform spectrometer
operating at the following frequencies: DPX-200: 200.1 MHz (‘H)
and 50.3 MHz (**C); DRX-400: 400.1 MHz (‘H) and 100.6 MHz
(*3C). The chemical shifts are reported in delta (§) units, parts
per million (ppm) downfield from tetramethylsilane using
solvent residual signals for calibration. Coupling constants
are reported in Hertz; multiplicity of signals is indicated by
using following abbreviations: s = singlet, d = doublet, t = triplet,
q = quartet. The multiplicity of **C signals were obtained by
measuring JMOD spectra. UV/VIS absorption and fluorescence
emission spectra were recorded in THF solutions (1 pg mL ™)
with a Perkin Elmer Lambda 750 spectrometer and an Edinburgh
FLS920, respectively. Cyclic voltammetry was performed using a
three electrode configuration consisting of a Pt working electrode,
a Pt counter electrode and an Ag/AgCl reference electrode and a
PGSTAT128N, ADC164, DAC164, external, DI048 potentiostat
provided by Metrohm Autolab B. V. Measurements were carried

124

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

New J. Chem., 2015, 39, 1840-1851 | 1841



NJC

out in a 0.5 mM solution in anhydrous DCM (oxidation scan)
with BuyNBF, (0.1 M) as the supporting electrolyte. The solu-
tions were purged with nitrogen for 15 minutes prior to
measurement. HOMO energy levels were calculated from the
onset of oxidation. The onset potential was determined by the
intersection of two tangents drawn at the background and
the rising of oxidation peaks. High-resolution mass spectra
(HRMS) were acquired as radical cations using a SYNAPT HDMS
instrument (Waters, Manchester, UK) equipped with a matrix-
assisted laser desorption/ionization (MALDI) source (MALDI-
HRMS). Samples were applied at 1 mg mL~" in THF on stainless
steel using nitroanthracene (3 mg mL™' in THF) as MALDI
matrix. All MS spectra were recorded as accurate mass data with
Angiotensin II (m/z 1046.542) as internal lock mass achieving a
mass accuracy of 15-40 ppm (i.e. Am/z 0.01-0.04 amu). GC-MS
measurements were conducted on a GC-MS hyphenation from
Thermo Finnigan: focus GC with a BGB5 column (/=30 m, ¢ =
0.25 mm, 0.25 pm film); DSQ II Quadrupole (EI' mode).
The thermal behavior of substances S1-3 was studied with
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) using a Netzsch simultaneous thermal analyzer
(STA 449 F1 Jupiter). Powder samples with a mass of approx.
10 mg were lightly pressed into the bottom of open aluminum
pans and heated at 10 °C min~" from 25 °C to 500 °C under
N, gas at a flow rate of 40 mL min'. The STA 449 type-K
thermocouples were calibrated using indium, tin, bismuth and
zinc metals.

Bottom-gate, top-contact OFETs were fabricated on ITO
substrates with a 250 nm layer of vacuum deposited parylene-C
which serves as a common gate electrode/gate dielectric struc-
ture. The substrates were ultrasonically cleaned with water,
acetone and isopropanol followed by a 20 min treatment of
UV/ozone. Compounds S1-3 (25 nm) were vacuum deposited
through a shadow mask (p = 10~ Torr, rate 0.1 A s™%). The
devices were completed by evaporation of gold source and drain
electrodes (50 nm) on top. All characterizations were performed
in ambient air. Current-voltage characteristics of the fabricated
devices were recorded using a Keithley model 4200 semiconduc-
tor characterization system. Output and transfer characterization
were recorded for at least four samples of the same channel
width (W = 2000 pm) and channel length (L = 100 pm).

The spin-coated samples were prepared by the following
procedure: the ITO substrates were ultrasonically cleaned with
water, acetone and isopropanol followed by blow-drying with
N,. 400 pL of a solution of the organic substance in chloroform
(20 mg mL™") was prepared and filtered through a syringe filter
(Teflon & 25 mm, 0.20 um). Consecutively 300 pL of the
prepared organic solution was spin-coated (2000 rpm s~ *; 30 s)
directly on ITO.

The typical layer thickness was in the range of 30-50 nm as
revealed from atomic force microscopy (AFM)-measurements.
For AFM studies, a Multimode V scanner in conjunction with a
Nanoscope V controller (Veeco Instruments) was used. Image
processing and data analysis was performed using Gwyddion
software version 2.40. Samples were measured in tapping mode
using PPP-NCHR probes obtained from Nanoandmore in air.
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Several scans were performed from different parts of the
samples to check the uniformity of the surface. Final images
were measured from a scanning area of 10 x 10 um?® with a tip
velocity in the range from 16 to 18 pum s~ *. No image processing
except flattening was done. Roughness values were calculated
as root-mean-square (rms) values.

All computations were performed using the Gaussian 09
package, revision A.02.>° For the calculation of HOMO/LUMO
levels of compounds S1-3, ground state (S,) geometries were
optimized in gas phase within C; symmetry using the Becke
three parameters hybrid functional with Lee-Yang-Perdew
correlation (B3LYP)*>*" in combination with Pople basis set
6-311+G*.>> To obtain vertical absorption and emission of
model compounds S,,1-3, ground state S, and first excited
singlet state S; were optimized applying DFT and time-
dependent (TD) DFT level of theory using M06-2X**** func-
tional in combination with the polarized double zeta SVP basis
set.*® This parameterization was shown to be superior in terms
of accuracy for the calculation of vertical transitions.*® Geometry
optimizations were performed without symmetry constraints
and solvent effects were included through the polarizable con-
tinuum model (PCM)*” in its linear response (LR-PCM)*® and
state specific (SS-PCM)*° formulations, always considering the
equilibrium time regime (eq.) for the excited state.

General procedure for the synthesis of 6a-f

Synthesis was performed according to Goodbrand.>® 4-Bromo-
aniline 4a (1.0 eq.), substituted iodobenzene 5a-f (2.2 eq.), KOH
(7.8 eq.), CuCl (0.04 eq) and 1,10-phenanthroline monohydrate
(0.04 eq.) were suspended in anhydrous toluene. After purging the
apparatus with argon, the reaction mixture was refluxed on a
Dean Stark trap for an appropriate time maintaining the argon
atmosphere. Reaction progress was monitored by GC/MS. The
reaction mixture was cooled to room temperature and water
was added to solve the potassium hydroxide. Phases were
separated and the hydrous phase was extracted with toluene
three times. The combined organic layer was washed with brine,
dried over anhydrous sodium sulfate and evaporated to dryness
under reduced pressure. The obtained crude product was purified
by Kugelrohr distillation and subsequent recrystallisation from
methanol or acetonitrile.

4-Bromo-N,N-bis(4-fluorophenyl)benzeneamine (6c¢). Accord-
ing to the general procedure; 4a (7.04 g, 41 mmol), 5¢ (20.0 g,
90 mmol), KOH (17.94 g, 320 mmol), CuCl (162 mg, 1.6 mmol)
and phenanthroline monohydrate (325 mg, 1.6 mmol) were
refluxed for 16 h using 250 mL anhydrous toluene. Kugelrohr
distillation (130 °C, 3.8 x 10~ mbar) and recrystallization from
methanol gave colourless crystals of 6¢ (10.33 g, 70% of theory).
TLC (silica gel, hexanes): r¢ = 0.36. Fp = 56-58 °C. '"H NMR
(200 MHz, CD,CL): § = 7.38-7.25 (m, 2H), 7.11-6.91 (m, 4H),
6.89-6.72 (m, 8H), 6.91-6.80 (m, 2H) ppm. C NMR (50 MHz,
CD,CL): 0 = 159.7 (s, Jor = 242.6 Hz), 147.8 (s), 144.0 (s, Jcp =
2.8 Hz), 132.7 (d), 126.9 (d, Jcr = 8.1 Hz), 124.3 (d), 116.7
(d, Jor = 22.6 Hz), 114.7 (s) ppm. MS (EI): m/z 359 (M', 100%),
279 (22), 184 (14).
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4-Bromo-N,N-bis[4-(trimethylsilyl)phenyl|benzeneamine (6e).
According to the general procedure; 4a (7.82 g, 45.5 mmol), 5e
(27.62 g, 100 mmol), KOH (19.89 g, 355 mmol), CuCl (180 mg,
1.8 mmol) and phenanthroline monohydrate (360 mg, 1.8 mmol)
were refluxed for 24 h using 250 mL anhydrous toluene. Kugelrohr
distillation (130 °C, 6.5 x 10~> mbar) and recrystallization from
acetonitrile gave colourless crystals of 6e (12.9 g, 60% of theory).
TLC (silica gel, hexanes): 7y = 0.39. Fp = 143-145 °C. 'H NMR
(200 MHz, CDCly): 6 = 7.42-7.27 (m, 6H), 7.08-6.90 (m, 6H),
0.24 (s, 18H) ppm. “C NMR (100 MHz, CDCl,): § = 147.9 (s),
146.9 (s), 134.64 (s), 134.61 (d), 132.4 (d), 126.1 (d), 123.5 (d),
115.5 (s), 112.4 (s), —0.8 (q) ppm. MS (EI): m/z 469 (M", 100%),
454 (61), 452 (58), 220 (65).

4-Bromo-N,N-bis[4-(1,1-dimethylethyl)phenyl]benzeneamine
(6f). According to the general procedure; 4a (3.7 g, 21.5 mmol),
5f (12.3 g, 47.3 mmol), KOH (9.4 g, 168 mmol), CuCl (85 mg,
0.86 mmol) and phenanthroline monohydrate (170 mg,
0.86 mmol) were refluxed for 36 h using 130 mL anhydrous
toluene. Kugelrohr distillation (160 °C, 2.2 x 10" mbar) and
recrystallization from acetonitrile gave colourless crystals of 6f
(5.8 g, 61% of theory). TLC (silica gel, hexanes): ¢ = 0.33. Fp =
165-168 °C. "H NMR (200 MHz, CD,CL,): 6 = 7.36-7.22 (m, 6H),
7.07-6.95 (m, 4H), 6.95-6.82 (m, 2H), 1.32 (s, 18H) ppm. *C
NMR (50 MHz, CD,Cl,): § = 148.1 (s), 146.9 (s), 145.3 (s), 132.4
(d), 126.8 (d), 124.8 (d), 124.5 (d), 114.0 (s), 34.8 (s), 31.8 (q) ppm.
MS (EIL): m/z 435 (M, 73%), 422 (96), 420 (100), 204 (35), 176 (47).

General procedure for the synthesis of 6g-6l (nucleophilic
substitution)

Synthesis was performed according to Davey*® and Gorvin.***!

Under an argon atmosphere, 4-haloaniline 4a,b (1 eq.), fluoro-
benzene 8a-c (2.2 eq.) and base (CsF or KO'Bu, 2.0-2.2 eq.) were
stirred in DMSO (stored over molecular sieve, 3 A) at 120 °C
overnight. The solvent was removed under reduced pressure
and the remaining crude product dissolved in chloroform. After
washing with water, the organic layer was dried over anhydrous
sodium sulfate and evaporated to dryness under reduced
pressure. Further purification was achieved by column chromato-
graphy or recrystallization.
4-Bromo-N,N-bis(4-nitrophenyl)benzeneamine (6g). Under
an argon atmosphere, 4-bromoaniline (6.88 g, 40 mmol) and
CsF (12.15 g, 80 mmol) were suspended in 100 mL of dry
DMSO. To the stirred suspension 7a (12.42 g, 88 mmol) was
added drop wise and the reaction was heated to 110 °C for 40 h.
After cooling to r.t., the reaction mixture was poured on 800 mL
of water. The formed brown precipitate was filtered over a glass
sinter funnel and crystallized from pyridine to give 6g (9.00 g,
54% of theory) as yellow crystals. TLC (silica gel, hexanes/ethyl
acetate = 9/1): r¢ = 0.76. Fp = 312-315 °C. 'H NMR (400 MHz,
CDCly): 6 = 8.19-8.10 (m, 4H), 7.57-7.49 (m, 2H), 7.17-7.09
(m, 4H), 7.07-7.00 (m, 2H) ppm. "*C NMR (100 MHz, CDCl,):
d =151.7 (s), 144.2 (s), 143.3 (s), 133.9 (d), 128.7 (d), 125.9 (d),
122.8 (d), 120.5 (s) ppm. MS (EI): m/z 413 (M", 100%), 323 (20),
321 (20), 241 (96).
4-Bromo-N,N-bis[4-(methylsulfonyl)phenyl|benzeneamine (6h).
Under an argon atmosphere, 4-bromoaniline (86 mg, 0.5 mmol,),

NJC

7b (192 mg, 1.1 mmol) and KOBu (118 mg, 1.05 eq.) were stirred
in 2 mL of dry DMSO at 120 °C for 12 h. After cooling to r.t., the
solvent was removed under reduced pressure. The residue was
taken up with chloroform and filtered over a pad of celite. The
solvent was removed under reduced pressure and the crude
product purified by column chromatography (40 g silica gel,
hexanes/ethyl acetate gradient 20 — 50%) to give 6h as light
brown powder (184 mg, 77% of theory). TLC (silica gel, hexanes/
ethyl acetate = 1/1): r¢ = 0.20. Fp = 240 °C. 'H NMR (200 MHz,
CDCL): 6 = 7.86-7.73 (m, 4H), 7.55-7.44 (m, 2H), 7.22-7.11
(m, 4H), 7.06-6.96 (m, 2H), 3.05 (s, 6H) ppm. “*C NMR (50 MHz,
CDCly): 6 = 151.0 (s), 144.5 (s), 134.8 (s), 133.6 (d), 129.4 (d), 128.4
(d), 123.2 (d), 119.7 (s), 44.8 (q) ppm.
4,4'-[(4-Bromophenyl)imino]bisbenzonitrile (6i). Under an
argon atmosphere, 4-bromoaniline (8.1 g, 47 mmol) and CsF
(14.3 g, 94 mmol) were suspended in 120 mL of dry DMSO.
A solution of 7¢ (12.5 g, 103 mmol) in 50 mL of dry DMSO was
added drop wise and the reaction mixture was heated to 110 °C
for 50 h. After cooling to r.t., the reaction mixture was poured
on 800 mL of water and extracted three times with 200 mL
chloroform. The combined organic layer was washed with
brine, dried over anhydrous sodium sulfate and the solvent
was removed under reduced pressure. The crude product was
crystallized from ethanol to give 6i (4.05 g, 23% of theory) as
light brown solid. TLC (silica gel, hexanes/ethyl acetate = 4/1):
re = 0.41. Fp = 261-262 °C. "H NMR (200 MHz, CDCl3): 6 = 7.58-
7.42 (m, 6H), 7.14-7.03 (m, 4H), 7.03-6.93 (m, 2H) ppm. “°C
NMR (50 MHz, CDCl,): = 149.9 (s), 144.3 (s), 133.8 (d), 133.6
(d), 128.3 (d), 123.3 (d), 119.7 (s), 118.9 (s), 106.5 (s) ppm. MS
(EI): m/z 373 (M", 100%), 293 (29), 192 (38), 147 (80).
4-Iodo-N,N-bis(4-nitrophenyl)benzeneamine (6j). Under an
argon atmosphere, 4-iodoaniline (5.6 g, 26 mmol) and KO'Bu
(6.1 g, 54 mmol) were suspended in 150 mL of dry DMSO. To
the stirred suspension 7a (8.00 g, 57 mmol) was added drop
wise and the reaction was heated to 120 °C for 40 h. After
cooling to r.t., the solvent was removed under reduced pres-
sure. The residue was taken up with chloroform and filtered
over a pad of celite. The solvent was removed under reduced
pressure and the crude product crystallized from pyridine to
give 6j (6.96 g, 58% of theory) as orange solid. TLC (silica gel,
hexanes/ethyl acetate = 9/1): ry = 0.26. Fp = 295-297 °C. "H NMR
(400 MHz, CDCl;): 6 = 8.19-8.10 (m, 4H), 7.76-7.68 (m, 2H),
7.17-7.09 (m, 4H), 6.94-6.87 (m, 2H) ppm. >C NMR (100 MHz,
CDCl,): 6 = 151.6 (s), 144.9 (s), 143.4 (s), 139.8 (d), 128.8 (d),
125.9 (d), 122.9 (d), 91.4 (s) ppm. MS (EI): m/z 461 (M*, 100%),
369 (11), 241 (83).
4-Todo-N,N-bis[4-(methylsulfonyl)phenyl]benzeneamine (6k).
Under an argon atmosphere, 4-iodoaniline (4.38 g, 20 mmol), 7b
(7.6 g, 44 mmol) and KO'Bu (4.94 g, 44 mmol) were stirred in
150 mL of dry DMSO at 120 °C for 18 h. After cooling to r.t., the
solvent was removed under reduced pressure. The residue was
taken up with 100 mL of chloroform and washed with 50 mL
of water. After drying over anhydrous sodium sulfate, the
solvent was removed under reduced pressure and the crude
product was purified by recrystallization from acetic acid/water
(v/v = 15/1) to give 6k as a brown solid (6.74 g, 64% of theory).
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TLC (silica gel, hexanes/ethyl acetate = 1/1): ry = 0.19. Fp = 232-
235 °C. 'H NMR (200 MHz, CDCl,): § = 7.83-7.73 (m, 4H), 7.70-
7.62 (m, 2H), 7.23-7.11 (m, 4H), 6.92-6.83 (m, 2H), 3.04 (s, 6H)
ppm. *C NMR (50 MHz, CDCl,): 6 = 151.0 (s), 145.2 (s), 139.5 (d),
134.8 (s), 129.4 (d), 128.5 (d), 123.3 (d), 90.5 (s), 44.8 (q) ppm.

4,4'-[(4-Iodophenyl)imino]bisbenzonitrile (61). Under an
argon atmosphere, 4-iodoaniline (4.48 g, 20.5 mmol) and CsF
(6.52 g, 43 mmol) were suspended in 40 mL of dry DMSO.
A solution of 7¢ (5.45 g, 45 mmol) in 20 mL of dry DMSO was
added drop wise and the reaction mixture was heated to 140 °C for
18 h. After cooling to r.t., the solvent was removed under reduced
pressure. The residue was taken up with chloroform and filtered
over a pad of celite. The solvent was removed under reduced
pressure and the crude product purified by column chromato-
graphy (90 g silica gel, dry loading on 10 g silica, hexanes/ethyl
acetate gradient 5 — 20%) to give 61 (2.10 g, 24% of theory) as light
yellow solid. TLC (silica gel, hexanes/ethyl acetate = 4/1): ¢ = 0.42.
Fp=228-230 °C. "H NMR (200 MHz, CDCl,): d = 7.73-7.61 (m, 2H),
7.59-7.45 (m, 4H), 7.15-7.02 (m, 4H), 6.92-6.81 (m, 2H) ppm. *C
NMR (50 MHz, CDCL3): d = 149.9 (s), 145.0 (s), 139.5 (d), 133.8 (d),
128.5 (d), 123.4 (d), 118.9 (s), 106.5 (s), 90.5 (s) ppm. MS (EI): m/z
421 (M, 100%), 294 (12), 192 (12).

General procedure for the synthesis of 8a-f

Synthesis was performed according to Anemian:*” all operations
were performed under argon atmosphere. Triphenylamine (6a-f)
(1.0 eq.) was dissolved in anhydrous THF. The solution was
cooled to —80 °C and a solution of n-butyllithium (2.5 M in
hexanes) (1.2 eq.) was added via a syringe, keeping the tempera-
ture below —75 °C. The reaction mixture was stirred at —80 °C
for appropriate time before isopropyl pinacol borate (1.2 eq.) was
added drop-wise at the same temperature. After slowly warming
to room temperature (approx. 2 h), stirring was continued over-
night. The solvent was distilled off under reduced pressure and
the residue was distributed between water and chloroform. The
phases were separated and the aqueous phase was extracted twice
with chloroform. The combined organic layer was washed with
brine and dried over sodium sulfate. The solvent was removed
under reduced pressure to give the crude product, which was
further purified by recrystallization or Kugelrohr distillation.
N,N-Bis(4-fluorophenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzeneamine (8c). According to the general procedure; 6¢
(4.8 g, 13.3 mmol) was lithiated with n-BuLi (6.4 mL, 16 mmol)
in 50 mL anhydrous THF for 2 h before isopropyl pinacol borate
(3.0 g, 16 mmol) was added. After general workup the crude
product was purified by Kugelrohr distillation (130 °C, 8.0 X
102 mbar) to give 8c as white crystalline powder (4.9 g, 91%
of theory). TLC (silica gel, hexanes/ethyl acetate = 8/1): 7y = 0.67.
Fp = 92-95 °C. '"H NMR (200 MHz, CD,Cl,): 6 = 7.65-7.53
(m, 2H), 7.16-6.84 (m, 10H), 1.31 (s, 12H) ppm. *C NMR
(50 MHz, CD,Cl,): 0 = 159.8 (s, Jcr = 242.8 Hz), 151.2 (s),
143.9 (s, Jor = 3.2 Hz), 136.3 (d), 127.5 (d, Jcr = 8.2 Hz), 120.7
(d), 116.7 (d, Jcr = 22.6 Hz), 84.1 (s), 25.2 (q) ppm (C-B not
detected). MS (EI): m/z 407 (M", 100%), 349 (10), 307 (18).
N,N-Bis[4-(trimethylsilyl)phenyl]-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzeneamine (8e). According to the general
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procedure; 6e (7.03 g, 15 mmol) was lithiated with n-BuLi
(7.2 mL, 18 mmol) in 75 mL of anhydrous THF for 2 h before
isopropyl pinacol borate (3.35 g, 18 mmol) was added. After
general workup the crude product was purified by recrystalliza-
tion from acetonitrile to give 8e as white crystalline powder
(6.60 g, 85% of theory). TLC (silica gel, hexanes/ethyl acetate =
8/1): r¢ = 0.72. Fp = 206-209 °C. 'H NMR (200 MHz, CDCl,):
0=7.73-7.64 (m, 2H), 7.44-7.34 (m, 4H), 7.13-7.02 (m, 6H), 1.34
(s, 12H), 0.26 (s, 18H) ppm. *C NMR (50 MHz, CDCl,): § = 150.4
(s), 147.9 (s), 136.1 (d), 134.7 (s), 134.5 (d), 124.0 (d), 122.8 (d),
83.8 (s), 25.1 (q), —0.8 (q) ppm (C-B not detected). MS (EI): m/z
515 (M*, 100%), 500 (22), 400 (11), 243 (11).

N,N-Bis[4-(1,1-dimethylethyl)phenyl]-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzeneamine (8f). According to the
general procedure; 6f (10.91 g, 25 mmol) was lithiated with
n-BuLi (12 mL, 30 mmol) in 150 mL of anhydrous THF for 2 h
before isopropyl pinacol borate (5.58 g, 30 mmol) was added.
After general workup the crude product was triturated with
methanol to give 8f as white crystalline powder (9.05 g, 79% of
theory). TLC (silica gel, hexanes/ethyl acetate = 8/1): ry = 0.71.
Fp = 212-214 °C. '"H NMR (200 MHz, CDCl3): 6 = 7.64-7.53
(m, 2H), 7.37-7.26 (m, 4H), 7.10-7.00 (m, 4H), 7.00-6.91
(m, 2H), 1.37-1.29 (m, 30H) ppm. *C NMR (50 MHz, CDCl;):
0 =151.5 (s), 147.2 (s), 145.2 (s), 136.2 (d), 126.8 (d), 125.4 (d),
120.9 (d), 84.0 (s), 34.8 (s), 31.8 (q), 25.3 (q) ppm (C-B not
detected). MS (EI): m/z 483 (M", 16%), 468 (18), 368 (12), 168
(11), 57 (100).

N,N-Bis(4-nitrophenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzeneamine (8g). Synthesis was performed according to
Murata.” In a 100 mL round-bottom flask, 6j (2.08 g, 4.5 mmol,
1.0 eq.) and PdClL(dppf) (98.8 mg, 0.135 mmol, 0.03 eq.) were
suspended in 20 mL of dry dioxane. After flushing the apparatus
with argon, triethylamine (1.37 g, 13.5 mmol, 3.0 eq.) and pina-
colborane (749 mg, 5.85 mmol, 1.3 eq.) were added drop wise. After
stirring for 15 h at room temperature the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (100 g basic alumina, dry loading on 6 g neutral
alumina, hexanes/DCM gradient 25 — 100%) to give 8g as orange
powder (390 mg, 19% of theory). TLC (silica gel, hexanes/ethyl
acetate = 8/1): r¢= 0.52. Fp = 175-178 °C. "H NMR (200 MHz, CDCl,):
0 = 8.18-8.06 (m, 4H), 7.89-7.77 (m, 2H), 7.20-7.07 (m, 6H), 1.33
(s, 12H) ppm. *C NMR (50 MHz, CDCl,): § = 151.9 (s), 147.6 (s),
143.2 (s), 137.1 (d), 126.0 (d), 125.7 (d), 123.0 (d), 84.3 (s),
25.1 (q) ppm (C-B not detected). MS (EI): m/z 461 (M", 100%),
361 (21), 268 (17).

General procedure for the Suzuki coupling towards 2, S1-3

The synthesis was performed according to Marion.** Under an
argon atmosphere, (hetero)aromatic halide (1.0 eq.), boronic
ester (3.0-4.5 eq.) and KO'Bu (3.0-4.5 eq.) were suspended in a
sufficient amount of solvent (IPA/H,O = 3/1; degassed by bub-
bling with argon). A solution of (IPr)Pd(allyl)Cl (0.02-0.05 eq.) in
degassed IPA was added and the reaction mixture was refluxed
for an appropriate time, monitoring the conversion by TLC. After
completion, the reaction mixture was distributed between water
and chloroform; the phases were separated and the aqueous
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layer was extracted with chloroform three times. The combined
organic layer was dried over anhydrous sodium sulfate and the
solvent removed under reduced pressure to give the crude
product. Purification was achieved by column chromatography.

2,2/,2"-(1,3,5-Benzenetriyl)tristhiophene (2). According to the
general procedure; 1,3,5-tribromobenzene (0.787 g, 2.5 mmol),
2-thiopheneboronic acid pinacol ester (2.364 g, 11.25 mmol) and
KOBu (1.262 g, 11.25 mmol) were suspended in 50 mL solvent.
(IPr)Pd(allyl)Cl (71.4 mg, 125 pmol; dissolved in 1 mL IPA) was
added before refluxing for 1 h. After general workup the crude
product was purified by column chromatography (90 g silica gel,
hexanes/DCM 0 — 3%) to give 2 as white powder (0.697 g, 86%
of theory). TLC (silica gel, hexanes/ethyl acetate = 20/1): r¢ = 0.35.
'H NMR (200 MHz, CDCl;): 6 = 7.74 (s, 3H), 7.40 (dd, J = 1.1, 3.6
Hz, 3H), 7.33 (dd, = 1.1, 5.1 Hz, 3H), 7.11 (dd, J = 3.6, 5.1 Hz, 3H)
ppm. >C-NMR (50 MHz, CDCl,): § = 143.7 (s), 135.9 (s), 128.3 (d),
125.6 (d), 124.1 (d), 122.9 (d) ppm.

4,4’ 4"-(1,3,5-Benzenetriyltri-5,2-thiophenediyl)tris[ N,N-diphenyl-
benzenamine] (S1). According to the general Suzuki procedure;
compound 3 (280.1 mg, 0.5 mmol), boronic acid pinacol ester 6a
(835.0 mg, 2.25 mmol) and KOBu (252.5 mg, 2.25 mmol) were
suspended in 12 mL solvent. (IPr)Pd(allyl)Cl (14.3 mg, 25 umol;
dissolved in 1 mL IPA) was added before refluxing for 2 h. After
general workup the crude product was purified by column
chromatography (90 g silica gel, hexanes/DCM = 6/1); after
removing the solvent under reduced pressure, the residue was
dissolved in 40 mL of boiling 2-butanone. The product was
precipitated by adding 50 mL of 2-propanol to give S1 as yellow
powder (512.8 mg, 97% of theory). TLC (silica gel, cyclohexane/
DCM = 3/1): r¢ = 0.30. "H NMR and *C NMR data according to
literature.>* MS (MALDI-TOF): caled for C,,H5;N5S;: 1053.3245;
found: 1053.3020.

4,4',4"-(1,3,5-Benzenetriyltri-5,2-thiophenediyl)tris[ N,N-bis-
(4-methylphenyl)benzenamine] (S2). According to the general
Suzuki procedure; compound 3 (280.1 mg, 0.5 mmol), boronic
acid pinacol ester 6b (898.5 mg, 2.25 mmol) and KO'Bu (252.5 mg,
2.25 mmol) were suspended in 12 mL solvent. (IPr)Pd(allyl)Cl
(14.3 mg, 25 umol; dissolved in 1 mL IPA) was added before
refluxing for 2 h. After general workup the crude product was
purified by column chromatography (90 g silica gel, hexanes/DCM
25 — 27%) to give S2 as yellow powder (473.3 mg, 83% of theory).
TLC (silica gel, cyclohexane/DCM = 3/1): r; = 0.30. '"H NMR
(200 MHz, CD,Cl,): 6 = 7.74 (s, 3H), 7.53-7.44 (m, 6H), 7.40
(d,J =3.78 Hz, 3H), 7.23 (d, J = 3.80 Hz, 3H), 7.15-7.05 (m, 12H),
7.05-6.94 (m, 18H), 2.32 (s, 18H) ppm. *C NMR (50 MHz,
CD,Cl,): 6 = 148.5 (s), 145.5 (s), 144.9 (s), 141.8 (s), 136.2 (s),
133.7 (s), 130.50 (d), 127.5 (s), 126.8 (d), 125.45 (d), 125.39 (d),
123.4 (d), 122.6 (d) 121.7 (d), 20.1 (s) ppm. MS (MALDI-TOF):
caled for C,gHg3N3S5: 1137.4184; found: 1137.4006.

4,4',4"-(1,3,5-Benzenetriyltri-5,2-thiophenediyl)tris[ N,N-bis-
(4-fluorophenyl)benzenamine] (S3). According to the general
procedure; compound 3 (280.6 mg, 0.5 mmol), boronic acid
pinacol ester 6¢ (916.3 mg, 2.25 mmol) and KO‘Bu (252.5 mg,
2.25 mmol) were suspended in 12 mL solvent. (IPr)Pd(allyl)Cl
(14.3 mg, 25 pmol; dissolved in 1 mL IPA) was added before
refluxing for 2 h. After general workup the crude product was
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purified by column chromatography (90 g silica gel, hexanes/
DCM 25 — 30%) to give S3 as yellow powder (323.3 mg, 56% of
theory). TLC (silica gel, hexanes/DCM = 5/1): r¢ = 0.32. "H NMR
(200 MHz, CD,CL): 6 = 7.72 (s, 3H), 7.56-7.45 (m, 6H), 7.39
(d,J=3.76 Hz, 3H), 7.24 (d, J = 3.78 Hz, 3H), 7.14-6.92 (m, 30H)
ppm. >C NMR (50 MHz, CD,Cl,): § = 159.7 (s, Jcr = 242.5 Hz),
148.2 (s), 144.6 (s), 144.1 (s, Jor = 3.0 Hz), 142.1 (s), 136.1 (s),
128.2 (s), 126.98 (d), 126.97 (d, Jor = 8.1 Hz), 125.4 (d), 123.7 (d),
122.8 (d), 121.8 (d), 116.7 (d, Jor = 22.7 Hz) ppm. MS (MALDI-TOF):
caled for C,,H,5F¢N,S,: 1161.2680; found: 1161.3152.

Results and discussion
Synthesis

The synthetic linkage of TPA structures 8 bearing either electron
withdrawing (—I, —M-effect) or donating (+I, +M) substituents
with 3 is realized via Suzuki cross-coupling reactions.***® There-
fore, a general cross-coupling procedure was developed tolerat-
ing a broad spectrum of functionalized TPA boronic acid esters
(Scheme 1).

Stille cross-coupling reactions are commonly applied in
literature,*” however they require toxic stannyl intermediates.
In order to avoid these undesirable precursors, highly stable
pinacol boronic acid esters are used in Suzuki cross-coupling
reactions ensuring high conversion, selectivity, and tolerance of
functional groups representing a more convenient synthetic
approach.*® Herein we report the synthetic pathway towards
diversely substituted triphenylamine structures (R = -H, -Me,
-OMe, -TMS, -tBu, -F, -NO,, -CN, -SO,Me), functionalization
towards boronic acid esters and subsequent cross-coupling
with brominated tris(2-thienyl)benzene 3 via Suzuki reaction.

In order to synthesize the desired TPA building blocks two
synthetic pathways towards halide species 6a-1 were developed
depending on the nature of substituent R (Scheme 2).

The conversion of suitably substituted iodobenzenes 5a-f
and 4-bromoaniline 4a to the corresponding bromo substituted
triphenylamines 6a-f was realized in good to excellent yields
via Ullmann condensation applying copper(i)chloride and 1,10-
phenanthroline as catalytic system.?® When applying the same
strategy on substrates bearing —M substituents relatively low
conversions have been observed. Consequently, nucleophilic
aromatic substitution of properly substituted fluorobenzenes
7a—-c with anilines 4a,b was chosen as an alternative synthetic
approach leading to bromo (6g-i) and iodo (6j-1) substituted
triphenylamine derivatives in good yields (Table 1).

The synthesis of the boronic acid pinacolates 8a-f was
achieved via metal halogen exchange using n-butyllithium and
further conversion with isopropyl pinacol borate in good yields
(Table 1). Again, substrates bearing —M substituent turned out
to be troublesome, since neither bromo 6g-i nor iodo derivatives
6k,1 showed proper conversion. Nevertheless, starting from iodo
derivative 6j the synthesis of boronic acid esters 8g could be
achieved (despite the rather low yields of 18%) when switching
to the palladium catalyzed Miyaura borylation using pinacol
borane as boron source (Scheme 2).
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Scheme 1 Synthetic pathway towards S1-3. Reaction conditions: (i) thiophene-2-boronic acid pinacol ester, KO'Bu, (IPr)Pd(allyl)Cl, isopropanol/water,
reflux; (i) NBS, chloroform/glacial acetic acid, r.t.; (i) 8a—c, KO'Bu, (IPr)Pd(allyl)Cl, isopropanol/water, reflux.
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Scheme 2 Synthesis of intermediates 6 and boronic acid esters 8. Reaction conditions: () KOH, CuCl, phenanthroline in toluene, reflux; (ii) n-Buli,
—78 °C in THF, then isopropyl pinacol borate; (iii) CsF or KO'Bu in DMSO, AT:; (iv) pinacolborane, triethylamine, PdCl,(dppf) in dioxane, r.t. For a definition
of R and X please refer to Table 1.

Table 1 Experimental data for compounds 6a—l and boronic acid esters

For the consecutive Suzuki cross-coupling reaction, palla-
dium NHC-complex (IPr)Pd(allyl)Cl showed superior efficiency

8af over tetrakis(triphenyl)palladium(0) in terms of reactivity

Ullmann Nucleophilic aromatic Synthesis of boronic and selectivity. Additionally, high conversion and high toler-

condensation substitution esters ance of TPA boronic acid esters 8a—f bearing either electron
R Yield (%) X R Yield (%) R Yield (%) donating (e.g -Me) or electron withdrawing substituents

6a H 74 6g Br NO, 54 8a H 77 (e.g. -F) were observed using isopropanol-water as solvent

6b Me 89 6h Br SO,Me 77 8b Me 74 and K‘OBu as base.

6c F 70 6i Br CN 23 8¢ F o1 Applying these reaction conditions, compounds 2 and S1-3

6d OMe 86 6) I NO, 58 8d OMe 76 . . . . .

6e TMS 60 6k T SO,Me 64 8e TMS 85 were obtained. The synthesis of 2 was achieved in good yield of

6f tBu 61 6l 1T CN 24 8f tBu 79 86% via cross-coupling of thiophene-2-boronic acid pinacol
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Table 2 Photophysical characterization of compounds S1-3 and computational data for compounds S,,1-3

Comp.  Amax (Emax)” (NM) Jmax” (M) Jem (0° (hM)  Jen? (M) Aem® (hm)  Comp.  Apn (M) Aem® (hM) e (Nm)
S1 302 (61.2), 387 (112.9) 474 461 (62) 471 486 Sml 344 450 445
) 304 (61.7), 394 (104.2) 482 474 (71) 477 498 Sim2 349 454 459
S3 297 (51.0), 384 (104.7) 472 459 (62) 466 482 Sm3 343 449 445

“ Measured in THF solution, &max X 107> in M~ ecm™*

in parentheses. ” Absorption of solid samples. ¢ Measured in a THF solution;

¢ fluorescence quantum yield. ¢ Film samples. ¢ Solid samples./ Calculated absorption of model compounds Sp1-3. ¢ Calculated emission
(LR-PCM) of model compounds Sp,1-3. * Calculated emission (SS-PCM) of model compounds Sg,1-3.

ester and 1,3,5-tribromobenzene 1 according to the above
protocol. Consecutive bromination with NBS in chloroform/glacial
acetic acid gave the tribromo derivative 3, the precursor for the
final Suzuki coupling with boronic acid esters 8a-c. Star-shaped
compounds S1-3 bearing either electron donating or withdrawing
substituents were obtained in satisfactory to excellent yields
(Table 3). These solid materials appear yellow in color and are
soluble in common organic solvents. The characterization of
$1-3 was performed by "H/**C-NMR spectroscopy and HR-MS
analysis. The data are consistent with the proposed structural
formulations.

Photo-physical properties of S1-3 were determined by
UV-VIS and fluorescence spectrometry in THF solution, for
amorphous films and in the solid state (Table 2 and Fig. 3).
Two absorption maxima were located in relatively narrow
ranges of 297-304 and 384-394 nm for substances S1-3 when
measured in THF solution. While the former is assigned to the

R
N Q /l
oRNN
R Sml,R=H
Sm2,R=CH3
Sm3,R=F

n-n* transition of the triphenylamine moiety, the longer wave-
length absorption originates from the m-n* transitions of the
electron-donating triphenylamine moiety to the electron-
accepting thiophene moiety.*’ A clear trend can be observed,
as the electron withdrawing fluoro derivative S3 shows the
absorption maximum with the highest energy, whereas the
electron donating methyl derivative S2 has the absorption
maximum at the longest wavelength; the absorption maximum
of the electron neutral S1 lies in between.

These findings are supported by quantum chemical calcula-
tions of model substances S,,1-3 (Fig. 2). In order to mimic Cs
symmetric substances S1-3, suitable model substances were
chosen, comprising one dendritic arm and the benzene core.
This approach ensures a realistic representation of S1-3 while
keeping the computational costs at a reasonable level. Absorp-
tion and emission wavelengths in THF of S,,1-3 were estimated
by applying density functional (DFT) and time dependent
density functional (TDDFT) level of theory according to a
protocol presented recently.*® The calculated absorption and
emission wavelengths of S,,1-3 are in agreement with experi-
mental data of S1-3 showing the lowest shift in emission for
fluoro-substituted S$3/S,,3 and highest emission shifts for
methyl-substituted compounds S2/S,,2 (Table 2).

Again this behavior can be correlated to the increased
electron density on the aromatic ring (Fig. 3) in the case of S2
(Zem = 474 nm) causing a significant bathochromic shift and a
decreased electron density in the case of S3 (e = 459 nm)
causing a hypsochromic shift in reference to S1 (4, = 461 nm)
(Table 2). Stokes shifts for all compounds S1-3 are comparable
and range from 0.51-0.53 eV. Quantum yields in solution are

T T T T T T

\ —— 8§1(385nm Exc.)
- -- 82(393nm Exc.)
83 (377nm Exc.)

Relative PL-Intensity [a.u.]

T T T
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450 700

Fig. 2 Model substances Sp,1-3.
5
S,
c
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°
g
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Fig. 3 Absorption (left) and emission (right) spectra of S1-3 in THF solution.
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Fig. 4 Cyclic voltammograms of S1-3 in DCM.

shifted to higher values correlating with enhanced electron density
(Table 2). The values of S1 and S3 are identical (¢¢ = 0.62), whereas

Table 3 Experimental data, physical characterization and computational
data of compounds S1-3

vield T, T4° Band gap° HOMO/ HOMO/
Comp. (%) (°C) (°C) (nm,eV) LUMO?(eV) LUMOF (eV)
s1 97 128 541 387,3.20 —5.19/~1.99 —5.17/-1.76
s2 83 135 528 394,3.14 —5.24/-2.10 —5.01/—1.66
S3 50 121 538 384,323 —5.21/-1.98 —5.36/—1.91

“ Obtained from DSC measurements. ” Thermal decomposition tem-
perature determined from 5% mass loss. © Bandgaps were determined
from the onsets of the absorption in THF solution.  HOMO-levels
determined from solutions measured in DCM. All E, data are reported
relative to ferrocene (Fc/Fc', Eo = 446 mV). The concentration of the
compounds used in this experiment was 1 mg uL,~ ' and the scan rate was
50 mV s~ . LUMO levels were determined from the optical band gap and
the HOMO energy level according to the following equation: Epymo =
Enomo t Ebandgap- © Calculated HOMO/LUMO levels (B3LYP/6-311+G(d)).
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the quantum yield is considerably higher (¢¢= 0.71) for the methyl
substituted derivative S2.

Emission spectra of solid samples S1-3 are in the narrow
range of 482-498 nm, whereas spin coated samples are in the
range of 466-477 nm (for spectra please refer to the ESIt).

Electro-chemical characteristics of the star-shaped mole-
cules S1-3 were investigated by cyclic voltammetric methods
(Fig. 4). The first oxidation potentials were used to determine
the HOMO energy levels. Ferrocene served as an external
standard for calibrating the potential and calculating the
HOMO levels (—4.8 eV). All compounds S1-3 undergo reversible
oxidation indicating the formation of stable cation radicals.
Only small variations of HOMO levels (—5.19 eV to —5.24 €V)
were observed. The LUMO levels were determined from the
optical bandgap and the HOMO energy level obtained from CV
measurements and vary in the range from —1.98 to —2.10 eV.
Calculated HOMO/LUMO levels are in good accordance with
the experimental data for compounds S1 and S3, whereas the
deviation is somewhat higher for substance S2. The pertinent
data are listed in Table 3.

Thermal properties were investigated by DSC and TGA
measurements. Glass-forming properties and thermal stability
of the compounds were examined by simultaneous thermal
analysis (STA). The glass transition temperature (T,) was esti-
mated from DSC curves (Fig. 5). The determined T, values are
in the range from 121 to 135 °C, the methyl substituted S2
showing the highest value while fluoro substituted S3 exhibits
the lowest T,. All materials exhibit high thermal stability as
evidenced by decomposition temperatures corresponding to
5% mass loss between 528 and 541 °C (Table 3 and Fig. 5).
This high thermal stability allows for fabrication of homo-
geneous and stable amorphous thin films by vacuum deposition.

The semiconducting properties of the materials under inves-
tigation were tested by using a top-contact OFET architecture as
shown in Fig. 6. A hole mobility up to 7.7 x 10 * em* v ' s !
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Fig. 5 TGA (left) and DSC (right) measurements of S1-3.
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Fig. 6 Output characteristics (left) and corresponding transfer curve (right) of S2.

and average threshold voltages of approx. 0 V which can be
attributed to a low background charge density in the material
were recorded using S2 as semiconducting layer (Fig. 6), while
no working OFET device could be fabricated using S1 or S3.
As the performance of an OFET highly depends on the quality
of the interface between dielectric and organic semiconductor,
these results might be correlated to the tendency of S2 to from
nearly defect free films, which was observed in spin coating
experiments.

All compounds S1-3 readily form stable glasses. Spin
coated thin films of S1-3 were produced on ITO substrates
using chloroform as solvent. Their surface morphology and
thickness were further investigated by atomic force microscopy
(AFM, Fig. 7). In principle, all films showed very little average

Fig. 7 Topography AFM images of S1-3 (a—c).

thickness (30-50 nm) and low roughness of the surface (root
mean square = 0.63, 0.32 and 0.34 nm for S1, S2 and S3
respectively). However, when examining the surface of S1
sub-um sized pinholes were observed. Potential reasons for
pinholes are trapped air, solvent gas-bubble formation or
contaminations on the substrate or in the organic solution.
Since numerous spin coating samples were prepared applying
the same procedure yielding reproducible results, the origin of
these defects is unlikely to come from the fabrication process.
Therefore, the formation of these pinholes is probably sub-
stance specific and might be attributed to higher propensity to
crystallization of S1 compared to S2 and S3. Thus, in contrast
to S1, solution-processed films of S2 and S3 can readily be
prepared.
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Conclusion

This contribution outlines an optimized synthetic pathway towards
a broad spectrum of p-substituted triphenylamines, suitable as
building blocks for organic semiconducting materials.

We employed these triphenylamine moieties in C3 symmetric
dendritic tris(2-thienyl)benzene structures and elucidated the
influence of the molecular design on photo-physical properties.
The electronic characteristics of the substituents show a strong
influence on the fluorescence spectra thus enabling color tuning.
These star shaped materials exhibit good solubility and thermal
stability allowing for both solution processing and physical vapor
deposition, respectively. The novel materials were tested as semi-
conductors in organic field effect transistor devices, exhibiting
hole mobilities of almost 10~ em® V" s7.

Spin coating experiments showed a strong correlation between
the nature of the substituents and the morphology of the resulting
thin film; similar results were observed for transistor perfor-
mance. The structural versatility and capability of our molecular
design will contribute to the further development of functional
organic materials.
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3 — Nonlinear Optics —
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3.1. Introduction

The first discovery of nonlinear optic (NLO) behavior can be dated back to 1875 when J. Kerr
discovered a change in the refractive index of CS, when subjected to an electric field (a process now
known as the Kerr-effect).! But it was not until the early 1960s with the invention of the laser, that the
scope of NLO properties could be further evaluated and the search for materials with nonlinear optical
applications was initialized. Since then a number of optical frequency mixing phenomena, collectively
known as the nonlinear optical processes, have been observed in a variety of dielectric media.”

Such NLO phenomena include a broad range of interactions of light (electromagnetic
radiation) with materials ranging from sum- and difference-frequency generation, the electro-optic
effect, self-focusing and defocusing effects to multi-photon absorption processes. On the one hand
these material properties may be used to control the phase, polarization state and frequency of light
beams, suitable for a variety of applications in telecommunications and other photonic technologies.
On the other hand the application of these processes involves the formation of excited states (and,
therefore, their associated physical and chemical properties) with a high degree of three-dimensional
confinement allowing excellent spatial control within the focal volume of the laser beams, which may
be employed in 3D fluorescence imaging, photodynamic therapy, nonlinear optical transmission and
3D microfabrication.

In emerging photonic technologies for use in areas such as telecommunications, sensors and
information technology, light is used as the carrier of information. Optical waveguides including
optical fibers are used to modulate and transport this light.” The majority of modern commercial
optoelectronic devices (such as LEDs, solar cells, and nonlinear-optics) are built on the basis of
traditional inorganic semiconductors.* Over the last couple of decades, however, a lot of scientific
efforts has been made in producing devices based on organic electronic materials, which for many
applications may become less expensive alternatives to their inorganic counterparts’ and feature the
advantage of broad versatility due to the possibility of tuning optical properties by changing their
chemical structure.® Various organic compounds based on small molecules, conjugated polymers, or
carbon nanotubes have been shown to be suitable for nonlinear applications. However, drawbacks of
organic materials are on the one hand low efficiency of frequency mixing processes and on the other
hand reduced photochemical stability in comparison to inorganic counterparts. Therefore, there is still
a need for further research to overcome these shortcomings.

3.2. Concept of Nonlinear Optical Phenomena

Nonlinear optical properties are associated with the ability of a material to undergo nonlinear
polarization under the influence of electric fields (either static fields or the oscillating fields associated
with electromagnetic radiation). Application of an electric field to a system of charges will result in
charge separation (i.e. a dipole moment is induced) within the more polarizable m-system of a
conjugated organic molecule.’” Nonlinear optics give rise to a multitude of higher order optical
phenomena. Among 2" order optical nonlinear effects are second harmonic generation (SHG), sum-
frequency generation (SFG), difference-frequency generation (DFG), optical parametric amplification
(OPA) and optical parametric oscillation (OPO). Optical Kerr effect, third harmonic generation
(THG), two photon absorption or stimulated Raman scattering (SRS) constitute 3™ order optical
nonlinear effects. In the following the discussion will be limited to frequency mixing processes of
second harmonic generation and two-photon absorption, since the materials synthesized in this work
may be suitable for generating these physical phenomena.
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The size of the induced dipole moment (P) depends both on the magnitude of the applied
electric field (E) and on the ease, with which the molecule can be distorted. Mathematically, the
optical response of the medium can be described on a molecular scale by expressing the induced
polarization P(t) as a power series of the optical field strength E(t) of the incident light:

P(t) = ¢ B+ x Y E )+ xV E® + ..

where the constant ™ is the n™-order susceptibility of the material, ", ¥, and x® corresponding to
optical effects such as absorption or reflection, second harmonic and third harmonic generation,
respectively.” Thus, a second-order phenomenon results in frequency doubling, while a third-order
process leads to frequency tripling. Second harmonic generation is a second-order nonlinear optical
process in which two photons of the frequency ® interact with a non-centrosymmetrical medium (i.e.,
material lacking a generalized mirror symmetry) and combine to form a new photon with half the
wavelength, i.e., twice the frequency (2w) and therefore twice the energy of the initial photons (Figure
1, A). Such phenomena are ‘nonlinear’ since the observed effect depends quadratically on the strength
of the optical field.

A Virtual state B Exited state
ho ho
Ospg =20 L O1pA<20
ho
hogyg TPA
ho ho
Ground state Ground state

Figure 1: Jablonski energy-level diagram (A) and absorption/fluorescence diagram (B) describing SHG and two-photon
excited fluorescence, respectively.

In contrast two-photon absorption involves the uptake of two photons with frequency
o (Figure 1, B), resulting in various relaxation processes, e.g. in emitting light at approximately the
frequency 2 @ (twice the original frequency, with half the wavelength). While SHG involves only
virtual energy transition, two-photon excited absorption involves real energy states based on
transitions of electrons. Consequently, when using ultrafast femtosecond pulsed lasers, the response
time of SHG is at the femtosecond level, about several orders of magnitude faster than the nanosecond
response time of fluorescence as an excitation source, allowing very fast and sensitive detection.’
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3.3. Second Harmonic Generation

The design and preparation of new materials exhibiting SHG is attractive due to fast responses
and high-speed applications, large nonresonant nonlinearities, and potentially low costs. Consequently,
in recent years these nonlinear optic phenomena have been subject of scientific research owing to their
potential employment in ultrafast signal processing, optical computing, optical telecommunications,
optical limiting, optical data storage devices, and harmonic generation.

Potentially, any material lacking a center of symmetry may generate a second harmonic, however,
some requirements have to be fulfilled, e.g. high nonlinear susceptibility, delocalized electrons as well
as adequate thermal and mechanical stability.® The first applications exploiting the nonlinear optical
properties of materials relied almost exclusively on ferroelectric inorganic crystals such as potassium
dihydrogen phosphate (KH,PO,, KDP), lithium niobate (LiNbO3), potassium niobate (KNbOs3), or -
barium borate (BaB,0,, BBO), despite shortcomings such as difficulties in materials processing.® The
search for novel materials led to organic single crystals possessing unique optoelectronic properties
which are based on their delocalized electrons in conjugated electron systems, causing various photo-
responses such as photoconductive, photovoltaic and photocatalytic behavior.” Moreover, there is a
sheer unlimited versatility of design possibilities for tailoring the NLO properties of organic
molecules, suitable oligomers and polymers. Organic crystals exhibit large nonlinear susceptibilities in
comparison to inorganic NLO crystals, although reduced thermal and photochemical stability is a
drawback of organic materials."

The enhancement of the nonlinear process efficiency by the appropriate choice of NLO materials
exhibiting high first hyperpolarizability (f) based on push-pull molecules represents a central
scientific interest. In approximation 3 can be described as follows:

B .uée (Az.uge)
Wge

where . is the transition dipole moment linking ground (g) and excited state (e), Ap,. is the
change in static dipole moment between ground and excited state and . is the frequency
corresponding to the excited-state energy. Consequently, for second-order NLO properties structures
are required that will provide (i) large change in dipole moment on excitation, (ii) large transition
dipole moment, and (iii) small energy difference between the excited and ground states.'' Based on
this model, the design of chromophores with ideal nonlinear response was primarily based on
molecules with donor and acceptor moieties separated by a m-conjugated bridge (Figure 2, A). As a
first approximation, the SHG behavior of organic materials in the bulk may be estimated by the
determination of the nonlinear response at the molecular level characterized by the hyperpolarizability

B.

Effective strategies to increase the hyperpolarizability of donor—acceptor-based materials have
been demonstrated by elongating of the conjugated spacer (e.g., proceeding from n = 1 to 3 in Figure
2, B)." Also, the incorporation of heterocycles like thiophene, furan or thiazole into the conjugation
pathway in the center of the bridge leads to greater nonlinearities exhibiting a larger 3, which can be
attributed to the reduced aromaticity of the heterocycle compared to phenylene species (Figure 2,
C)."*!"* Recently, a second-order nonlinear optical material combining a Z-(alkylthio)alkenyl donor and
a triazole acceptor bearing high stability and optical quality exhibiting an SHG efficiency of twice the
value of KDP was reported (Figure 2, D)."”> Another possible method enhancing the nonlinearities is
the incorporation of heavier heteroatoms in the heterocyclic ring. Kamada et al. report increases in
optical nonlinearities in neat heterocycles with increasing atomic number of the heteroatom (O — S —
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Se), which was ascribed to the effect of the localized electrons of the heteroatom.'®

A
Donor n-Bridge o Acceptor
B C Bu D
\S
MeO
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Figure 2: (A) Chromophore design. (B-D) Compounds exhibiting SHG.

Despite these design strategies, there is only limited insight into molecular structure—property
relations, since the SHG signal strongly depends on the acentric nature of the crystal packing, e.g. non-
centrosymmetric molecules without any permanent dipole (molecules with D,, Ds,, Ci,, Ty
symmetry).'” However, many compounds with large B values also possess rather high dipole moments,
consequently, these molecules tend to align antiparallel with one another leading to zero ¥ due to
dipole-dipole interactions." So the most effective and facile way to improve the macroscopic
nonlinearity values of these materials is the optimization of the push—pull chromophores.

3.4. Two-Photon Absorption

Interestingly for many years two-photon absorption (2PA) has been regarded as an adverse
effect by the nonlinear optics community. This is especially true in the case of optical switching,
where 2PA can lead to attenuation of signals and sample damage through severe heating.
Consequently, there was no pursuit for high 2PA materials, indeed, efforts were made to prevent or
minimize its presence. However, the applicability of 2PA in other scientific fields led to increasing
interest in optimized 2PA properties.

3.4.1. Physics of Two-Photon Absorption

In general, molecules can be excited to an elevated state (e) from the ground state (g) with an
energy equal to the difference between e and g by absorption of one photon (1PA) (Figure 3, A4, left).
Another possible process to generate excited states is based on two-photon absorption (2PA), which
refers to the “simultaneous” absorption of two photons. This physical process occurs within the
lifetime of a metastable intermediate excited state (virtual state, formed by the first photon) by
absorption of the second photon (Figure 3, A, right). 2PA can be observed in molecules without an
inversion center, is inherently weak at normal light intensities and requires the use of high intensities
of light provided by focused pulsed laser beams. While the absorption of two photons of different
energy is called non-degenerate 2PA (Figure 3, B), absorbing two photons of the same energy is
referred to as degenerate 2PA (Figure 3, C). The energy of the excited state formed is equal to the sum
of the energies of the two photons absorbed and in case of the latter corresponds to twice the
wavelength normally required to reach an excited state.
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Figure 3: Schematic energy level diagrams illustrating the process of (A) one-photon absorption (1PA) and two-photon
absorption (2PA), (B) excitation of a molecule from the ground state g to the excited state ¢ for photons with differing
energies (non-degenerated case) and (C) the same energies (degenerated case). After excitation to state e the system relaxates
quickly to state r, the lowest vibronic level of the lowest-energy excited state, by internal conversion (IC) or vibrational
relaxation, from which further physical or chemical processes continue (e.g. relaxation to ground state g via fluorescence).
The length of each arrow is proportional to the photon energy. The dotted arrows represent possible relaxation pathways.

Because of the conservation of momentum, 1PA is only possible between states of different
parity. The existence of an electronic state of the appropriate energy, e.g. E; + E,, is in principle not
sufficient to lead to the absorption of two photons, since symmetry selection rules also have to be
fulfilled to allow 2PA processes. The selection rules for 2PA differ from those for 1PA: for systems
having an inversion center transitions are two-photon allowed only if they connect states with the same
symmetry with respect to the inversion operation. The lowest electronic state accessible through 2PA
usually lies at higher energy than the 1PA-allowed state. Thus optical transitions that are not visible by
1PA may be intense in the 2PA spectrum. In contrast these selection rules are not applicable for non-
centrosymmetric molecules, where the same state can be reached by 1PA and 2PA transitions.

3.4.2. Advantages of Two-Photon Absorption

In recent years materials exhibiting high two-photon absorption have attracted growing
interest due to their potential applications in materials and biomedical science,"’” including three-
dimensional optical data storage,”'** lithographic microfabrication,”* optical power limiting,” two-
photon fluorescence imaging,”**” and photodynamic therapy.”*** 2PA induced photopolymerization
(2PIP) allows for stereolithography and rapid prototyping of structures with resolutions in the sub-
micrometer range. Numerous potential applications of 2PIP have been reported, including 3D
microfabrication of electronic and optical microdevices,”® photonic crystals,”’ microfluidics channels,”
optical data storage,” as well as polymer-based optical waveguides on integrated circuit boards** and
biological applications such as the fabrication of scaffolds for cell culturing and tissue engineering.*>*

Although 2PA is several orders of magnitude weaker than linear absorption, these applications
take advantage of the following key features of 2PA: on the one hand excited states can be created
with photons of half the nominal excitation energy allowing the application of excitation sources near
the IR regime. The use of longer wavelengths provides much better penetration depth in absorbing or
scattering media compared to 1PA, since biological media, for example, are considerably less
absorbing in the near-infrared than in the visible/ultraviolet range. On the other hand another major
advantage over 1PA is the possibility of exciting molecules with precise three-dimensional spatial

confinement. Since the 2PA excitation rate depends on the square of the light intensity, the excitation
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of chromophores can be achieved with a high degree of spatial selectivity in three dimensions by using
a tightly focused laser beam. The intensity of a laser beam decreases approximately with the square of
the distance from the focal plane along the propagation direction, thus 2PA diminishes with the fourth
power of distance from the focus, consequently 2PA above and below the focal plane is negligible.

These advantages led to various concepts to exploit 2PA. Especially, this nonlinear process is
important for application in biological media, since less photodamage is caused in the surrounding
living tissues and less photobleaching of the fluorophore occurs.”’ In the following 2PA induced
photopolymerization will be considered in detail.

3.4.3. 2PA Induced Photopolymerization

The two-photon absorption process itself is rather inefficient and only occurs to a significant
extent in the presence of intense laser pulses. Therefore, in many applications 2PA is followed by a
second step, giving rise to further physical transitions. For example, in the case if 2PA is followed by
internal conversion to an emissive singlet excited state, radiative decay from the excited state back to
the ground state can be observed (i.e., light emission), which can be exploited for biomedical imaging.
The excitation of a 2PA initiator corresponds to a transition from the ground state to an excited singlet
state by absorbing combined two-photon energy followed by intersystem crossing (ISC) to a triplet
state T, which is described in a Jablonski diagram (Figure 4, A). T, either deactivates to Sy by
phosphorescence emission or by ISC. These photophysical processes are in competition with
photochemical processes, which encompass isomerization, coupling, or cleavage reactions.”® One of
these triplet deactivation pathways proceeds by photogeneration of free radicals, which may be
generated by at least two different methods.”® On the one hand the direct photocleavage of the initiator
yields initiating radicals. On the other hand molecules with excitation energies below the
fragmentation energies may generate radicals by reaction with another constituent of the
polymerization mixture, namely by abstraction of hydrogen from a co-initiator (e.g., amines).*®

2PA induced photopolymerzation is applied for fabrication of microstructures by using a
focused laser beam in a resin composed of a cross-linkable monomer resin and a 2PA chromophore.
Cross-linking of acrylates to form insoluble solid structures occurs along and close to the path traced
by the beam. Unreacted monomer may be removed with solvent, leaving the insoluble cross-linked
structure. An example of a cross-linked acrylate structure obtained in this way is shown in Figure 4, B.
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Figure 4: (A) Various activation and deactivation pathways of photoinitiators according to Nguyen et al.> and (B) SEM
image of a complex object obtained by 2PIP.
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Although there are some uncertainties about the initiation mechanism, in the simplest case of
radical polymerization for molecules with the general structural motif D-n-D being sufficiently
electron-rich, the initiation step is currently accepted as the following: a non-radiative transfer process
from a higher energetic state excited by two-photons to S; induces intra- and intermolecular charge
transfer interactions between the two-photon excited initiator and monomer forming radicals to initiate
polymerization.***" The kinetic equilibrium of the electron transfer through the formation of an
intramolecular exciplex is shown in Figure 5. The rate constants of the electron transfers are given as
Kinter-et a0d K’iner-pet-

% Kinter-ct €] ® Monomer €]
D—nr—D — | p—x—0D - D—n—DI |Monomer|' —>  Polymerization
'inter-bet * *
T ®
D D
Electron back-transfer [ " I

Figure 5: Photoinitiating mechanism of two-photon absorption active initiators.

Compounds with both large 2PA cross-section and high initiating efficiency are required to
achieve highly sensitive 2PIP initiators. So far, the structure—property relations governing 2PA have
been studied and many strategies were proposed to provide guidance in the development of materials
with large 2PA cross-section.”> However, no specific rationale for the design of efficient 2PA initiators
has yet been found. Moreover, there are other factors that influence the polymerization rate constitute
the intensity of the light source, the concentration of the PI, the presence of oxygen and additives, the
quantum yield for the generation of radicals, as well as the initiation efficiency of the formed radicals.

3.44. Chromophore Design

The strength of 2PA is described in terms of 2PA cross-sections, 6,p4, Which are often given
in GM units (1 GM = 10" s cm* photon” molecule™). Typical chromophores have cross-section
values o,pa ranging from ~1 to100 GM and require photon flux varying from 10" to 10'* W/cm for
excitation comparable in efficiency to 1PA excitation typical to linear spectroscopy. Such high
intensities can be readily attained with the help of femtosecond lasers.

The structure—property relations strongly influencing 2PA behavior have been studied
extensively both experimentally and theoretically. Many molecular design strategies were proposed to
provide guidelines for the development of materials exhibiting large 2PA cross-sections. The
application of electron-donating and -accepting groups in 2PA initiators can cause a redistribution of
the m-electronic density leading to an increase of electron delocalization in the first excited state,
which results in a substantial enlargement in the transition dipole moment, which is a major factor in
increasing opa.* In the last decades the synthetic work was focused on organic molecules with large
change of dipole moment Ap based on electron-rich donor (D) and electron-deficient acceptor (A)
motifs connected by a m-system with growing complexity: the variety of dyes can be classified in
dipolar (D-m-A), quadrupolar (D-m-A-n-D, A-n-D-m-A,...), and octupolar (As-D, D;-A,...) types
(Figure 6).*
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Figure 6: Structural motifs for molecular systems applicable for 2PA design.

These chromophores function on the basis of symmetric charge transfer, from the ends of a
conjugated system to the middle or vice versa. From the viewpoint of electronic structures and
photophysical processes, there is a strong correlation between intramolecular charge-transfer processes
and two-photon absorptivity. Thus, it follows that the permanent ground-state dipole moment as well
as the transition dipole connected to either the ground state or the excited state are theoretically
considered to be key factors in 2PA processes. From the standpoint of designing an ideal molecular
structure for a highly active 2PA chromophore, a number of key features have been identified.
Theoretical investigations predict and experimental findings confirm that 2PA cross-sections can be
enhanced by increasing the conjugation length, as it leads to states with extended charge separation.™
Strongly linked with the enhancement of 2PA cross-section is the strategy to introduce coplanarity,
which will increase the dimension of m-electron delocalization and therefore intramolecular charge
transfer.* Increasing the number of conjugation paths or connecting several linear paths to form a two-
or three-dimensional configuration has led to a remarkable increase in the 2PA cross-section.*®

3.4.5. High Efficiency Two-Photon Materials

The first 2PA photopolymerization processes have been conducted with commercial radical
chromophores, which were originally designed for 1PA photopolymerization in the UV-Vis range and
had rather low efficiency for absorbing two photons, i.e. low 2PA cross-sections.*” Accordingly, 2PA
did not really have a technological impact (except for its use in detailed spectroscopic studies) until the
late 1980s and early 1990s,"® when it became easier to investigate as sub-picosecond pulsed lasers
were more readily available in the 1990s (particularly the Ti:sapphire laser). In response to the low
oypa Of commercially available photoinitiators, efforts have been made to prepare novel photoactive
materials possessing higher 2PA cross-sections, with the expectation that larger c,p5 values allow for
lower laser powers and shorter irradiation time, resulting in minimal optical damage to materials.

Though larger donor-acceptor strength is important for higher 2PA cross-section, the nature and
length of the n-linker do play a decisive role in increasing the 2PA cross-section and nonlinear optical
properties. It has been shown in dipolar chromophores that richer n-electron systems improve the
intramolecular charge-transfer character and thereby enhance the NLO properties.*” Among electron-
rich m-linkers, alkene m-bridging is considered to be highly efficient (Figure 7, A). trans-Stilbene-
based compounds exhibit high 2PA cross-sections and proved to be efficient for two-photon induced
polymerization. Modification of the central bridge, by increasing its donating or accepting ability, is a
widely explored approach for tuning 2PA properties. The attachment of electron-withdrawing nitrile
groups to the central core proved to be useful increasing the o,ps value by a factor of three in going
from unsubstituted to nitrile-substituted trans-stilbene derivative (Figure 7, A).*°
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Figure 7: Efficient 2PA initiators.

Several m-bridge linkers, like trans-stilbene,”® fluorene,”' and butadiyne®® (Figure 7, A and C),
have been reported as efficient chromophores.” The incorporation of electron-rich sulfur-based
heterocycles, like thiophene or dithienothiophene (Figure 7, B, D and E),”® is known to enhance 2PA
cross-sections compared to benzenoid counterparts because of enhanced ' effects, ** which are
associated with the polarizability of sulfur.”® The incorporation of selenium in 2PA materials was
suggested to manifold fast intersystem crossing from excited singlet to triplet state due to the heavy-
atom effect with subsequent triplet state absorption.”’

Also strong donors like triphenylamines* and carbazole™ derivatives (Figure 7, B, D and C) have
been efficiently applied in 2PA initiators. In the case of the latter the superior initiator properties can
be attributed to its rigid plane and conjugation length. Push-pull triphenylamine-based structures with
phenyl bridges, strong electron-donating (triarylamine) and electron-accepting (trifluoromethyl)
groups showed large changes in the transition and permanent dipole moments varying with electron-
withdrawing strength.” Although a variety of 2PA initiators has been synthesized, the insight into
conclusive structure-property relationship is not comprehensive.

3.5. Conclusion

Both materials exhibiting SHG properties as well as substances capable of two-photon
absorption constitute attractive compounds with potential commercial application. While the former
may be designed as optical switches processing signals of specific wavelength, the latter are useful for
fluorescent microscopy or the generation of 3D microstructures. However, there are some limitations
since organic compounds have low thermal and photochemical stability, which constitutes a
disadvantage of these materials for the application as optical switches. Therefore, increasing stability
and enhancement of the efficiency of the nonlinear process by the appropriate choice of NLO material
represents a central scientific concern. Materials applicable in two-photon absorption processes like
2PA induced polymerization are on the verge of commercialization. Nevertheless conclusive structure-
property relationship elucidations, which may give further insight into the mechanism involved in two-
photon absorption induced polymerization, are missing. Identifying simple structure—property
relationships is crucial, although the factors influencing two-photon absorption are strongly
interdependent.
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4.2 Context of Contributions

In this chapter the context of the subsequently introduced manuscripts or paper drafts will be
outlined. This chapter can be categorized into two main sections, namely the synthesis and
characterization of:

1. Materials Capable of Second Harmonic Generation
2. Compounds Applicable for Two-Photon Absorption

The first part focusses on the design of non-centrosymmetric donor-acceptor-based
compounds suitable for nonlinear optics. Synthetic strategies for enhancing the donor strength by
introducing selenium as electron-donating moiety and triazole or isoxazole as acceptors are presented.
The second part outlines reliable synthetic methods toward chalcogenophene-based materials
applicable for two-photon absorption. All target compounds were characterized by photophysical
means in order to evaluate their properties with regard to second harmonic generation or application as
two-photon initiators, respectively.

The next paragraphs will briefly explain the focus of research in the individual topics, refer to
theoretical fundamentals and reveal how these contribute to the main topic of this thesis. For detailed
background information and respective references see Chapter 4.3.

Materials Capable of Second Harmonic Generation

In order to design efficient compounds exhibiting nonlinear behavior, hyperpolarization based
on strong donor and acceptor moieties is essential. The replacement of sulfur in such organic
compounds by heavier atoms represents a possible strategy to enhance these nonlinearities. 1,2,3-
Triazole-functionalized ene—yne compounds (Figure 1, left) synthesized by thiophene ring
fragmentation and subsequent azide—alkyne cycloaddition have shown efficient second harmonic
generation (SHG) exhibiting more than twice the value of potassium dihydrogen phosphate (KDP), as
described in an earlier study. Based on these findings the introduction of selenium as stronger donor
was sought (Figure 1, right) taking advantage of its high polarizability compared to sulfur (Manuscript
#7).

\ \
s s
M'}‘ - M’}‘

N=N N=N

Figure 1: Sulfur-selenium exchange: a possible strategy to enhance the donor strength.

Starting from 2,3,5-tribromoselenophene a sequence of metal halogen exchange reaction (M-H
ex.) and subsequent quenching with electrophiles afforded a selenophene derivative suitable for ring
fragmentation (SRF), which selectively gave rise to the Z-isomer of an ene—yne precursor (Figure 2).
The introduction of the acceptor in this material was realized by Copper-catalyzed Azide-Alkyne
Huisgen Cycloaddition (CUAAC).
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Figure 2: Reaction sequence toward novel materials exhibiting SHG.

The target compound crystallizes in a non-centrosymmetric space group (P2:2:2;,), a
prerequisite of NLO activity. In cooperation with Prof. Reider from the Photonics Institute at the
Technische Universitat Wien (TUW) the obtained material was investigated regarding its optical
characteristics. A significant enhancement in SH efficiency by a factor of more than 20 for the
selenium-based compound compared to its sulfur analogue was obtained, which can be attributed to an
increased electron density of the n-electron system.

In order to further evaluate the influence of the acceptor strength, phenylisoxazole-based
materials were designed bearing either electron-neutral, donating or withdrawing substituents
(Figure 3, Manuscript #8). The syntheses of these compounds were pursued by a modification of the
ene-yne moiety via copper(l)-catalyzed nitrile oxide—alkyne cycloaddition.

R

\
Se
— — £ ]
=T™s /7 “o-N R=-H
Se R =-OCHj
/ R = -N(CHa),
R = -NO,

Figure 3: Materials based on phenylisoxazoles potentially exhibiting SHG.

Again, the obtained materials were evaluated toward their application for nonlinear optics.
Only electron-neutral phenylisoxazole (R = H) exhibits enantiomorphic crystallization, albeit being a
non-chiral flexible molecule it displays second-order nonlinear optical properties with an estimated
efficiency of approximately 30 times the value of KDP.
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Compounds Applicable for Two-Photon Absorption

The molecular design strategies aiming for efficient two-photon absorption include materials
with large change of dipole moment, e.g. donor and acceptor moieties connected by elongated n-
electron systems. Continuing earlier studies conducted in the diploma thesis of the applicant a series of
cap-linker-cap systems combining thiophene and substituted triphenylamines bearing electron-
donating or -withdrawing substituents were synthesized by either Suzuki cross-coupling or
nucleophilic aromatic substitution giving rise to two basic structural families of chromophores: D-n-D
and A-n-D-n-A (Figure 4, Manuscript #9).

R

Q

d@ii R VAN
R

R
R R=H R=TMS
R=CH; R=0CH,
R =tBu R=F
NP
S
R
HoN s NH, RRr=H R=TMs R=cN R
+ R=CH; R=O0CH; R=S0,CH;
\ / R =1tBu R=F R =NO,
F

R=CN
R = SO,CH,
R = NO,

Figure 4: Synthetic strategies toward triphenylamine-substituted thiophenes.

The obtained materials were characterized regarding their photochemical behavior revealing
strong structure-property relationships. All compounds were tested toward their applicability as two-
photon absorption initiators by fabrication of defined 3D test structures via photopolymerization of an
acrylate resin applying various laser intensities and writing speeds. Although these substances exhibit
only moderate two-photon cross-sections and high quantum yields, which is generally believed to be
not beneficial for the two-photon absorption, the initiators showed broad processing windows.

The enlargement of two-photon absorption cross-sections can be realized by structural
variation of the organic dye introducing coplanarity, enhancing the donor strength or incorporation of
selenium in materials suitable for two-photon absorption. In close cooperation with Markus Lunzer
from the Institute of Applied Synthetic Chemistry at the TUW the following strategies (Figure 5)
altering the molecular design of the initial cap-linker-cap system (Figure 4, Manuscript #9) are applied
in Manuscript #10: (i) planarization of the triphenylamine (TPA) cap by introduction of
indolocarbazole (ICz) and phenylcarbazole (PCz) moieties, (ii) elongation and planarization of the n-
linker by applying bithiophene (BT), benzo[1,2-b:4,5-b’]dichalcogenophenes (BDT, BDS) or
dithieno[3,2-b:2',3'-d]thiophene (DTT), as well as (iii) enhancing the electron density of the linker
using more electron-donating selenophene (S) and 2,3-dihydrothieno[3,4-b]-1,4-dioxine (EDOT). Due
to the shortcoming of low solubility of the original cap-linker-cap photoinitiators in the respective
monomer formulation all target compounds were designed bearing hexyl substituents on the
triarylamine building blocks. The synthetic linkage of TPA, indolocarbazole as well as
phenylcarbazole scaffolds and chalcogenophene-based linkers toward symmetrical o,m-
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bis(triarylamines) was intended by cross-coupling reactions based on Suzuki or Stille coupling or CH
activation.

CeH1z CeH13 CeH13

of,  «f of

TPA  CeHia ICz CeH13 pcz CeHis
(0] o]
R R S
NN 2/ \; - N)--
T s Y S
Q i Q BT EDOT BDT
N N
S o, 0. <
Cap—Linker—Cap .- /) \ - - [\ N\ | < o
R R S S Se ©
DTT S BDS

Figure 5: Cap-linker-cap systems based on triphenylamine substituted thiophene (left, bottom) and structural
motives applied in target compounds.

This manuscript elucidates the molecular structure / effective two-photon absorption
relationship by systematic variation of substituents of the dye compound applying UV-Vis,
fluorescence and two-photon excited fluorescence spectroscopy. Although these materials are highly
fluorescent, two-photon absorption cross-sections up to 5200 GM have been determined. Structuring
tests of the target compounds in monomer formulations reveal the efficiency of these materials as two-
photon absorption initiators.
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ABSTRACT: 1,2,3-Triazole-functionalized ene—yne com-
pounds, synthesized by thiophene (selenophene) ring
fragmentation followed by azide—alkyne cycloaddition, were
investigated as a basis for nonlinear optical (NLO) materials
capable of second harmonic generation (SHG). The
structure—property relationship was mapped by systematic
variation of the molecular scaffold, viz., elongation of the alkyl
groups, isomerizations of both the double bond as well as the
triazole moiety, sulfur oxidations, and a sulfur—selenium
exchange. Nine novel molecular compounds were synthesized,
of which eight are solids at room temperature. The latter were
characterized by single-crystal X-ray diffraction (XRD). Five
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crystal structures lacked of inversion symmetry, a prerequisite for NLO activity. The corresponding materials were examined
regarding SHG, UV—vis absorption, and powder XRD. By substituting S for Se, we were able to increase the SH intensity by a
factor of 20. On the basis of the results, we propose a strategy to further improve the SHG efficiency of this class of materials.

B INTRODUCTION

Quadric nonlinear optical (NLO) materials are of critical
importance for applications in quantum electronics and
telecommunication technology.' There are several manifes-
tations of this nonlinearity such as the electro-optic effect,
optical three wave mixing, second harmonic generation (SHG),
parametric amplification, and downconversion. The common
material property responsible for this phenomenologically
disparate effect is the second-order susceptibility, which, on a
microscopic level, relates to the first-order hyperpolarizability. It
should be noted that for symmetry reasons quadric nonlinear
optical materials are also potentially piezoelectric, rendering
them useful for integrated sensor applications as well. A
necessary (but not sufficient) condition for SHG to appear in a
crystal is that it belongs to one of the noncentrosymmetric
crystal classes, with the exception of 432.”

Organic NLO crystals are particularly attractive for these
applications.”™” Their NLO figures of merit can be orders of
magnitude higher compared to inorganics, and their long-term
stability is orders of magnitude better than that of electrooptic
polymers. The reason for the fast response of nonlinear organic
compounds is that their hyperpolarizability is due to
(delocalized) electrons in contrast to inorganic materials
where polar optical lattice vibrations may play a large role.
Thus, organic molecules capable of second-order NLO

-4 ACS Publications  © 2014 American Chemical Society
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applications generally rely on a donor—(z-linker)—acceptor
design to impart the electronic bias.®

Just recently, we reported on a novel class of NLO materials
capable of second harmonic generation yielding an estimated
SH efficiency of more than twice the value of potassium
dihydrogen phosphate (KDP).”'® The introduced NLO
chromophore 4ba (Figure 1) relies on the application of a
1,2,3-triazole as the electron acceptor subunit, which was
demonstrated to be conveniently accessible within the concept
of “click” chemistry.'' "> As an electron donor part of the
molecule the Z-(methylthio)propenyl group derived from
thiophene ring-opening "
acceptor interactions on the one hand lead to promising SHG
efficiencies but on the other hand also feature desirable optical
properties (wide transparency window).

In addition, the particular configuration of the molecule,
namely, a phenyl/triazole pair extended by a Z-(methylthio)-
propenyl subunit, was revealed to promote enantiomorphic
crystallization as a consequence of alkyl—alkyl group inter-
actions (supported by torsion angle dependent potential
calculations (DFT))."" The chiral crystallization, although the
molecule is nonchiral and flexible, is a relatively rare

reactions is applied. The donor—
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phenomenon'” and combines the advantages of a convenient
and straightforward synthesis (of nonchiral compounds) with
the capability of characteristics such as, e.g., SHG.

Hence, the molecular structure of this class of compounds is
of great interest as it comprises both an attractive donor—
acceptor scaffold and a subunit facilitating noncentrosymmetric
crystallization. This paper presents a systematic study on the
structure—function relationship of these promising materials.
The investigations focus on the effects induced by variations of
both steric as well as electronic constitution on quadric NLO
properties. As a result of the aforementioned applications of
noncentrosymmetric (chiral) materials, clearly outlining the
broad scope of potential applications of these structural
building blocks, the findings are of relevance for diverse fields
of material chemistry.

B EXPERIMENTAL SECTION

The syntheses of 2-bromo-S-methylthiophene (1b),"® 2-bromo-5-
ethylthiophene (1¢),"” 3-bromo-2-(trimethylsilyl)thiophene (2a),* 3-
bromo-5-methyl-2-(trimethylsilyl)thiophene (2b),>" trimethyl[ (3Z)-4-
(methylthio)-3-buten-1-yn-1-yl]-silane (3aa),”* trimethyl[(3Z)-4-
(methylthio)-3-penten-1-yn-1-yl]silane (3ba),"® trimethyl[ (3Z)-4-(bu-
tylthio)-3-penten-1-yn-1-ylJsilane (3bd),** 4-[(1Z)-2-(methylthio)-
ethenyl]-1-phenyl-1H-1,2,3-triazole (4aa),”* 4-[(1Z)-2-(methylthio)-
l—progen-l—yl]—1—phenyl—1H-1,2,3—triazole (4ba),’® and azidoben-
zene” were performed in analogy to published protocols; full
characterization of the compounds is also given in the indicated
references.

Single crystals for compounds 4aa, 4ba, 4bb, 4ca, Sba, 7ba, and 16
were obtained by slow evaporation of n-hexane at rt. 4bd was isolated
as an oil which slowly crystallized upon standing at ~5 °C. Crystals of
the sulfone 9ba and 12ba were grown by slow evaporation of CD,Cl,
in NMR tubes at ~5 °C. Similar to 4ba (see literature for details)"
noncentrosymmetric compounds 4bb, 4ca, and 7ba tend to crystallize
in thin needles, which are still suitable for a general screening of NLO
properties via the powder method; prior to technological application,
however, further optimization of the crystallization process will be
necessary. In contrast, oxidized species 12ba readily crystallize in
blocks of >1 X 1 X 1 mm. The seleno derivative 16 crystallizes as rods
with a significantly larger crystal size compared to 4ba, 4bb, etc,
making the latter two particularly interesting for applications in optics.

Crystals of the title compounds suitable for X-ray diffraction were
selected under a polarizing microscope, embedded in perfluorinated oil
and mounted on a Bruker APEX II diffractometer with k-geometry
equipped with a CCD detector. Intensity data were recorded at 100 K
in a dry stream of nitrogen with Mo Ka radiation (4 = 0.71073 A). Full
reciprocal spheres were collected in @- and ¢-scan modes with 0.5°
rotation width.

Frames were integrated using SAINT PLUS,* and an absorption
correction was applied using a multiscan approach with SADABS.>
The crystal structures were solved using charge-flipping implemented
in SUPERFLIP.*® All non-H atoms were directly located in the
resulting electron density maps. The structures were refined with
JANA2006.>” The protons were located in subsequent difference
Fourier maps. In general, protons were freely refined. In 4bb and 4ca,
the terminal H atoms of the thioalkyl group, and in 4bd all H atoms
were placed at calculated positions and refined as riding on the parent
C atoms. The H atoms in the heavy atom structure 16 were likewise
constrained. In the final refinement cycles, all non-H atoms were
refined anisotropically.

Powder diffractograms were recorded on a Philips XPert Pro
diffractometer system [Cu Ka,, radiation (1 = 1.54060, 1.54439 A),
X’Celerator multichannel detector, Bragg—Brentano geometry, silicon
single-crystal sample holder, 5S—70° 26, 2.546° scan length (260)]. The
scans were converted into 0.02° step-size bins.

For SHG measurements the powder samples were produced by
grinding with a mortar; the maximum particle size was below <1 pm.
Because of the inhomogeneous particle size, our experiments could
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not clarify whether phase matching was possible or not for a particular
material. Nonetheless, a relative measurement of the nonlinear optical
coefficients is possible since the SH efficiency scales quadratically with
the nonlinear coefficient in this particle size regime.”

The quadric nonlinear properties of our samples were probed by
second harmonic (SH) generation from powder samples. The output
of an ultrafast (pulse duration 70 fs) Yb:KGW-Laser (Light
Conversion) with 600 mW output power at a repetition rate of 75
MHz and a wavelength of 1034 nm was directed, with a 100 mm
focusing lens, onto powder samples between thin sheets of glass. The
diffusely reflected SH radiation was collected with a NA = 0.1 lens,
separated from fundamental radiation with a color filter, and spectrally
analyzed with a 0.25 m grating monochromator and a photomultiplier
tube. The sample plane was positioned somewhat out of the focal
plane (toward the lens) to prevent any damage to the sample. After
each measurement, the samples were carefully checked for the absence
of any damage or thermal modification.

Halogen Dance (HD) Procedure toward 3-Bromo-5-ethyl-2-
(trimethylsilyl)thiophene 2c. To a solution of diisopropylamine
(DIPA, 6.83 g, 67.5 mmol, 1.5 equiv) in dry THF (180 mL) under
argon was added n-BuLi (21.6 mL, 54.0 mmol, 2.5 M in hexanes, 1.2
equiv) slowly at —30 °C. After 20 min lc (8.55 g 45.0 mmol, 1.0
equiv) was added in dry THF at —70 °C and the reaction stirred for
1.5 h at a temperature of =70 to —40 °C. Subsequently TMS—CI
(6.12 g, 56.3 mmol, 1.25 equiv) was added as a solution in dry THF
and the mixture stirred at rt overnight. The reaction was poured on
water (200 mL) and repeatedly extracted with Et,O, and the organic
phases were dried over anhydrous Na,SO, and concentrated under
reduced pressure. Purification by vacuum distillation yielded 2c (9.50
g, 80%) as slightly yellow oil. BP: 108—110 °C (12 mbar). '"H NMR
(200 MHz, CDCL,): 6 = 6.82 (m, 1H), 2.83 (m, 2H), 1.31 (t, ] = 7.5
Hz, 3H), 0.39 (s, 9H) ppm. *C NMR (50 MHz, CDCl,): § = 152.7
(s), 1314 (s), 129.1 (d), 1164 (s), 23.3 (t), 15.5 (q), —0.7 (q) ppm.
Anal. Calcd for CoH;BrSSi: m/z 261.98 [M]*. Found: MS (EI) m/z
261.96 [M]".

General Procedure for the Thiophene Ring-Fragmentation
(TRF) reaction. To a solution of 2b,c (1.0 equiv) in dry Et,O (~0.2—
0.3 M)/dry THF (~0.15 M) under an argon atmosphere at —60 to
—80 °C was injected n-BuLi (1.1 equiv)/ethyllithium (1.1 equiv)
dropwise. After the addition the reaction was immediately warmed to
rt, stirred for 30 min, and again cooled to —40 °C. The appropriate
alkyl iodide (1.5 equiv) was added and the temperature subsequently
raised to rt. After a reaction time of 30 min the mixture was poured on
water and extracted with Et,O, and the combined organic layers were
dried over anhydrous Na,SO, and concentrated in vacuo. Purification
was performed by column chromatography (light petroleum).

Trimethyl[(32)-4-(ethylthio)-3-penten-1-yn-1-yllsilane 3bb.
Starting from 2b (498 mg, 2.0 mmol) in dry THF (13 mL),
ethyllithium (4.4 mL, 2.2 mmol, 0.5 M in benzene:cyclohexane), and
iodoethane (468 mg, 3.0 mmol), the pure Z-isomer 3bb (201 mg,
519%) was isolated as a colorless liquid. '"H NMR (200 MHz, CDCl,):
5 =5.43 (m, 1H), 2.89 (q, ] = 7.4 Hz, 2H), 2.07 (m, 3H), 1.29 (t, ] =
7.4 Hz, 3H), 0.19 (s, 9H) ppm. *C NMR (50 MHz, CDClL,): § =
148.6 (s), 103.7 (d), 101.8 (s), 1009 (s), 24.8 (t), 22.8 (q), 15.0 (q),
—0.0 (q) ppm. Anal. Caled for C,gH,SSi: m/z 199.0971 [M + H]".
Found: MS (APCI) m/z 199.0981 [M + H]".

Trimethyl[(32)-4-(propylthio)-3-penten-1-yn-1-yl]silane 3bc.
Starting from 2b (2.49 g, 10.0 mmol) in dry Et,O (33 mL), n-BuLi
(44 mL, 11.0 mmol, 2.5 M in hexanes), and 1-iodopropane (2.55 g,
15.0 mmol), 3bc (221 mg, 10%) was obtained as a mixture with 3bd
(27.5 mol % 3bd content; determined by "H NMR spectroscopy).
The low yield can be explained by the fact that only the best product
fraction (in terms of 3bd content) was considered for the yield
calculation and subjected to further conversion. 'H NMR (200 MHz,
CDCly): 5.45—5.43 (m, 1H), 2.85 (t, ] = 7.4 Hz, 2H), 2.07 (m, 3H),
1.65 (sext., ] = 7.4 Hz, 2H), 1.02 (t, ] = 7.3 Hz, 3H), 0.20 (s, 9H) ppm.
BC NMR (50 MHz, CDCL,): 6§ = 148.7 (s), 103.9 (d), 102.0 (s),
1009 (s), 32.7 (t), 234 (t), 23.0 (q), 134 (q), 0.0 (q) ppm. Anal.
Caled for C,,H,oSSi: m/z 213.1128 [M + H]". Found: MS (APCI) m/
z 213.1125 [M + H]*. The NMR code is obtained from calculated
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difference spectra (subtraction of 3bd) of the mixture (original
spectrum of the product mixture is illustrated in the Supporting
Information).

Trimethyl[(32)-4-(methylthio)-3-hexen-1-yn-1-yl]silane 3ca.
Starting from 2c (2.63 g, 10.0 mmol) in dry Et,O (50 mL), n-BuLi
(44 mL, 11.0 mmol, 2.5 M in hexanes), and iodomethane (3.12 g
22.0 mmol, 2.2 equiv, minor alteration from the general procedure), pure
Z-isomer 3ca (1.55 g, 78%) was isolated as a slightly yellow liquid. 'H
NMR (200 MHz, CDCL,): 6 = 5.47 (m, 1H), 2.37—2.26 (m, SH), 1.11
(t,J = 7.4 Hz, 3H), 0.19 (s, 9H) ppm. *C NMR (50 MHz, CDCl,): §
=154.7 (s), 102.2 (d), 101.9 (s), 101.4 (s), 28.8 (t), 14.0 (q), 13.3 (q),
—0.0 (q) ppm. Anal. Caled for C;oH;SSi: m/z 199.0971 [M + H]*.
Found: MS (APCI) m/z 199.0964 [M + H]*.

Isomerization Procedure toward Trimethyl[(3E)-4-(methyl-
thio)-3-penten-1-yn-1-yllsilane 10ba. 3ba (200 mg, 1.08 mmol,
1.0 equiv) was dissolved in CHCl; (~8 mL) and one drop (~5 uL) of
HCI in dioxane (saturated solution) added at rt. The mixture was
stirred overnight (~18 h), and an aqueous saturated NaHCOj solution
was added and extracted with CH,Cl,. The combined organic layers
were dried over anhydrous Na,SO,, and the solvent was removed
under reduced pressure. Column chromatography afforded 10ba (74
mg, 37%) as slightly yellow oil. "H NMR (400 MHz, CDCl,): § = 5.12
(m, 1H), 2.25 (s, 3H), 2.14 (m, 3H), 0.19 (s, 9H) ppm. *C NMR
(100 MHz, CDCL): & = 150.9 (s), 102.5 (s), 99.0 (d), 97.7 (s), 20.6
(9), 14.7 (g), 0.1 (q) ppm. Anal. Caled for CoH,SSi: m/z 185.0815
[M + H]". Found: MS (APCI) m/z 185.0810 [M + H]".

General Oxidation Protocol Using m-CPBA (3-Chloroper-
benzoic Acid).?° To a stirred solution of ene—yne species (3ba/
10ba, 1.0 equiv) in CHCl; was added m-CPBA (4.0 equiv) (a slight
heat generation was observed). After 30—4S min an aqueous solution
of KOH (10 wt %) was added and the mixture extracted with CHCL,,
and the organic phases were washed with brine and dried over
anhydrous Na,SO,. The solvent was removed under reduced pressure.
Column chromatography yielded the desired sulfones (8ba/11ba).

Trimethyl[(32)-4-(methylsulfonyl)-3-penten-1-yn-1-yl]silane
8ba.>® 3ba (461 mg, 2.5 mmol), m-CPBA (1.73 g, 10.0 mmol), and
column chromatography (light petroleum/EE (20%)) resulted in 8ba
(440 mg, 81%) as a slightly yellow highly viscous oil which slowly
crystallizes at ~0 °C. "H NMR (400 MHz, CDCL;): § = 6.12 (m, 1H),
3.16 (s, 3H), 2.16 (m, 3H), 0.22 (s, 9H) ppm. *C NMR (100 MHz,
CDCLy): § = 149.7 (s), 116.6 (d), 109.1 (s), 98.5 (s), 41.5 (q), 18.7
(9), —0.7 (q) ppm. Anal. Calcd for CoH,40,SSi: m/z 217.0713 [M +
H]+, 239.0532 [M + Na]*. Found: MS (ESI) m/z 217.0722 [M +
H]* 239.0531 [M + Na]*.

Trimethyl[(3E)-4-(methylsulfonyl)-3-penten-1-yn-1-yl]silane
11ba. 10ba (129 mg, 0.7 mmol), m-CPBA (483 mg, 2.8 mmol), and
column chromatography (light petroleum/Et,O (30%)) resulted in
11ba (92 mg, 61%) as slightly yellow solid. '"H NMR (200 MHg,
CDCly): 6 = 6.60 (m, 1H), 2.90 (s, 3H), 2.24 (m, 3H), 0.23 (s, 9H)
ppm. *C NMR (50 MHz, CDCL): & = 148.1 (s), 119.8 (d), 109.9 (s),
98.1 (s), 404 (q), 145 (q), —04 (q) ppm. Anal. Caled for
CoH,;0,SSi: m/z 217.0713 [M + HJ*, 239.0532 [M + Nal*.
Found: MS (APCI/ESI) m/z 217.0707 [M + H], 239.0531 [M +
Na]*.

Deprotection Procedure toward 4-(Methylthio)-(32)-3-pent-
en-1-yne 6ba.*" 3ba (701 mg, 3.8 mmol, 1.0 equiv) was added to a
solution of tetra-n-butylammonium fluoride (4.6 mL, 4.6 mmol, 1.2
equiv, 1.0 M in THF) and stirred for 1 h at rt. The reaction was
poured on water and repeatedly extracted with Et,O, and the
combined organic layers were dried over anhydrous Na,SO, and
concentrated in vacuo. Purification by column chromatography (light
petroleum/Et,O (2%)) yielded 6ba (324 mg, 76%) as slightly yellow
liquid. '"H NMR (400 MHz, CDCL): § = 5.40 (m, 1H), 3.33 (m, 1H),
2.37 (s, 3H), 2.09 (m, 3H) ppm. *C NMR (100 MHz, CDCl,): § =
149.6, 102.0, 83.4, 80.4, 22.2, 13.8 ppm. Anal. Calcd for C{HgS: m/z
113.0419 [M + H]*. Found: MS (APCI) m/z 113.0429 [M + H]".

General CuAAC (1,4-Click) Procedure. To a t-BuOH/H,0 (1:1,
~0.4 M) suspension of ene—yne species 3 (1.0 equiv), azidobenzene
(1.25 equiv), CuSO,-SH,O (20 mol %), and sodium ascorbate (40
mol %) in a reaction vessel was added potassium fluoride (1.20 equiv)
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at room temperature. Subsequently the vessel was sealed and heated to
50 °C for 15—20 h. The reaction mixture was diluted with water and
extracted repeatedly with Et,0. The combined organic layers were
washed with brine and dried over anhydrous Na,SO,. Evaporation of
the solvent and following column chromatography afforded target
compounds 4.
4-[(12)-2-(Ethylthio)-1-propen-1-yll-1-phenyl-1H-1,2,3-tria-
zole 4bb. 3bb (377 mg, 1.9 mmol), azidobenzene (283 mg, 2.4
mmol), CuSO,-SH,0 (95 mg, 0.4 mmol), sodium ascorbate (151 mg,
0.8 mmol), potassium fluoride (132 mg, 2.3 mmol), and column
chromatography (light petroleum/Et,O (25%)) resulted in 4bb (286
mg, 61%) as a slightly yellow solid. MP: 86—87 °C. 'H NMR (400
MHz, CD,CL,): 6 = 8.48 (s, 1H), 7.78 (d, J = 7.8 Hz, 2H), 7.54 (m,
2H), 7.44 (t, ] = 7.3 Hz, 1H), 6.67 (s, 1H), 291 (q, ] = 7.4 Hz, 2H),
2.27 (s, 3H), 1.30 (t, J = 7.4 Hz, 3H) ppm. *C NMR (100 MHz,
CD,CL): & = 145.8 (s), 137.7 (s), 135.5 (s), 1302 (d), 128.9 (d),
1209 (d), 120.6 (d), 116.7 (d), 25.8 (t), 24.1 (q), 15.6 (q) ppm. Anal.
Calcd for C;3H,sN;S: m/z 246.1059 [M + H]". Found: MS (ESI) m/z
246.1054 [M + H]".
4-[(12)-2-(Propylthio)-1-propen-1-yll-1-phenyl-1H-1,2,3-tria-
zole 4bc. A mixture of 3bc and 3bd (27.5 mol % 3bd content;
determined by 'H NMR spectroscopy) was obtained from the TRF
reaction (see procedure for details). The mixture (215 mg, 1.0 mmol),
azidobenzene (149 mg, 1.3 mmol), CuSO,-SH,0 (50 mg, 0.2 mmol),
sodium ascorbate (79 mg, 0.4 mmol), potassium fluoride (70 mg, 1.2
mmol), and column chromatography (light petroleum/Et,0 (25%))
resulted in 4bc (125 mg, 68% corrected yield in relation to 3bc
content) as a colorless liquid. '"H NMR (400 MHz, CD,CL,): & = 8.49
(s, 1H), 7.78 (d, ] = 8.0 Hz, 2H), 7.55 (m, 2H), 7.45 (t, ] = 7.4 Hz,
1H), 6.66 (s, 3H), 2.87 (t, ] = 7.3 Hz, 2H), 2.27 (s, 3H), 1.65 (sext., |
= 7.3 Hz, 2H), 1.02 (t, ] = 7.3 Hz, 3H) ppm. *C NMR (100 MHz,
CD,CL,): & = 1459 (s), 137.8 (s), 135.6 (s), 130.2 (d), 129.0 (d),
121.0 (d), 120.7 (d), 116.8 (d), 33.6 (t), 24.3 (q), 242 (1), 13.7 (q)
ppm. Anal. Caled for C,H;,N,S: m/z 260.1216 [M + H]*. Found:
MS (ESI) m/z 260.1213 [M + H]".
4-[(12)-2-(Butylthio)-1-propen-1-yl]-1-phenyl-1H-1,2,3-tria-
zole 4bd. Compound 4bd was isolated as a byproduct. A mixture of
3bb and 3bd (19 mol % 3bd content determined by 'H NMR
spectroscopy) was obtained from an earlier TRF reaction (n-BuLi used
instead of EtLi). The mixture (264 mg, 1.8 mmol), azidobenzene (268
mg, 2.2 mmol), CuSO,-SH,0 (90 mg, 0.4 mmol), sodium ascorbate
(143 mg, 0.7 mmol), potassium fluoride (125 mg, 2.2 mmol), and
column chromatography (light petroleum/Et,O (25 — 30%)) resulted
in 4bd (57 mg, 62% corrected yield in relation to 3bd content) as
colorless oil, which slowly crystallized to form single crystals upon
standing at ~5 °C. '"H NMR (400 MHz, CD,CL,): § = 8.49 (s, 1H),
7.78 (d, ] = 7.8 Hz, 2H), 7.54 (m, 2H), 7.44 (t, ] = 7.4 Hz, 1H), 6.67
(s, 1H), 2.89 (t, ] = 7.5 Hz, 2H), 2.27 (s, 3H), 1.62 (quint,, ] = 7.5 Hz,
2H), 145 (sext, J = 7.4 Hz, 2H), 0.93 (t, ] = 7.4 Hz, 3H) ppm. *C
NMR (100 MHz, CD,CL,): § = 145.9 (s), 137.7 (s), 135.7 (s), 130.2
(d), 129.0 (d), 1209 (d), 120.6 (d), 116.7 (d), 32.9 (t), 313 (t), 242
(q9),22.5 (t), 14.0 (q) ppm. Anal. Caled for C,sH,oN,S: m/z 274.1372
[M + H]*. Found: MS (ESI) m/z 274.1362 [M + H]*.
4-[(12)-2-(Methylthio)-1-buten-1-yl]-1-phenyl-1H-1,2,3-tria-
zole 4ca. 3ca (397 mg, 2.0 mmol), azidobenzene (298 mg, 2.5
mmol), CuSO,-SH,0 (100 mg, 0.4 mmol), sodium ascorbate (158
mg, 0.8 mmol), potassium fluoride (139 mg, 2.4 mmol), and column
chromatography (light petroleum/Et,0 (20%)) resulted in 4ca (339
mg, 69%) as beige solid. MP: 44—45 °C. '"H NMR (400 MHz,
CD,CL,): 6 = 847 (s, 1H), 7.78 (d, ] = 8.2 Hz, 2H), 7.54 (m, 2H),
745 (t, ] = 7.4 Hz, 1H), 6.68 (s, 1H), 2.54 (q, ] = 7.4 Hz, 2H), 2.38 (s,
3H), 1.25 (t, ] = 7.4 Hz, 3H) ppm. *C NMR (100 MHz, CD,CL,): § =
145.8 (s), 142.1 (s), 137.8 (s), 130.2 (d), 129.0 (d), 121.0 (d), 120.7
(d), 114.7 (d), 299 (t), 144 (q), 142 (q) ppm. Anal. Calcd for
C15H;N,S: m/z 246.1059 [M + H]*. Found: MS (ESI) m/z 246.1059
M + H]".
4-[(12)-2-(Methylsulfonyl)-1-propen-1-yll-1-phenyl-1H-
1,2,3-triazole 9ba. 8ba (222 mg, 1.0 mmol), azidobenzene (153 mg,
1.3 mmol), CuSO,-SH,0 (51 mg, 0.2 mmol), sodium ascorbate (81
mg, 0.4 mmol), potassium fluoride (72 mg, 1.2 mmol), and column
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chromatography (light petroleum/Et,O (80%)) resulted in 9ba (190
mg, 70%) as a yellowish solid. '"H NMR (400 MHz, CD,Cl,): & = 8.84
(s, 1H), 7.77 (d, ] = 7.9 Hz, 2H), 7.59—7.54 (m, 2H), 7.48 (t, J = 7.4
Hz, 1H), 7.25 (q, ] = 1.5 Hz, 1H), 2.97 (s, 3H), 2.32 (d, ] = 1.5 Hz,
3H) ppm. C NMR (100 MHz, CD,CL,): § = 142.0 (s), 137.3 (s),
137.0 (s), 130.3 (d), 129.6 (d), 128.4 (d), 124.7 (d), 121.3 (d), 41.4
(9), 21.7 (q) ppm. Anal. Calcd for C,,H;3;N;0,S: m/z 264.0807 [M +
H]*, 286.0621 [M + Na]*. Found: MS (ESI) m/z 264.0805 [M + H]",
286.0618 [M + Nal*.

4-[(1E)-2-(Methylsulfonyl)-1-propen-1-yl]-1-phenyl-1H-
1,2,3-triazole 12ba. 11ba (173 mg, 0.8 mmol), azidobenzene (119
mg, 1.0 mmol), CuSO,-SH,0 (40 mg, 0.2 mmol), sodium ascorbate
(63 mg, 0.3 mmol), potassium fluoride (56 mg, 1.0 mmol), and
column chromatography (light petroleum/Et,O (80%)) resulted in
12ba (120 mg, 57%) as a yellowish solid. MP: 128—130 °C. '"H NMR
(400 MHz, CD,Cl,): 6 = 8.22 (s, 1H), 7.77 (d, ] = 7.9 Hz, 2H), 7.59—
7.55 (m, 3H), 7.50 (m, ] = 7.3 Hz, 1H), 2.97 (s, 3H), 2.58 (d, ] = 1.4
Hz, 3H) ppm. *C NMR (100 MHz, CD,CL): § = 143.2 (s), 138.7
(s), 137.1 (s), 130.4 (d), 129.7 (d), 125.7 (d), 123.9 (d), 121.2 (d),
40.9 (q), 14.6 (q) ppm. Anal. Caled for C;,H;3N;0,S: m/z 264.0807
[M + HJ", 286.0621 [M + Na]*. Found: MS (ESI) m/z 264.0795 [M
+ HJ, 286.0618 [M + Na]".

RuAAC (1,5-Click) toward 5-[(12)-2-(Methylthio)-1-propen-
1-yl]-1-phenyl-1H-1,2,3-triazole 7ba.>?> 6ba (37 mg, 0.33 mmol,
1.00 equiv), azidobenzene (48 mg, 0.40 mmol, 1.20 equiv), and DMF
(2 mL) were added to [Cp*RuCl], (4.5 mg, 0.017 mmol, S mol %) in
a sealed vial under oxygen-free conditions. The solution was heated to
110 °C in a microwave reactor for 1 h. After evaporation of the solvent
under reduced pressure, addition of saturated aqueous NH,CI
solution, and repeated extraction with Et,O, the combined organic
layers were dried over anhydrous Na,SO,. Evaporation of the solvent
in vacuo and purification by column chromatography (light
petroleum/Et,0O (50%)) afforded 7ba (30 mg, 39%) as a white
solid. MP: 76—77 °C. '"H NMR (400 MHz, CD,CL,): § = 8.14 (s, 1H),
7.59—=7.53 (m, 3H), 7.48—7.45 (m, 2H), 6.07 (m, 1H), 2.43 (s, 3H),
2.19 (d, J = 1.3 Hz, 3H) ppm. *C NMR (100 MHz, CD,CL,): § =
141.9 (s), 137.0 (s), 134.5 (s), 133.6 (d), 130.0 (d), 129.9 (d), 126.3
(d), 1082 (d), 24.2 (q), 14.7 (q) ppm. Anal. Calcd for C;,H;3N;S: m/
z 232.0903 [M + H]*. Found: MS (ESI) m/z 232.0909 [M + H]".

Isomerization Reaction toward 4-[(1E)-2-(methylthio)-1-
propen-1-yll-1-phenyl-1H-1,2,3-triazole 5ba. 4ba (102 mg, 0.44
mmol, 1.0 equiv) was dissolved in CDCl; (4.0 mL, chloride content of
~280 ppm) in an NMR glass tube and kept at rt for 12 h. Reference
experiments revealed that isomerization can also be achieved by
applying catalytic amounts of HCl (in dioxane). Evaporation of the
solvent and column chromatography (light petroleum) yielded
compound Sba (43 mg, 42%) as white solid. "H NMR (400 MHz,
CD,CL,): 6 = 7.89 (s, 1H), 7.75 (d, ] = 8.0 Hz, 2H), 7.55 (m, 2H),
745 (t,J = 7.4 Hz, 1H), 6.18 (s, 1H), 2.40 (s, 3H), 2.28 (s, 3H) ppm.
3C NMR (100 MHz, CD,Cl,): 6 = 146.5 (s), 139.2 (s), 137.7 (s),
130.3 (d), 129.1 (d), 120.9 (d), 118.9 (d), 108.7 (d), 21.1 (q), 15.5
(q) ppm. Anal. Caled for C,H 3N;S: m/z 232.0903 [M + H]*. Found:
MS (ESI) m/z 232.0913 [M + H]*.

Isomerization Experiments toward 5bb, 5bd, 5ca. To prove
the identity of E-isomers S obtained during isomerization experiments
(Figure 6), performed at a concentration of ~80 umol/mL, the
respective mixtures were quantitatively separated by preparative TLC
and the pure E-isomers $ subjected to 'H and '*C NMR spectroscopy
and high-resolution mass spectrometry.

4-[(1E)-2-(Ethylthio)-1-propen-1-yl]-1-phenyl-1H-1,2,3-tria-
zole 5bb. 'H NMR (400 MHz, CD,CL,): 6 = 7.89 (s, 1H), 7.75 (d, ]
= 8.0 Hz, 2H), 7.54 (m, 2H), 7.45 (t, ] = 7.4 Hz, 1H), 6.31 (s, 1H),
2.88 (q, ] = 7.4 Hz, 2H), 2.28 (s, 3H), 1.35 (t, ] = 7.4 Hz, 3H) ppm.
3C NMR (100 MHz, CD,Cl,): 6 = 146.4 (s), 137.9 (s), 137.6 (s),
130.3 (d), 129.1 (d), 120.9 (d), 119.1 (d), 110.6 (d), 26.1 (t), 21.1
(9), 13.8 (q) ppm. Anal. Calcd for C;3H (N3S: m/z 246.1059 [M +
HJ*. Found: MS (ESI) m/z 246.1061 [M + H]*.

4-[(1E)-2-(Butylthio)-1-propen-1-yl]-1-phenyl-1H-1,2,3-tria-
zole 5bd. "H NMR (400 MHz, CD,Cl,): & = 7.88 (s, 1H), 7.75 (d,
= 7.9 Hz, 2H), 7.55 (m, 2H), 7.46 (t, ] = 7.4 Hz, 1H), 6.31 (s, 1H),
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2.87 (t, ] = 7.4 Hz, 2H), 2.28 (s, 3H), 1.68 (quint, ] = 7.4 Hz, 2H),
1.48 (sext, ] = 7.5 Hz, 2H), 0.96 (t, ] = 7.3 Hz, 3H) ppm. 3C NMR
(100 MHz, CD,Cl,): § = 146.5 (s), 138.2 (s), 137.7 (s), 130.3 (d),
129.1 (d), 120.9 (d), 119.0 (d), 110.5 (d), 31.8 (t), 31.0 (), 22.8 (t),
21.2 (q), 14.0 (q) ppm. Anal. Caled for C;sHgN;S: m/z 274.1372 [M
+ H]*. Found: MS (ESI) m/z 274.1377 [M + H]".
4-[(1E)-2-(Methylthio)-1-buten-1-yll-1-phenyl-1H-1,2,3-tria-
zole 5ca. '"H NMR (400 MHz, CD,CL): 6 = 7.86 (s, 1H), 7.75 (d, ] =
8.0 Hz, 2H), 7.55 (m, 2H), 7.46 (t, ] = 7.4 Hz, 1H), 6.08 (s, 1H), 2.69
(g ] = 7.5 Hz, 2H), 2.38 (s, 3H), 1.25 (t, ] = 7.5 Hz, 3H) ppm. °C
NMR (100 MHz, CD,CL): § = 1464, 146.0, 137.7, 130.3, 129.1,
121.0, 118.7, 107.5, 27.9, 15.3, 13.7 ppm. Anal. Caled for C,3H,N;S:
m/z 246.1059 [M + H]". Found: MS (ESI) m/z 246.1059 [M + H]".
3,5-Dibromo-2-(trimethylsilyl)selenophene 13. 2,3,5-Tribro-
moselenophene®® was obtained by bromination of commercially
available selenophene according to the literature®® in 92% yield ('"H
NMR (200 MHz, CDCl,): § = 7.11 (s, 1H) ppm. *C NMR (50 MHz,
CDCly): 6 = 1349 (d), 1154 (s), 114.6 (s), 112.9 (s) ppm. Spectral
data (NMR) are given in the Supporting Information. Anal. Calcd for
C,HBr,Se: m/z 365.68 [M]". Found: MS (EI) 365.71 m/z [M]"). To
a solution of 2,3,5-tribromoselenophene (5.0 g, 13.6 mmol, 1.0 equiv)
in anhydrous Et,O (50 mL) was added n-BuLi (5.4 mL, 13.6 mmol,
2.5 M in hexanes, 1.0 equiv) dropwise at —78 °C. The reaction was
stirred for 30 min; subsequently chlorotrimethylsilane (1.8 g, 16.3
mmol, 1.2 equiv) was added, and the solution was allowed to warm to
rt and stirred overnight. The mixture was poured on water and the
aqueous phase extracted with Et,O. The organic layers were washed
with brine, dried over anhydrous Na,SO,, and concentrated under
reduced pressure. 13 (3.9 g, 79%) was isolated by distillation in vacuo.
BP: 62 °C (1.6 X 107" mbar). '"H NMR (200 MHz, CD,Cl,): 6 = 7.30
(s, 1H), 0.40 (s, 9H) ppm. *C NMR (50 MHz, CD,CL,): § = 144.9
(s), 138.5 (d), 119.5 (s), 117.0 (s), —=0.1 (q) ppm. Anal. Calcd for
C-H,(Br,SeSi: m/z 359.81 [M]". Found: MS (EI) m/z 359.87 [M]".
3-Bromo-5-methyl-2-(trimethylsilyl)selenophene 14. To a
solution of 13 (3.9 g, 10.8 mmol, 1.0 equiv) in anhydrous Et,0 (50
mL) was added n-BuLi (4.3 mL, 10.8 mmol, 2.5 M in hexanes, 1.0
equiv) dropwise at —78 °C. The solution was stirred for 30 min;
subsequently, dimethyl sulfate (1.6 g 13.0 mmol, 1.2 equiv) was
added, and the reaction was allowed to warm to rt and stirred
overnight. The mixture was poured on water and the aqueous phase
extracted with Et,O. The organic layers were washed with brine, dried
over anhydrous Na,SO, and concentrated in vacuo. Distillation
(under reduced pressure) yielded 14 (2.2 g, 69%). BP: 70 °C (3.3 X
107" mbar). 'H NMR (200 MHz, CDCL): § = 6.98 (d, J = 1.1 Hg,
1H), 2.55 (d, ] = 1.1 Hz, 3H), 0.37 (s, 9H) ppm. *C NMR (50 MHz,
CDCly): 6 = 151.1 (s), 138.1 (s), 133.6 (d), 116.3 (s), 17.8 (q), —0.3
(q) ppm. Anal. Calcd for CgH,;BrSeSi: m/z 295.91 [M]*. Found: MS
(EI) m/z 295.86 [M]".
Trimethyl[(32)-4-(methylseleno)-3-penten-1-yn-1-yl]silane
15. A solution of 14 (1.47 g, 5.0 mmol, 1.0 equiv) in anhydrous Et,O
(50 mL) was cooled to —78 °C. At this temperature t-BuLi (6.4 mL,
11.0 mmol, 1.7 M in pentane, 2.2 equiv) was added dropwise. The
solution was allowed to warm to —20 °C, kept at this temperature for
30 min, and again cooled to —78 °C. Na,SO; (1.50 g, 12.0 mmol, 2.4
equiv) and subsequently iodomethane (1.69 g, 12.0 mmol, 2.4 equiv)
were added, and the mixture was allowed to warm to rt and stirred
overnight. The reaction was poured on water and the aqueous phase
extracted with Et,O. The organic layers were washed with brine, dried
over anhydrous Na,SO,, and concentrated under reduced pressure.
Purification by column chromatography (light petroleum/EE (1%))
gave 15 (0.75 g, 65%). "H NMR (200 MHz, CDCl;): § = 5.70 (m,
1H), 2.19 (s, 3H), 2.14 (m, 3H), 0.20 (s, 9H) ppm. *C NMR (50
MHz, CDCLy): 6 = 146.7 (s), 106.3 (d), 102.4 (s), 100.6 (s), 23.8 (q),
4.3 (q), —0.05 (q) ppm. Anal. Calcd for CoH,¢BrSeSi: m/z 232.0255
[M + H]*. Found: MS (APCI) m/z 233.0255 [M + HJ".
4-[(12)-2-(Methylseleno)-1-propen-1-yll-1-phenyl-1H-1,2,3-
triazole 16. To a +-BuOH/H,O (1:1, 2 mL, ~0.5 M) suspension of
14 (213 mg, 0.92 mmol, 1.0 equiv), azidobenzene (137 mg, 1.1S
mmol, 1.25 equiv), CuSO,-SH,0 (46 mg, 0.18 mmol, 20 mol %), and
sodium ascorbate (73 mg, 0.37 mmol, 40 mol %) was added potassium
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fluoride (64 mg, 1.10 mmol, 1.2 equiv) in a sealed vial under oxygen-
free conditions. The solution was heated to 150 °C in a microwave
reactor for 30 min. The reaction mixture was diluted with water and
extracted repeatedly with CHCI;. The combined organic layers were
washed with brine and dried over anhydrous Na,SO,. Suction filtration
and evaporation of the solvent followed by column chromatography
(light petroleum/Et,O (25% — 30%)) afforded 16 (77 mg, 30%) as
colorless needles. MP: 83—85 °C. 'H NMR (400 MHz, CD,CL,): § =
8.23 (s, 1H), 7.76 (d, ] = 8.1 Hz, 2H), 7.56—7.53 (m, 2H), 7.45 (d, ] =
7.4 Hz, 1H), 6.83 (s, 1H), 2.36 (s, 3H), 2.26 (s, 3H) ppm. *C NMR
(100 MHz, CD,CL,): § = 146.4 (s), 137.7 (s), 133.7 (s), 130.3 (d),
129.1 (d), 121.0 (d), 120.0 (d), 116.8 (d), 25.9 (q), 54 (q) ppm. Anal.
Calcd for C;,H,3N,Se: m/z 280.0348 [M + H]*. Found: MS (ESI) m/
2280.0344 [M + H]".

B RESULTS AND DISCUSSION

Overview. To acquire a more detailed understanding of the
structure—property relationship of the previously developed
novel family of NLO active materials,'® the initial compound
4ba was subjected to systematic investigations regarding the
influence of structural and electronic modifications on quadric
NLO properties (Figure 1).

ene-fragment

Figure 1. Intended structural and electronic modifications of the initial
compound 4ba.

Besides the technological application, we were also interested
in the crystallization behavior: does the particular configuration
of the molecules under investigation indeed promote chiral or
noncentrosymmetric crystallization?

The variations and modifications include alkyl group
variations at the sulfur (green) as well as at the double bond
(orange), selective sulfur oxidation (red), sulfur—selenium
exchange (red), and isomerization at the double bond (blue;
stereoisomers) or the 1,2,3-triazole motive (black; re-
gioisomers). The phenyl group was held constant throughout
the study.

After two subchapters on general synthetic methods and
structural features common to all molecules, each class of
applied molecular variations will be discussed in a separate
subchapter. The subchapters will be divided into parts detailing
synthesis, crystal chemistry, and NLO properties. A compre-
hensive collection of the relevant crystallographic parameters is
given in the Supporting Information.

Synthesis. The synthetic approach (Scheme 1) primarily
relies on two types of reactions: (1) the base-induced
thiophene ring-fragmentation (TRF) reaction' 14716233536
and (2) the copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC),*”® typically referred to as one of the most reliable
reactions within the “click’-chemistry concept."'™"* Remark-
ably, both the TRF as well as the CuAAC reactions yield the
desired compounds selectively as stereo- (Z-isomers 3) or
regioisomers (1,4-isomers 4), respectively.

The Z-selectivity is given by the cyclic structure of the
thiophene precursor, which can be readily obtained from a
halogen dance (HD)*~* reaction. The specific substitution
pattern is essential for an efficient ring opening yielding the
desired ene—yne compounds 3."*7'¢ During the cycloaddition
of alkynes 3 and azidobenzene, the formation of the different
species is prevented by copper catalysis yielding pure 1,4-
regioisomers of 1,2,3-triazoles 43738 Further, a selective
synthesis of the 1,5-regioisomer 7ba is accomplished from the
terminal alkyne species 6ba (F -induced TMS cleavage) by
ruthenium catalysis (RuAAC).>*** Microwave-assisted syn-
thesis'**~*¢ was pointed out to significantly accelerate these
metal-assisted cycloadditions for this substance class.">**** The

Scheme 1. General Synthetic Approach Towards Target Materials 4, S, and 7

H Br
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2c (R=Et)

S R ISO
R’ VE

5ba (R=Me, R'=Me)
5bb (R=Me, R'=Et)
5bd (R=Me, R'=n-Bu)
5ca (R=Et, R'=Me)
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3aa (R=H, R'=Me)
3ba (R=Me, R'=Me)
3bb (R=Me, R'=Et)
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4aa (R=H, R'=Me)
4ba (R=Me, R'=Me)
4bb (R=Me, R'=Et)
4bc (R=Me, R'=n-Pr)
4bd (R=Me, R'=n-Bu)
4ca (R=Et, R'=Me)

7ba (R=Me, R'=Me)

“HD: halogen dance reaction. TRF: thiophene ring fragmentation. CuAAC: copper(I)-catalyzed azide—alkyne cycloaddition. ISO: isomerization
(acid-induced). DP: deprotection (F-induced). RuAAC: ruthenium-catalyzed azide—alkyne cycloaddition.
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Table 1. Crystal Class and Characteristic Angles in the Crystal Structures under Investigation: Tilt Angles of the Least Squares
(LS) Planes of the Aromatic Rings, Torsion Angles between the S-Alkyl Group and the Ene Fragment, and Tilt Angles of the LS

Planes of the Triazole and the Ene Fragment

compound crystal class benzene/triazole tilt angle [deg] C=CH-—S—C torsion angle [deg] triazole/ene fragment tilt angle [deg]

4aa 2/m, centrosymmetric 36.87(8) 168.38(15) -
4ba 222, enantiomorphic 8.87(8) 153.96(15) 7.38(18)
4bb 222, enantiomorphic 15.74(7) 161.17(10) 9.39(14)
4bd 2/m, centrosymmetric 16.88(9) 167.71(14) 1.56(18)
4ca, polymorph 1 m, noncentrosymmetric 12.28(4) 177.52(5) 3.21(8)
4ca, polymorph 2 2/m, centrosymmetric 24.54(6) 163.80(11) 2.16(14)
Sba 1, centrosymmetric 31.49(6) 2.09(11) 21.76(13)
7ba 222, enantiomorphic 39.48(6) 171.55(10) 24.82(13)
9ba 2/m, centrosymmetric 24.06(5) 72.04(10) 4.07(12)
12ba mm2, noncentrosymmetric 24.83(S) 99.86(8) 9.08(12)
16 222, enantiomorphic 6.83(11) 173.32(17) 8.3(2)

conversion of the Z- to the E-isomer (5) is accomplished by
acid-induced isomerization.

Crystallography. In solution all molecules described in this
manuscript are flexible and achiral, allowing for a straightfor-
ward synthetic access. Indeed, the average symmetry of the
molecules can be considered m, with the mirror plane
coinciding with the main molecular plane defined by the
conjugated aromatic system (phenyl/triazole/ene-fragment).
However, the molecules possess rotational barriers preventing
m symmetry in the solid state, namely, the twist angle between
the phenyl and the triazole rings, the C=CH—-S—C torsion
angle, and the twist angle between the triazole ring and the ene
fragment. All of these are mainly attributed to steric
interactions: The tilt of benzene and triazole is caused by the
steric repulsion of the H atoms of the aromatic systems and has
been intensely discussed for the case of biphenyl.*” The out-of-
plane conformation is a consequence of alkyl—alkyl group
interactions between the S-alkyl and the alkyl moieties of the
ene fragment as previously energetically quantified by
theoretical calculations.® Finally, the tilting of the triazole
and the ene fragment can be explained by steric repulsion of the
S atom and the H atom of the triazole.

Indeed, in all crystal structures under investigation, at least
the benzene/triazole tilt angle is distinctly nonzero (Table 1),
and the molecules are therefore located on general positions.
Thus, in the solid state the presented molecules behave as chiral
molecules. We observed three crystallization behaviors: “chiral
resolution” toward enantiomorphic crystals, polar “racemates”
without center of symmetry (enantiomorphs, which are related
by glides only), and centrosymmetric “racemates” (Table 1).
Only the former two are capable of quadric NLO activity. All
structures under investigation were crystallographically simple,
containing only one crystallographically unique molecule (Z’ =
1) located on a general position.

The fact that all the molecules contained sulfur or selenium
atoms (Z > 16) and that complete spheres of the reciprocal
space were collected enabled us to analyze the chirality/polarity
of the investigated crystals. In general we were able to
unambiguously determine the absolute structure;*® ie., the
crystals under investigation were not twinned by inversion.
Thus, we demonstrated the possibility to grow macroscopic
single-domain crystals, which are of crucial importance for the
application as NLO materials. We attribute this to the tight
packing of the molecules and the lack of higher local symmetry
which makes it impossible for the structure to “flip” to the
opposite chirality/polarity. A notable exception is the crystal
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structure of 4aa, in which the benzene rings are arranged in
layers with higher symmetry leading to OD twinning.>*

Alkyl Variations (R'—S, R—C=C). Although the variations
of the alkyl groups on both the sulfur atom and the double
bond are not expected to significantly affect the 7-electron
system and thus the second-order hyperpolarizability, the
impact of molecular packing and the associated structural
anisotropy on NLO properties are matters of interest.

Synthesis. The synthesis of the TRF precursor 2b and 2c
relies on the application of a halogen dance (HD) reaction. It is
worth mentioning that during our research on NLO materials
the HD reaction has emerged as an efficient method to obtain
the desired 3-bromothiophene derivatives, suitable as TRF
precursors (yields of 83% (2b)* and 80% (2c)).

Substances 2a and 3aa were obtained via a metal halogen
exchange reaction from 2,3-dibromothiophene utilizing n-BuLi
and a standard TRF procedure, respectively, as recently
published by our group.””

For alkyl variations at the sulfur group, the substituent R (at
the double bond) was limited to methyl (R = Me). Thus, all
ring-opening reactions toward 3b(a—d) were performed using
thiophene species 2b. A protocol for an efficient synthesis of
3ba and 4ba was recently described in detail in the literature by
our group.'® The pathway toward ene—yne compounds 3bb
and 3bc was accomplished by a similar TRF protocol applying
iodoethane and 1-iodopropane, respectively. For the reaction
toward 3bb (51% isolated yield) also the organo-lithium species
was replaced by commercially available EtLi (ethyllithium) to
avoid the n-butyl-substituted byproduct 3bd as a result of the
formation of 1-bromobutane during the metal halogen
exchange using n-BuLi. The use of alkyl bromides was found
to be less efficient and selective. Functionalization of 3bb
toward target material 4bb (61% yield) was accomplished by
the standard CuAAC procedure. In contrast, 3bc was isolated
as a mixture of 3bc and 3bd (27.5 mol % content of 3bd) due
to the application of n-BuLi. The separation of these substance
was not possible for ene—yne species 3bc and 3bd; however,
pure target compound 4bc (68% corrected yield, see
Experimental Section for details) was afforded by column
chromatography after the cycloaddition step. Compounds 3bd
and 4bd (62% corrected yield) were isolated as byproducts of
the reactions mentioned before. Due to the centrosymmetric
crystallization of 4bd (see crystallographic discussion below),
no further reaction optimization was performed; however the
synthesis of 3bd, which can be readily converted into 4bd, has
been described in the literature.”® The introduction of
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(a) (b)

Figure 2. Graphical overlay (a) of the molecular structures of 4bb and 4ba (green) and crystal structures of 4ba (b) and 4bb (c) viewed down [100].

C, H, N, and S atoms are gray, white, blue, and yellow, respectively.

hydrogen (R’ = H), as performed for the substituents at the
double bond, was not intended as a result of instability of the
formed ene—yne species, which was isolated as thioenol ether.>®

The syntheses of 3ca and 4ca were performed in analogy to
the just described 3b and 4b series. Similarly good yields of
78% for 3ca and 69% for 4ca were obtained.

Due to a significantly decreased tendency of crystallization
(melting points of 82 °C (4ba) vs 44—4S °C (4ca)) and the
lack of NLO activity of 4bd and 4ca (see discussion below), no
further effort was put into the synthesis of further alkyl-chain
elongated structures (R at the double bond) or a possible
diethylated compound (R = Et, R’ = Et).

Crystallography. Compound 4aa*® crystallizes in the
centrosymmetric space group P2,/c and therefore does not
fulfill the basic requirement for quadric NLO properties.
However, an interesting OD-twinning was observed and
discussed in detail in another paper.**

The crystal structure of 4bb>" is isostructural®® to the initial
compound 4ba.'® Moreover, highly similar crystal morphology
was observed for both materials. As shown in Figure 2(a), the
conformation of both molecules in the solid state is virtually
identical. Thus, 4bb represents a potential candidate for SHG.

The extra space needed by the elongation of the thiomethyl
to a thioethyl group is provided by an enlarging of the lattice
parameters b (15.4009(6) to 15.968(6) A) and ¢ (15.6421(5)
to 16.294(6) A). Indeed, the thioalkyl groups extend nearly
parallel to the (100) plane (Figure 2(b,)). The additional
space in the (100) plane allows for a denser packing in the
[100] direction: the a parameter decreases slightly (4.8314(2)
to 4.7643(15) A). In total, and as expected, the unit cell volume
of the thioethyl compound is distinctly larger (1163.90(8) vs
1239.6(8) A®). The geometries of the molecules differ slightly,
probably due to packing effects; most notably the tilt angle of
the aromatic rings increases from 8.87(8)° to 15.74(7)°, due to
the less dense packing (Table 1).

4bc was isolated as colorless oil which did not crystallize;
however, single crystals of 4bd> could be prepared. The crystal
structure of 4bd is centrosymmmetric (space group P2,/c) and
unrelated to the structures of 4ba and 4bb. Indeed, as has been
noted by Kalman,*” isotypic structures can only be expected for
replacement of a H atom by a single methyl group, but not with
longer alkyl chains. As opposed to the three-dimensional
network of 4ba, a distinct separation into layers composed of
the alkyl side chains and the aromatic systems was observed for
4bd (Figure 3). We expect this effect to become even more
pronounced for further thioalkyl group elongation.

4ca®* (Figure 4) is dimorphic: Polymorph 1 (Cc) is
noncentrosymmetric, whereas the symmetry of polymorph 2
(P2,/c) includes inversion symmetry. Crystals of both
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Figure 3. Crystal structure of 4bd viewed down [010] showing
separation into aliphatic and aromatic layers; color codes as in
Figure 2.

polymorphs were extracted from the same crystallization
experiment. Whereas the overall geometries of the molecules
in both polymorphs are similar, they feature distinctly different
tilt angles (Table 1), demonstrating the importance of packing
effects. Notably, the benzene/triazole tilt angle is twice as large
in polymorph 2 (24.54(6)° vs 12.28(4)°). Uniquely among the
Z-isomers, the polymorph 1 of 4ca features an in-plane
conformation of the S-Me group (C=C—S—C torsion angle of
177.52(5)°).

NLO Properties. The SHG signal detected for 4bb was
virtually identical to reference 4ba (4ba/4bb = 1/~0.95),
which exhibits an SHG efficiency of somewhat higher than
twice the value of KDP. This is expected, given the similar unit
cell volumes (1163.90(8) vs 1239.6(8) A*) and the virtually
identical 7-electron architectures.

XRD of the bulk powdered 4ca sample revealed that the
centrosymmetric polymorph 2 is the major component. No
significant peaks attributed to the potentially NLO-active
polymorph 1 were observed. Indeed, no SH signal was
observed for the 4ca sample (detection limit of the SH setup
was about 1% of the KDP signal). So far the formation
conditions of both polymorphs as well as the thermodynamic
stability ranges are not understood. It has to be noted, though,
that 4ca is not a candidate for optical applications due to its low
melting point (44—45 °C).

Double Bond Isomerization. As a second step, the
influence of the Z-geometry of the double bond was examined,
to give insight into structure—function relationships of
compounds of identical molecular constitution.

Synthesis. The first evidence of isomerization was observed
during NMR experiments on 4ba using CDCl;. Ion
chromatography showed a chloride content of ~280 ppm,
which was attributed to the decomposition of CDCl; resulting
in the formation of DCL>® Hence, the synthesis of E-isomer
Sba was performed by acid-induced isomerization on the
experimental scale (isolated yield Sba: 42%).

Crystallography. The E-isomer Sba®® crystallizes in the
centrosymmetric space group P1 (Figure 5(a)); therefore, no
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(a) (b)

Figure 4. Graphical overlay (a) of the molecular structures of polymorphs 1 and 2 (green) of 4cb and crystal structures of polymorph 1 viewed down
[010] (b) and polymorph 2 viewed down [100] (c); color codes as in Figure 2.

Figure 5. Molecular (a) and crystal structure (b,c) of Sba, viewed down [100] and [010], respectively, showing the coplanar arrangement of the
triazole rings; color codes as in Figure 2, and ellipsoids are drawn at 90% probability level.

SHG experiments were performed. The most striking difference
to the Z-isomer 4ba is the lack of intramolecular thiomethyl to
ene-methyl interactions. Indeed, in Sba the thiomethyl group is
practically in-plane with the ene fragment (C=C—S—C torsion
angle of 2.09(11)° vs 153.96° = 180 — 26.04(15)° for 4ba). In
return, the LS (least-squares) planes of the propenyl group and
the triazole are distinctly more tilted (21.76(13)°) than in the
Z-isomers, probably due to steric repulsion of the ene-methyl
group and the proton of the triazole.

The Sba molecules are arranged in rods running along [010],
whereby two adjacent molecules are related by inversion. The
planes of the triazole rings are nearly coplanar with a centroid
to centroid distance of 3.422 A. The rods in turn are arranged
to layers parallel to (001) which connect via the phenyl rings
and the thiomethyl groups (Figure S(b,c)).

Isomerization Experiments. To further investigate the
phenomenon of acid-induced isomerization, effects of the
aforementioned variations of the alkyl groups (4a—c) on
isomerization rates and equilibrium states of this process were
evaluated. The reactions, monitored by NMR spectroscopy,
were carried out in standard NMR tubes utilizing the same
batch of CDCl; (chloride content of ~280 ppm) for all
experiments.

The results illustrated in Figure 6 reveal relatively similar
reaction rates for all compounds but a significant difference in
the equilibrium states for 4ba (R = Me, R’ = Me) compared to
4bb (R = Me, R’ = Et), 4bd (R = Me, R’ = n-Bu), and 4ca (R =
Et, R’ = Me). The equilibrium states follow the order of 4ba <
4bd < 4bb = 4ca (relative Z-amounts for 4ba: 43%, 4db: 55%,
and 4bb, 4ca: 56%). In fact, identical E/Z-ratios starting from
both the pure Z- (4ba) and E-isomer (Sba) indicate that
complete equilibration is reached during the experiments.
Surprisingly, for compound 4aa (R = H, R’ Me) no
isomerization progress could be observed. Analytic samples of
E-isomers Sbb, Sbd, and Sca were isolated by preparative TLC
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Figure 6. Acid-induced isomerization experiments (concentration:
~80 mM).

(quantitative separations) and characterized by NMR and MS
to ensure identity.

Triazole Modification. In this subchapter the effect of
regioisomerization, directly influencing electronic properties of
the 1,2,3-triazole, is examined. Retaining the principal
substitution pattern (identical sum formula), the characteristics
of the 1,5-regioisomer 7ba in relation to the 1,4-compound 4ba
are determined.

Synthesis. The synthesis is based on microwave-assisted Ru-
catalyzed cycloaddition of terminal alkyne 6ba and azidoben-
zene affording 39% of 1,5-species 7ab.*” The rather low yield is
attributed to a limited stability of 6ba under RuAAC
conditions. More sophisticated reaction optimization, which is
beyond the scope of this study, may be achieved by applyingg,
e.g, recently developed transition-metal-free methods.”’
Compound 6ba was obtained by F-induced silyl cleavage
utilizing TBAF in 76% yield.
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Figure 7. Molecular structure (a,b) showing the configuration and the out-of-plane conformation of the ene fragment and crystal structure (c) of 7ba
viewed down [100] showing the layered arrangement; color codes as in Figure 2, and ellipsoids are drawn at the 90% probability level.

Crystallography. The crystal structure of 7ba®® is
enantiomorphic (space group P2,2,2,). The unique feature of
7ba compared to the 1,4-isomers is the steric repulsion of the
protons of the ene fragment and the phenyl ring (Figure
7(ab)). In consequence, 7ba features an even more intense
tilting of the ene fragment to the triazole (24.82(13)°) than
Sba and additionally an unusually large tilting of the phenyl and
triazole rings (39.48(6)°). The thiomethyl group is located
slightly out-of-plane like in most other Z-isomers (with the
exception of 4ca). Molecules of 7ba are arranged in distinct
layers parallel to (001), as opposed to the three-dimensional
network of the original 4ba (Figure 7(c)).

NLO Properties. The SHG signal detected for 7ba was ~1.25
times higher than the value of 4ba, corresponding to a 10%
enhancement of the nonlinear susceptibility. It is hard to tell
whether this rather small improvement is due to changes in the
molecular hyperpolarizability or to the aforementioned
structural modifications. Moreover, the limited synthetic yield,
which is currently subject to optimization in our group, is a
drawback of the 1,5-isomer for this specific class of compounds.

Sulfur Oxidations. The oxidation of the methlythio group
(+M-effect) toward the sulfone moiety (—M-effect) represents
a crucial alteration in terms of electronic and crystallo-chemical
properties and also crystallization behavior due to the
introduction of hydrogen bond acceptors. The previous
concept of the ene fragment displaying the donor part and
the triazole unit being the acceptor part of the NLO
chromophore is no longer valid for this class of materials.
The Z-isomer showed centrosymmetric crystallization (struc-
tures discussed in detail below), which ruled out the existence
of quadric NLO properties. Due to the sustained interest in the
oxidized scaffold as NLO materials, the E-isomer was prepared,
which revealed the desired noncentrosymmetric crystallization.

Synthesis. The approach toward target structures 9ba and
12ba is based on an oxidation procedure of the ene fragment
utilizing m-CPBA (Scheme 2). Due to the formation of benzoic
acid as byproduct and the aforementioned tendency of
isomerization of the target materials, it was not possible to
directly convert triazole-based compounds 4ba and Sba into
structures 9ba and 12ba. Therefore, the oxidation was
performed at the stage of the ene—yne species 3ba and 10ba,
which were found to be less prone to isomerization. In
accordance to previously described protocols® 3ba and 10ba
were reacted with m-CPBA to isolate 8ba®® and 11ba in yields
of 81% and 61%, respectively. The reaction of 3ba toward 10ba
was also performed by acid-induced isomerization affording the
E-species in yields of 37%. Finally, the CuAAC resulted in
target compounds 9ba (70%) and 12ba (57%) in good yields.
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Scheme 2. Synthetic Pathway Towards Sufone Species 9ba
and 12ba”
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“0OX: oxidation (m-CPBA), ISO: acid-induced isomerization, CuAAC:
copper(I)-catalyzed azide—alkyne cycloaddition.

Crystallography. As mentioned before, the Z-isomer 9ba®
crystallizes in the centrosymmetrlc space group P2,/n, whereas
the E-isomer 12ba® crystallizes in the noncentrosymmetric
space group Pna2; (Figure 8). Both crystal structures feature
similar tilting angles between the propenyl group and the
triazole core (4.07(12)° and 9.08(12)°) as well as between the
phenyl and triazole moieties (24.06(5)° and 24.83(5)° for 9ba

%

(c)

Figure 8. Molecular (a,b) and crystal (c,d) structures of 9ba (a,c) and
12ba (b,d); crystal structures are viewed down [100] (9ba) and [001]
(12ba), respectively; color codes as in Figure 2, and ellipsoids are
drawn at 90% probability level.
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Table 2. Hydrogen Bond Geometries in 9ba Involving the Sulfonyl Group

C-H---O symmetry code of acceptor C-H [A] H--0 [A] C-0 [A] C—H--O [deg]
C7-H7--01 intramolecular 0.909(16) 2.317(15) 2.9187(14) 123.5(11)
C2-H2--02 x—1/2, =y +1/2,z— 1/2 0.954(17) 2.599(17) 3.5301(15) 165.2(14)
Cl1-H112--01 x+lyz 1.032(17) 2.353(17) 3.3606(14) 164.9(13)

Table 3. Hydrogen Bond Geometries in 12ba Involving the Sulfonyl Group

C—H--O symmetry code of acceptor C—H [A] H--0 [A] C-0 [A] C—H--O [deg]
C9—H9---01 intramolecular 0.951(13) 2.396(13) 2.8482(10) 108.8(9)
C2-H2--02 y—1/2, -y +1/2,z 0.967(12) 2.405(12) 33073(11) 155.0(11)
C7-H7-02 y—1/2, -y +1/2,z 0917(13) 2.480(13) 3.3632(10) 161.9(11)
C2—-H3--01 x—1yz 0.915(15) 2.593(14) 3.2647(11) 130.7(11)
Cl12-HI121--01 —x+2—y,z-1/2 0.979(15) 2.501(15) 3.4735(13) 172.3(11)

and 12ba, respectively (Table 1)). The most striking difference
compared to the nonoxidized molecules though is the extreme
out-of-plane conformation of the sulfonyl methyl groups (C=
C—S—C torsion angles of 72.04(10) and 99.86(8)°). For 9ba
this can be adequately explained by an intramolecular
nonclassical hydrogen bond from the triazole—H to the
sulfonyl group (Table 2) which stabilizes the conformation.
12ba likewise features a possible intramolecular hydrogen
bond, in this case of the ene—H atom (Table 3). It has to be
noted that the C—H--O angle of 108.8(9)° is close to 100°,
which is generally accepted as the lower limit of relevant H
bonding.

The packings are determined by nonclassical hydrogen
bonding: In 9ba, every molecule connects via two H atoms
belonging to the phenyl and the triazole ring, respectively, to
two further molecules forming layers parallel to (010). The
hydrogen bonding network in 12ba is more complex. Each
molecule connects to three further molecules forming a three-
dimensional network: via two H atoms of the phenyl and the
triazole to the first molecule, via a phenyl H to the second, and
via a sulfonylmethyl H to the third.

NLO Properties. The SH response from the noncentrosym-
metric (but nonchiral) crystals of 12ba was approximately 45%
of the value of the initial compound 4ba. The electron
acceptor—donor design of the scaffold, imparting the electronic
bias, is still a prerequisite for an SH efficieny in this order of
magnitude.® In comparison to the previously developed scaffold
4ba the ene fragment changes from an electron-donating to an
electron-accepting moiety. The acceptor moiety of the initial
structure is represented by the 1,2,3-triazole structure, where
the electron-withdrawing properties are primarily assigned to
the triazole nitrogens N2 and N3. For 12ab it is not obvious at
first sight which structural unit of the novel NLO chromophore
represents the electron donor. The electron-donating proper-
ties potentially derive from the N1 nitrogen and/or the phenyl
substituent itself, implying an ambipolarity of the triazole-
phenyl unit.

One reason for the reduced SH efficiency may also be found
in the blue shift of the absorption feature of 12ba of ~30 nm
compared to 4ba (Figure 12); resonances in the linear response
(absorption peaks) are known to boost the nonlinear response
if either the fundamental or the two-photon frequency is in the
vicinity of the resonance. While this enhancement declines with
increasing spectral separation, the impact of a resonance
particularly on the real part of the hyperépolarizability may
extend far beyond the absorption band.’’ The increased
spectral separation of the absorption line from the experimental
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photon energy therefore may be responsible for the reduction
of the observed NLO response.

Still, compound 12ba with a SH efficiency in the range of
KDP remains an attractive NLO material, given its thermal
properties, such as a higher melting point of 128 °C (12ba) vs
82 °C (4ca) as well as an improved stability up to ~230 °C
(compared to ~180 °C of the thiomethyl-based compounds;
determined by TGA measurements). Moreover, crystals of the
size of roughly 2 X 2 X 1 mm could be grown from solution.

Sulfur—Selenium Exchange. In a final synthetic step,
sulfur was replaced by selenium, in the intuitive expectation
that the electronic configuration of Se would lead to an
increased density of delocalized electrons and consequently to
an enhanced hyperpolarizability.

Synthesis. Starting from 2,3,5—tribromoselenophene33’34 a
metal halogen exchange reaction using n-BuLi and subsequent
quenching with chlorotrimethlysilane afforded 13 in 80% yield.
Another lithiation step using dimethyl sulfate as an electrophile
resulted in ene—yne precursor 14 (69% yield). This sequential
lithiation approach was shown to be more efficient (55% overall
yield) in comparison to the HD approach (40% overall yield)
as applied for the sulfur analogues. In contrast to the TRF
reaction, the selenophene ring fragmentation (SRF) was
performed utilizing ¢-BuLi leading to ene—yne species 15 in
65% vyield. The use of t-BuLi arises as a consequence of the
formation of Se-butyl byproduct when applying n-BuLi
(enhanced nucleophilicity of Se®®). Functionalization of 15
toward target material 16 (30% yield) was accomplished by the
standard CuAAC procedure (Scheme 3).

Scheme 3. Synthesis of Selenium-Based Compound 16

Br Br
Br— g ~TMS <&~ TMS
13 14
lSRF
\ \
Se cuaac e
4<\—(/\'T' \_— 1us
N

16 15

“M—H ex: metal halogen exchange; SRF, selenophene ring
fragmentation; CuAAC: copper(I)-catalyzed azide—alkyne cyclo-
addition.
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Figure 9. Space filling models of the molecular structures of 4ba (a) and 16 (b), of intermolecular contacts in 4ba (d) and 16 (e) viewed down the
main axis of a molecule, and the crystal structure of 16 (c) viewed down [100]; color codes as in Figure 2, and Se atoms are colored pink.

Crystallography. The crystal structure of 16® is enantio-
morphic and isopointal (same space group P2,2,2; and same
Wyckoff positions) but otherwise crystallographically unrelated
to 4ba and 4bb. The most outstanding difference is the
opposite conformation of the single bond connecting the
triazole to the propenyl group: Whereas in the S-containing Z-
isomers the thiomethyl group is located on the side of the C—H
fragment of the triazole, the selenomethyl group is located on
the opposite side near a N atom (Figure 9(a,)b)). We attribute
this to an increased ionic radius of Se compared to S (1.98 vs
1.84 A)** and consequently more repulsion between Se and the
triazole—H atom, which has also been observed for structurally
related compounds crystallizing in similar modifications. The
triazole/phenyl tilt angle in 16 is the smallest of any of the
compounds under investigation, and likewise the out-of-plane
conformation of the selenomethyl group (C=C—Se—C torsion
angle of 173.32(17)°) is not pronounced. The triazole/
propylene tilt angle is distinctly nonzero, possibly due to steric
repulsion of the Se and N atoms.

The different molecular geometries of 4ba and 16 lead to
different packing: the packing of 4ba is defined by C—H--N
contacts, resulting in an arrangement where the main axes of
the connecting molecules are highly inclined to each other
(Figure 9(d)). In 16, on the other hand, the N atoms of the
triazole ring are sterically “shielded” by the large Se atom. The
intermolecular contacts are therefore of the C—H---C kind,
whereby the C—H bond is strongly inclined to the aromatic
system of the adjacent molecule. Thus, the molecules are
arranged in layers parallel to (001) in which the main axes of all
molecules are parallel (Figures 9(ce)). The overall arrange-
ment of the molecules can be described as a herringbone
pattern (Figure 9(c)).

NLO Properties. The examination of quadric NLO proper-
ties of 16 revealed a more than 20-fold increase of the SH
efficiency over reference material 4ba (Figure 10) or more than
40 times the value of KDP. The significantly improved

1028
171

SH-Intensity [a.u.]

T T T T T T
490 500 510 520 530 540 550 560

Wavelength [nm]

Figure 10. SHG spectra of 16 (full) and 4ba (dash-dot); the large line
width (~8 nm) results from the broad spectrum of the ultrashort
(70 fs) driving laser pulses.

nonlinear performance of this novel NLO chromophore is
attributed to the increased electron density due to the
introduction of Se and an altered molecular packing, which
clearly impacts the crystal anisotropy.

In summary, it could be shown that the synthetic approach
allows a broad diversity of potential modifications of the initial
molecular structure (4ba). Thus, alkyl group variations,
isomerizations, oxidations, and a sulfur—selenium exchange
were successfully demonstrated. As a result, four novel NLO
materials have been obtained and characterized.

The results for the acquired SH efficiencies are illustrated in
Figure 11. In particular, the selenium-based compound 16
reveals a significant enhancement of the SH efficiency.
Compounds 4bb and 7ba showed similar SH values; however,
an improvement of ~25% in performance for 7ba also
promotes the interest in 1,5-triazole isomers. Thus, experiments
to improve the synthesis of 1,5-isomers are currently
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Figure 11. Relative SH intensities plotted for target materials capable
of SHG.

performed. Although the sulfone species 12ba shows a
decreased SH value of ~50%, attractive photophysical (see
below) and thermal properties (stability) have been demon-
strated.

As demonstrated by the dimorphic 4ca, an important factor
for NLO materials represents the phase purity. Thus, all
obtained crystalline compounds capable of SHG were examined
by powder diffraction experiments. Phase purity was proven for
structures 4ba, 4bb, 7ba, and 16; 12ba was obtained as a large
single crystal.

It should be noted that while powder SHG measurements
are useful in screening for potential frequency doubling crystals,
they do not tell the whole story about the performance of a
single crystal as a frequency doubler. Useful nonlinear materials
must combine a host of properties such as inertness under
environmental (atmospheric) conditions, sufficient optical
damage threshold, and of course, the potential for phase
matching. Even if phase matching can be achieved (which can
be tested by the Kurtz method), it may still happen that the
dominating SH coeflicients do not couple efficiently to the
wave propagation directions prescribed by the phase matching
condition.

On the other hand, nonphase matchable compounds could
still be quasi-phase matchable.® The successful growth of
macroscopic single crystals is therefore a prerequisite not only
for practical applications of nonlinear materials but also for
their characterization. Systematic crystal growth and a complete
optical characterization of the compounds under study are
beyond the scope of the present study, however.

Another property of crucial importance is the laser-induced
damage threshold (LIDT) of a nonlinear material since the
efficiency of the nonlinear process increases with the intensity
of the incoming laser field. In our study, which employs a low
power femtosecond laser for compound screening, we have not
undertaken any systematic laser-induced damage threshold
studies.

However, to ensure wide transparency windows, absorption
spectra (in THF) of new NLO materials were recorded. The
results are depicted in Figure 12 and show similar absorption
onsets for all compounds (340—350 nm) except of the sulfone
species 12ba which is blue-shifted by ~30 nm. Hence, good
optical transparencies are guaranteed for all performed
modifications.
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Figure 12. Absorption spectra of target NLO compounds.

Due to the general applicability of the developed strategies,
efforts to improve the synthetic accessibility of ene—yne
compounds are currently performed in our group.

Of the 10 investigated molecules with an alkyl(thio/sulfonyl/
seleno)—alkenyl—phenyl—triazole backbone, six (60%) crystal-
lize in a noncentrosymmetric space group and four (40%) in an
enantiomorphic space group (Table 1), one showing di-
morphism (the mainly observed polymorph is centrosymmet-
ric). The dimorphism of 4ca demonstrates the importance of
polymorph control for potential applications.66 Yet, in a recent
statistical study on crystal structures of flexible achiral organic
molecules with Z' = 1 crystallizing in one of the six most
common space groups,'” only 11% of the molecules crystallized
in an enantiomorphic space group (all noncentrosymmetric
space groups of the six most common are enantiomorphic).
Thus, the chosen backbone of our structural investigations
indeed seems to promote polar crystallization. More synthetic
and theoretical work will be needed to confirm the trend.

B CONCLUSION

In conclusion, four novel NLO materials capable of SHG have
been designed, synthesized, and characterized regarding optical
properties. As expected, the acquired SH efliciencies strongly
depend on both the electronic constitution and the anisotropy
in the crystal structure. Hence, the principal strategies to further
improve physical characteristics of this class of NLO materials
are proposed.

First, a significant improvement in stability combined with
reasonable SHG values is obtained for the sulfone (oxidized
species 12ba), which relies on the formation of an entirely new
NLO chromophore. Second, a drastic enhancement in SH
efficiency (by a factor of more than 20 for the selenium-based
compound 16 compared to the initial compound 4ba) is
obtained by an increased electron density of the z-electron
system. Therefore, we postulate that the introduction of
electron-donating motives at the triazole N1 position further
improves the performance, yielding chromophores in a donor—
acceptor—donor type fashion.

Moreover, it is suggested that the Z-alkyl(thio/sulfonyl/
seleno)—alkenyl—phenyl—triazole motive facilitates the non-
centrosymmetric crystallization behavior of this class of
nonchiral compounds. This fact is emphasized by three novel
ene—yne-based scaffolds showing enantiomorphic crystalliza-
tion and two more obtained in noncentrosymmetric space
groups. Thus, the general applicability of the CuAAC reaction
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makes ene—yne compounds attractive molecular building
blocks, e.g., for the design of further NLO chromophores. In
fact, the demand of noncentrosymmetric materials in diverse
fields of material science, as outlined in the Introduction,
significantly broadens the scope of potential application.
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General synthetic methods, spectroscopic (NMR) and
crystallographic (X-ray) data, as well as information regarding
the SHG experiments. This material is available free of charge
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Herein we report the synthesis of Z-(methylseleno)alkenyl-substituted phenylisoxazoles
applying a copper-catalyzed cycloaddition. An achiral molecule containing a 3,5-disubstituted
isoxazole subunit as acceptor moiety forming untwinned enantiomorphic single crystals in the space
group P2,2,2; could be obtained. This novel compound was characterized with regard to its ability to
generate second harmonics and its absorption behavior. The material exhibits nonlinear optical
properties approximately 30 times higher than potassium dihydrogen phosphate. Thus, the developed

molecular scaffold represents an interesting novel type of NLO chromophore.
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INTRODUCTION

Organic electronic materials have become interesting target compounds for optoelectronic
applications (such as LEDs, solar cells, and nonlinear optical devices) and may constitute
inexpensive alternatives to their traditional inorganic semiconductor counterparts.' The optical
properties of photochromic materials change under the irradiation of light at a specific wavelength.
The crucial advantage of organic compounds is that these materials can be designed toward specific
interaction with light in order to process concrete optical signals.? In recent years, a large number of
push—pull systems asymmetrically linked to m-conjugated spacers exhibiting first hyperpolarizability
B have been synthesized and probed in electronic and optical applications.>*> However, a
considerable interest to improve the performance of materials capable of second harmonic
generation remains. Modifications of structures at a molecular level are sought by crystal

engineering taking advantage of structure / property relationships.*’

Recently, we have published on the synthesis and properties of the selenium-substituted
I-phenyl-1,2,3-triazole 2 (Scheme 1) exhibiting a 40 times increased SH efficiency value compared
to potassium dihydrogen phosphate (KDP).* The NLO characteristic relies on the combination of
structural motives of a Z-(methylseleno)alkenyl group (Scheme 1, ene-substructure) as an electron
donor directly connected to an electron-withdrawing heteroaromatic moiety providing sufficient
acceptor performance. The electron-deficient isoxazole fragment has previously been applied as
conjugative n—linker in donor—m—acceptor organic sensitizers and represents an adequate acceptor.’
This contribution focuses on the structural variation of the triazole-based acceptor subunit in 2
toward materials 3a-d bearing isostructural isoxazole cores. The presented materials are examined in

detail regarding their crystallization behavior as well as their structural and NLO properties.

The syntheses of compounds 3a-d are based on a modification of the ene—yne compound 1
via copper(I)-catalyzed nitrile oxide-alkyne cycloaddition,'” > which allows a direct
functionalization of the yne-structure (Scheme 1). The cleavage of the trimethylsilyl group in 1 is
induced by potassium fluoride giving rise to a terminal alkyne subunit, which reacts with the
appropriate nitrile oxides (generated in situ from substituted phenyl imidoyl chlorides) yielding 3,5-

disubstituted isoxazoles 3a-d. Single crystals of 3a-d were obtained by crystallization from ethanol.
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Scheme 1: Synthetic approach toward 2 and 3a-d; i: azidobenzene, CuSO,.5H,0, Na ascorbate, KF, t-BuOH/H,O (1 : 1,
0.4 M), MW 150 °C; ii: substituted phenyl imidoyl chlorides, CuSO,.5H,0, Na ascorbate, KF, t-BuOH/H,O (1 : 1, 0.4
M), 50 °C.

EXPERIMENTAL SECTION

All reactions were performed in oven-dried glassware. Reagents were purchased from commercial
sources and used without prior purification. Anhydrous tetrahydrofuran (THF), diethyl ether and
toluene were prepared immediately prior to use by a PURESOLV-plant (it-innovative technology
inc.). Technical grade solvents were distilled prior to use. Analytical TLC was performed on Merck
silica gel 60 F254 plates. Chromatographic separations at preparative scale were carried out on silica
gel (Merck silica gel 60, 40 — 63 um). Melting points were recorded on an OptiMelt Automated
Melting Point System (Stanford Research Systems) and are corrected. Experiments under microwave
irradiation were performed in a Biotage Initiator Sixty microwave reactor. The syntheses of
trimethyl[(32)-4-(methylseleno)-3-penten-1-yn-1-yl]silane 1,® N-hydroxybenzimidoyl chloride 4,
N-hydroxy-4-methoxybenzimidoy! chloride 5,** 4-(N,N-dimethylamino)benzaldehyde oxime,** and
N-hydroxy-4-nitrobenzimidoyl chloride 7** were performed according to literature.

Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker Avance Il HD 600 MHz
with cryo probe fourier transform spectrometer operating at the following frequencies: Avance Il
HD 600 MHz: 600.2 MHz (*H), 150.9 MHz (**C) and 114.5 MHz ("’Se). The *H and **C chemical
shifts are reported in & units, parts per million (ppm) downfield from tetramethylsilane using residual
solvent signals for calibration. "’Se chemical shifts are given in ppm relative to dimethylselenide,
using selenophene (8 = 605 ppm)® as an external secondary standard. Coupling constants are
reported in Hertz; multiplicity of signals is indicated by using following abbreviations: s=singlet,
d=doublet, t=triplet, g=quartet, quin=quintet. The multiplicity of **C signals was obtained by

measuring JMOD spectra.
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General procedure towards 3a, 3b and 3d. To a tBuOH/H,0 (1:1, 0.4 M) suspension of 1 (1.0
equiv.) substituted N-hydroxybenzimidoyl chloride (1.1 equiv.), CuSO4*5H,0 (0.02 equiv.), sodium
ascorbate (0.1 equiv.) and potassium fluoride (1.2 equiv.) were added. Subsequently the reaction
mixture was heated to 50 °C for 60 min, diluted with water and extracted with Et,O. The combined
organic layers were washed with brine and dried over anhydrous Na,SO,. Suction filtration and
evaporation of the solvent followed by column chromatography yielded 3a, 3b and 3d.

5-[(12)-2-(Methylseleno)-1-propen-1-yl]-3-phenylisoxazole (3a). The reaction of 1 (231 mg,
1 mmol), N-hydroxybenzimidoyl chloride 4 (171 mg, 1.1 mmol), CuSO4*5H,0 (5 mg, 0.02 mmol),
sodium ascorbate (20 mg, 0.1 mmol), and potassium fluoride (71 mg, 1.2 mmol) following the
general procedure afforded 3a (141 mg, 51%) as a colorless solid after column chromatography
(light petroleum / ethyl acetate 7:1). Single crystals were obtained by crystallization from saturated
solution in ethanol. F, = 87.6 - 91.2 °C. Rf = 0.50 (light petroleum : ethyl acetate 5 : 1). 'H NMR
(600 MHz, CD,Cl,): 6 =7.83-7.81 (m, 2 H), 7.49 - 7.44 (m, 3 H), 6.72 (9, J = 1.3 Hz, 1 H), 6.70 (s,
1 H), 2.37 (d, J = 1.3 Hz, 3 H), 2.32 (s, 3 H) ppm. *C NMR (150 MHz, CDCl,): & = 168.5 (s),
162.3 (s), 140.8 (s), 129.9 (d), 129.4 (s), 128.9 (d), 126.8 (d), 112.5 (d), 99.9 (d), 25.7 (q), 5.21 (q)
ppm. "’Se NMR (114 MHz, CD,Cl,): & = 246 ppm. HR-ESI-FTMS [M+H]* m/z calcd. 280.0235 for
C13H14NOSe™, found 280.0231.

5-[(12)-2-(Methylseleno)-1-propen-1-yl]-3-(4-methoxyphenyl)isoxazole (3b). The reaction
of 1 (231 mg, 1 mmol), N-hydroxy-4-methoxybenzimidoyl chloride 5 (204 mg, 1 mmol),
CuSO4*5H,0 (5 mg, 0.02 mmol), sodium ascorbate (20 mg, 0.1 mmol), and potassium fluoride (71
mg, 1.2 mmol) following the general procedure afforded 3b (147 mg, 48%) as a colorless solid after
column chromatography (light petroleum / ethyl acetate 5:1). Single crystals were obtained by
crystallization from saturated solution in ethanol. Rs = 0.25 (light petroleum : ethyl acetate 5 : 1). *H
NMR (600 MHz, CDCls): & = 7.77 (d, J = 8.9 Hz, 2 H), 6.97 (d, J = 8.9 Hz, 2 H), 6.71 (q, J = 1.3 Hz,
1 H), 6.64 (s, 1 H), 3.85 (s, 3 H), 2.36 (d, J = 1.3 Hz, 3 H), 2.30 (s, 3 H) ppm. *C NMR (150 MHz,
CDCl3): 6 =168.1 (s), 162.0 (s), 160.8 (s), 139.6 (s), 128.2 (d), 121.9 (s), 114.2 (d), 113.2 (d), 99.9
(d), 55.3 (q), 25.9 (q), 5.2 (q) ppm. 'Se NMR (114 MHz, CDCls): & = 243 ppm. HR-ESI-FTMS
[M+H]" m/z calcd. 310.0341 for C14H16NO,Se”, found 310.0330.

5-[(12)-2-(Methylseleno)-1-propen-1-yl]-3-(4-nitrophenyl)isoxazole (3d). The reaction of 1
(173mg, 0.75 mmol), N-hydroxy-4-nitrobenzimidoyl chloride 7 (165 mg, 0.825 mmol),
CuSO4*5H,0 (4 mg, 0.015 mmol), sodium ascorbate (15 mg, 0.075 mmol) and potassium fluoride
(52 mg, 0.9 mmol) following the general procedure afforded 3d (88 mg, 36%) as an orange solid
after column chromatography (light petroleum / ethyl acetate 9:1). Single crystals were obtained by
crystallization from saturated solution in ethanol. R¢ = 0.33 (light petroleum : ethyl acetate 5 : 1). *H
NMR (600 MHz, CDCl3): 6 =8.31 (d, J=8.8 Hz, 2 H), 8.01 (d, J =8.8 Hz, 2 H), 6.75 (s, 1 H), 6.73
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(9,3 =1.3Hz, 1 H), 2.38 (d, J = 1.3 Hz, 3 H), 2.32 (s, 3 H) ppm. *C NMR (150 MHz, CDCl5): § =
169.6 (s), 160.6 (s), 148.9 (s), 141.5 (s), 135.5 (s), 127.7 (d), 124. 2 (d), 112.7 (d), 99.9 (d), 26.0 (q),
5.4 (q) ppm. "'Se NMR (114 MHz, CDCls): & = 247 ppm. HR-ESI-FTMS [M+H]" m/z calcd.
325.0086 for C13H13N,03Se”, found 325.0080.

N,N-Dimethyl-4-[5-[(1Z)-2-(methylseleno)-1-propen-1-yl]isoxazol-3-yl]benzenamine  (3c). 4-
(N,N-Dimethylamino)benzaldehyde oxime 6 (369 mg, 2.25 mmol, 4.5 equiv.), was dissolved in 5
mL chloroform and cooled to 0 °C. N-Chloroscuccinimide (300 mg, 2.25 mmol, 4.5 equiv.) was
added in portions. The reaction mixture was allowed to stir at room temperature for one hour and
poured onto water. The aqueous phase was extracted repeatedly with dichloromethane. The organic
layers were dried over NaySO, filtrated and concentrated. 4-(Dimethylamino)-N-
hydroxybenzimidoyl chloride was used without further purification and added to a solution of 1
(116 mg, 0.5 mmol, 1 equiv.), CuSO4*5H,0 (10 mg, 0.05 mmol, 0.1 equiv.), crown ether (40 mg,
0.15 mmol, 0.3 equiv.), sodium ascorbate (10 mg, 0.05 mmol, 0.1 equiv.) and potassium fluoride
(174 mg, 3 mmol, 6 equiv.) in 3 mL THF. The reaction solution was stirred at 50 °C overnight,
diluted with water and extracted with Et,0. The combined organic layers were washed with brine
and dried over anhydrous Na,SO,4. Suction filtration and evaporation of the solvent followed by
column chromatography (8 g silica gel, light petroleum / ethyl acetate 5:1) afforded 3c (48 mg, 30%)
as a yellow solid. Single crystals were obtained by crystallization from saturated solution in ethanol.
R = 0.40 (light petroleum : ethyl acetate 5 : 1). ‘"H NMR (600 MHz, CDCls): § = 7.71 (d, J = 8.7 Hz,
2 H),6.76 (d, J=8.7 Hz, 2 H), 6.69 (q, J = 1.3 Hz, 1 H), 6.61 (s, 1 H), 3.01 (s, 6 H), 2.35 (d, J = 1.3
Hz, 3 H), 2.29 (s, 3H) ppm. **C NMR (150 MHz, CDCls): § = 167.6 (5), 162.4 (s), 151.3 (s), 139.0
(s), 127.8 (d), 116.9 (s), 113.4 (d), 112.0 (d), 99.8 (d), 40.3 (q), 25.9 (), 5.2 (q) ppm. "'Se NMR
(114 MHz, CDCls): § = 241 ppm. HR-ESI-FTMS [M+H]" m/z calcd. 323.0657 for C15H19N,OSe”,
found 323.0646.
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CRYSTALLOGRAPHY

While 3b-d crystallize in the centrosymmetric space group P2;/c (figures of the molecular
structures are given in the supplementary information), 3a crystallizes in the enantiomorphic
Sohncke space group P2;2,2; and is therefore isostructural to 2. Compound 3a exhibits non-
centrosymmetic crystallization, although being a flexible achiral molecule. The absolute structure
and consequently configuration was determined by anomolous dispersion (Flack parameter

0.018(7)). The crystals are generally not twinned, i.e. they are composed of only one enantiomorph.

13 Se1

Figure 1: Molecular structure of 3a; viewed normal (a, top) and parallel (b, bottom) to the molecular plane. C, N, O

and Se atoms are represented by grey, blue, red and orange, respectively.

The unit cell contains four crystallographically equivalent molecules located on a general positon
(Figure 2). Since the symmetry group of the crystal is enantiomorphic, all molecules are congruent.
As expected, the phenyl and isoxazole rings are practically planar. Hence, 3a adopts a planar
configuration (Figure 1) with the exception of the Se-methyl group. The propenyl group in
compound 3a is coplanar with the phenyl ring (torsion angle 2.37°, which is slightly larger than in 2
(1.59°)). The Se-methyl group is distinctly located off the main molecular plane with a C11-C12—
Sel—C13 torsion angle of 175.58°, which can also be observed for compounds 3b-d (Table 1). A
strong intramolecular interaction in 3a between the selenium (Sel) and the oxygen atom can be
observed (2.867 A) comparable to the selenium-nitrogen interaction in the triazole compound 2

(2.935 A).
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Figure 2: Intra- and intermolecular hydrogen bonds in the crystal structure of 3a.

The overall arrangement of the molecules can be described as a herringbone pattern. Intramolecular

interactions are given in Table 1.

Table 1. Intramolecular interactions and torsion angles of 3a-d.

Compound Sel...01/ A C11-C12-Sel1-C13 /° Torsion angle benzene—isoxzole / °
3a 2.867(2) 175.58 4.42
3b 2.921(1) 175.75 6.37
3c 2.848(2) 176.23 16.41
3d 2.864(3) 170.95 6.31

The comparison of the torsion angle between the phenyl ring and the isoxazole moiety
reveals that 3a has the smallest angle of 4.42°, while the introduction of para-substituents on the
phenyl ring increases this angle. Consequently, the introduction of both electron-withdrawing and -
donating substituents leads to a decrease in m-electron conjugation, which is obviously the most

efficient in 3a.
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PHOTOPHYSICAL PROPERTIES

The crystals of 3a show good optical transparency, exhibiting a wide transmission window
above the absorption onset at 398 nm in the visible region (Figure 3). The absorption spectrum of the
novel NLO material 3a in the solid state reveals a red shift of the absorption onset of about 20 nm
compared to that of 2, which may indicate lower acceptor properties of the isoxazole compared to

the triazole moiety.
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Figure 3: Optical transmission spectra of single crystalline probes of 2 and 3a.

NLO PROPERTIES

Since 3a crystallizes in a non-centrosymmetric point group, a prerequisite of NLO activity,
the material was investigated regarding these optical characteristics.'* For a qualitative evaluation of
the NLO properties of 3a, we employed the process of frequency doubling or second harmonic
generation (SHQG), utilizing the powder technique developed by Kurtz and Perry, and compared the
results to those obtained for 2."° The freshly prepared powder samples, sandwiched between
microscope slides, were irradiated with the output of an ultrafast Yb:KGW-Laser (light conversion,
pulse duration 70 femtoseconds, average power 400 mW, repetition rate 75 MHz, wavelength 1034
nm), moderately focused with a 100 mm focusing lens, impinging onto the sample under an angle of
incidence of 50°. The diffusely reflected SH radiation was collected with a NA = 0.1 lens, separated
from the fundamental radiation with a color filter, and spectrally analyzed with a 0.25 m grating
monochromator and a photomultiplier detector in the range between 450 and 600 nm. The angle
between the optical axis of the monochromator and the sample surface normal was 40°, so that no
specular reflection from the glass slides was incident on the monochromator input. The resulting SH
spectrum was identical to that obtained by inserting a commercial SH crystal into the beam path,

displaying the peak at 1034 nm / 2 = 517 nm and an FWHM of 6 nm, which is due to the relatively
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broad spectrum of the femtosecond laser source. The sample plane was positioned somewhat out of
the focal plane (toward the lens) so as to prevent any damage to the sample. After each
measurement, the samples were carefully checked for the absence of damage or thermal

modification.

The SH signal of 3a was compared to that of a similarly prepared powder sample of the isostructural
2, which also crystalizes in the space group P2,2,2; and exhibits SHG efficiency 40 times the value
of potassium dihydrogen phosphate (KDP). The SH yield of 3a is about two thirds of this value.
Therefore, 3a represents a highly attractive new nonlinear optical material yielding approx. 27 times

the SHG efficiency of KDP. Figure 4 shows spectra of 3a and 2.
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Figure 4: Optical second harmonic spectrum from sub-micron powder samples of 2 (full) and 3a (dash-dot); the
bandwidth of the signal results from the characteristic output spectrum of the femtosecond laser used for SHG; the
irregularities of the spectral shape are due to laser power fluctuations during the measurement of the SH spectrum; the

error of the SH peak value resulting from these fluctuations is estimated to be + 10%. Note that because of the quadratic

1G®

relation o« (I'%@)? between the SH signal and nonlinear polarizability ', the measured SH ratio of ~ 15/10 =1.5

corresponds to a ratio of the nonlinear polarizabilities of the two substances of ~\1.5 = 1.25; for the same reason, the

estimated error of the polarizability values is about 5%.

CONCLUSION

In conclusion, we report on a novel material exhibiting enantiomorphic crystallization and
displaying second-order nonlinear optical properties with an estimated efficiency of approximately
30 times the value of KDP. The combination of phenylisoxazole and Z-(methylseleno)alkenyl
moieties with extended m-electron conjugation represents an efficient method for designing donor-
acceptor-based materials potentially capable of second harmonic generation. Structural variation of

these scaffolds may give rise to further SH compounds.
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A series of cap-linker-cap systems based on thiophene and triphenylamines bearing electron-
donating or -withdrawing substituents was synthesized by either Suzuki cross-coupling or
nucleophilic aromatic substitution giving rise to two basic structural families of D-n-D and A-n-D-nt-
A chromophores. This study elucidates the relationship between molecular structure and effective
two-photon absorption by systematic variation of substituents in the structure of the organic dye
molecules. Although most substances exhibit high quantum yields, two-photon absorption screening

tests revealed the efficiency of these materials as photoinitiators.
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INTRODUCTION

In recent years materials exhibiting high two-photon (2PA) absorption have attracted growing
interest due to their potential applications in materials and biomedical science,'” including three-
dimensional optical data storage,™ lithographic microfabrication,™® optical power limiting,” two-

photon fluorescence imaging,® and photodynamic therapy.”"

Since two-photon induced
photopolymerization (2PIP) allows excellent spatial control within the focal volume of the laser
beams'' and takes advantage of well-defined penetration depth'*" by the use of a long wavelength
excitation source (typically ~800 nm), this polymerization technique offers high resolution while
minimizing unwanted thermal or photochemical degradation processes usually associated with
excitation of UV-photoinitiators.'*"?

An efficient two-photon absorption induced process requires active two-photon absorption
photoinitiators, which ensure high writing speeds and low polymerization threshold, resulting in
high-quality structures.'’ In the past decades, the design of efficient 2PA chromophores exhibiting
high two-photon cross-sections (o2p4) remained of high scientific interest.'®'” However, since low
achievable writing speeds and the lack of highly efficient two-photon initiators still constitute major
drawbacks of this technology,'' the need for specifically engineered organic molecules constituting
highly efficient two-photon absorption initiators still persists.

General design strategies to ensure materials with large o,pa are based on the introduction of

chromophoric groups with good molecular coplanarity'®"

(guaranteed by planar m systems) based
on strong donors or acceptors. Incorporation of coplanar heterocyclic rings in the molecular design
of chromophores gives rise to extended m-conjugated networks with enhanced optical properties,
increasing both the extinction coefficient and the oopa values.'>?*?! Recent studies show that
particularly thiophene as m—electron bridge increases o,pa for both the n- 6-n and A-n-D-n-A type
molecules (where 7 is a m-conjugated bridge, D is a donor, and A is an acceptor).”> Generally,
thiophene comprising 2PA chromophores can be applied in a dipolar form with a D-m—A
functionality and a quadrupolar mode with a D-t—D, A—n—A, D-1—A-n-D or A-n—D-n—A motif."*
Although thiophenes can be used as versatile platforms or building blocks in order to modulate the
degree of electronic delocalization within a molecular architecture, their application as two-photon
fluorescent probes remains rare.

Recently, we published on triphenylamine (TPA) substituted oligothiophenes constituting a new
substance class suitable for organic electronics (Figure 1, left, n = 1 - 4).* The synthetic linkage of
TPAs and thiophenes is known to lead to an extended m-conjugation system which may promote
strong optical nonlinearities.* Although these materials exhibit high photoluminescence, first results
also revealed, that TPA-substituted thiophene (Figure 1, left, n = 1) exhibited suitable two-photon
absorption inducing efficiently photopolymerization probed in speed power screening tests (Figure

1, right).
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Figure 1: Triphenylamine (TPA) substituted oligothiophenes (left, n=1) and SEM-image of woodpile structures
obtained from speed power screening tests of TPA substituted thiophene (right). The color classification system

according to Li et al."” is given in the section results and discussion.

Based on these findings, this article examines the variation of the substituent on the TPA moiety
including both electron-withdrawing as well as electron-donating scaffolds (varying from -OCHg, -
TMS, -tBu, -CHg, -F, -CN, -SO,Me, to -NO;) giving rise to novel two-photon absorption initiators.
Due to the electronic nature of the applied TPAs both D-n-D and A-n-D-n-A chromophores are
viable. Measurements of optical properties (e.g., absorption, fluorescence spectra, quantum yields
and o,pa) of the obtained materials reveal the strong influence of the substituent’s nature on these
properties. The obtained materials were characterized with respect to their applicability in 2PIP

structuring tests.

EXPERIMENTAL SECTION

Synthesis and Characterization: Substances purchased from commercial sources were used as
received without further purification. 4-Fluorobenzonitrile and 1-fluoro-4-nitrobenzene were
purchased from ABCR GmbH. Allyl[1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]chloropalladium(II) ((IPr)Pd(ally)Cl, CAS 478980-03-9),% 1-fluoro-4-
(methylsulfonyl)benzene (CAS 455-15-2),° 4,4'-(2,5-thiophenediyl)bis(benzenamine) (CAS 70010-
49-0)*” and all applied boronic esters® were synthesized according to literature. Isopropylalcohol
(IPA) and dimethylsulfoxide (DMSO) were used in p.a. quality. Technical grade solvents were
distilled prior to use. Analytical TLC was performed on Merck silica gel 60 F254 plates.
Chromatographic separations at preparative scale were carried out on silica gel (Merck silica gel 60,
40 - 63 um). Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker DPX-200 or
Avance DRX-400 fourier transform spectrometer operating at the following frequencies: DPX-200:

200.1 MHz ('H) and 50.3 MHz ("*C); DRX-400: 400.1 MHz ('H) and 100.6 MHz ("°C). The
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chemical shifts are reported in delta (8) units, parts per million (ppm) downfield from
tetramethylsilane using solvent residual signals for calibration. Coupling constants are reported in
Hertz; multiplicity of signals is indicated by using following abbreviations: s=singlet, d=doublet,
t=triplet, g=quartet. The multiplicity of '*C signals was obtained by measuring JMOD spectra. UV-
Vis absorption spectra and fluorescence emission spectra were recorded in THF solutions (1 pg/mL)
with a Perkin Elmer Lambda 750 spectrometer and an Edinburgh FLS920, respectively. High-
resolution mass spectra (HRMS) were acquired as radical cations using either a SYNAPT HDMS
instrument (Waters, Manchester, UK) equipped with a matrix-assisted laser desorption/ionization
(MALDI) source or a Thermo Scientific LTQ Orbitrap XL hybrid FTMS (Fourier Transform Mass
Spectrometer) equipped with Thermo Fischer Exactive Plus Orbitrap (LC-ESI+) and a Shimadzu IT-
TOF Mass Spectrometer. Samples for MALDI-HRMS were applied at 1 mg/mL in THF on stainless
steel using nitroanthracene (3 mg/mL in THF) as MALDI matrix. All MS spectra were recorded as
accurate mass data with angiotensin II (m/z = 1046.542) as internal lock mass achieving a mass
accuracy of 15 - 40 ppm (i.e. Am/z = 0.01 - 0.04 amu).

General procedure for the synthesis of 3a-f according to Marion.”” Under an argon atmosphere,
2,5-dibromothiophene 2 (1.0 eq.), boronic ester (3.0 eq.) and KOtBu (3.0 eq.) were suspended in 16
mL solvent (IPA : H,O, 3 : 1; degassed by bubbling with argon). A solution of (IPr)Pd(allyl)Cl (0.02
eq.) in degassed IPA was added and the reaction mixture was refluxed for 1.5 hours, monitoring the
conversion by TLC. After completion, the reaction mixture was distributed between water and
chloroform; the phases were separated and the aqueous layer was extracted with chloroform three
times. The combined organic layer was dried over anhydrous sodium sulfate and the solvent
removed under reduced pressure to give the crude product. Purification was achieved by column
chromatography.

4,4'-(2,5-Thiophenediyl)bis[ NV,N-diphenylbenzenamine] (3a). According to the general procedure
3a was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol), boronic acid pinacol ester
la (1114 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(allyl)CI (11.4 mg, 20 umol;
dissolved in 1 mL IPA). After general workup the crude product was purified by column
chromatography (90 g silica gel, cyclohexane : DCM, 5 — 10 %) and subsequently recrystallized
from cyclohexane to give 3a as yellow powder (525 mg, 92%). '"H NMR (400 MHz, CD,CL): & =
7.49 (d, J=8.5Hz, 4 H), 7.30 - 7.26 (m, 8 H), 7.21 (s, 2 H), 7.12 - 7.10 (m, 8 H), 7.10 - 7.03 (m, 8
H) ppm. >C NMR (100 MHz, CD,Cl,): & = 148.1 (s), 147.8 (s), 143.1 (s), 129.9 (d), 128.9 (s), 126.8
(d), 125.1 (d), 124.2 (d), 123.7 (d), 123.7 (d) ppm. R¢= 0.24 (light petrol : DCM 10 : 1). Fp=192.2 —
193.3 °C. MS (MALDI-TOF): caled for C4oH30N,S: 570.2130; found: 570.1812.

4,4'-(2,5-Thiophenediyl)bis[ NV,N-bis(4-methylphenyl)benzenamine] (3b). According to the general
procedure 3b was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol), boronic acid
pinacol ester 1b (1198 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(allyl)Cl (11.4 mg, 20
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pmol; dissolved in 1 mL IPA). After general workup the crude product was purified by column
chromatography (90 g silica gel, cyclohexane : DCM, 7 — 14 %) and subsequently recrystallized
from cyclohexane to give 3b as yellow powder (551 mg, 88 %). '"H NMR (400 MHz, CD,Cl,): & =
7.44 (d, J = 8.7 Hz, 4 H), 7.16 (s, 2 H), 7.10- 7.08 (m, 8 H), 7.00- 6.96 (m, 12 H), 2.32 (s, 12 H)
ppm. *C NMR (100 MHz, CD,Cl,): & = 148.3 (s), 145.6 (s), 143.1 (s), 133.6 (s), 130.5 (d), 128.0
(s), 126.6 (d), 125.3 (d), 123.4 (d), 122.8 (d), 21.1 (q) ppm. R¢= 0.19 (light petrol : DCM 10 : 1). Fp
=206.1 —210.7 °C. MS (MALDI-TOF): calcd for C44H33N,S: 626.2756; found: 626.2672.
4,4'-(2,5-Thiophenediyl)bis[ N,N-bis[4-(1,1-dimethylethyl)phenyl]benzenamine] (3¢). According
to the general procedure 3¢ was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol),
boronic acid pinacol ester 1¢ (1451 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(allyl)Cl
(11.4 mg, 20 umol; dissolved in 1 mL IPA). After general workup the crude product was purified by
column chromatography (90 g silica gel, cyclohexane : DCM, 9 — 17 %) and subsequently
recrystallized from cyclohexane to give 3¢ as yellow powder (724 mg, 91 %). '"H NMR (400 MHz,
CD,Cl,): 6=7.46 (d,J=8.6 Hz, 4 H), 7.30 (d, J = 8.6 Hz, 8 H), 7.18 (s, 2 H), 7.04 - 7.00 (m, 12 H),
1.32 (s, 36 H) ppm. °C NMR (100 MHz, CD,CL): & = 148.2 (s), 146.8 (s), 145.4 (s), 143.1 (s),
128.1 (s), 126.7 (d), 126.6 (d), 124.8 (d), 123.4 (d), 123.1 (d), 34.8 (s), 31.7 (q) ppm. R¢= 0.27 (light
petrol : DCM 10 : 1). MS (MALDI-TOF): calcd for Cs¢Hg,N,S: 794.4634; found: 794.4633.
4,4'-(2,5-Thiophenediyl)bis[ N,N-bis[4-(trimethylsilyl)phenyl ]benzenamine] (3d). According to the
general procedure 3d was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol), boronic
acid pinacol ester 1d (1547 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(allyl)CI (11.4
mg, 20 pmol; dissolved in 1 mL IPA). After general workup the crude product was purified by
column chromatography (90 g silica gel, cyclohexane : DCM, 9 — 17 %) and subsequently
recrystallized from cyclohexane to give 3d as yellow powder (705 mg, 82 %). '"H NMR (400 MHz,
CD,Cly): 6=7.51(d,J=8.4Hz, 4H),7.42 (d,J=8.2Hz, 8§ H), 7.22 (s, 2 H), 7.09 - 7.07 (m, 12 H),
0.26 (s, 36 H) ppm. °C NMR (100 MHz, CD.Cl,): & = 148.4 (s), 147.4 (s), 143.2 (s), 135.0 (s),
134.9 (d), 129.3 (s), 126.8 (d), 124.9 (d), 124.0 (d), 123.9 (d), -0.8 (q) ppm. R¢ = 0.18 (light petrol :
DCM 10 : 1). MS (MALDI-TOF): calcd for Cs;HeN,SSiy: 858.3711; found: 858.3618.
4,4'-(2,5-Thiophenediyl)bis[ N,N-bis(4-methoxyphenyl)benzenamine] (3e). According to the
general procedure 3e was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol), boronic
acid pinacol ester 1e (1294 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(ally)Cl (11.4
mg, 20 pmol; dissolved in 1 mL IPA). After general workup the crude product was purified by
column chromatography (90 g silica gel, hexanes : Et;O 30 — 100 %) and subsequently
recrystallized from cyclohexane to give 3e as yellow powder (647 mg, 94 %). 'H NMR (400 MHz,
CD,Cly): 6=7.42(d,J=8.8 Hz,4 H), 7.13 (s, 2 H), 7.10 - 7.04 (m, 8 H), 6.93 - 6.82 (m, 12 H), 3.79
(s, 12 H) ppm. >C NMR (100 MHz, CD,CL,): 8 = 156.7 (s), 148.7 (s), 142.9 (s), 141.1 (s), 127.3 (d),
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127.0 (s), 126.5 (d), 123.1 (d), 120.9 (d), 115.2 (d), 56.0 (q) ppm. R¢= 0.55 (DCM : methanol 6 : 1).
MS (MALDI-TOF): caled for C44H3sN204S: 690.2552; found: 690.2450.
4,4'-(2,5-Thiophenediyl)bis[ N,N-bis(4-fluorophenyl)benzenamine] (3f). According to the general
procedure 3f was synthesized applying 2,5-dibromothiophene 2 (242 mg, 1 mmol), boronic acid
pinacol ester 1f (1222 mg, 3.0 mmol), KOtBu (337 mg, 3.0 mmol) and (IPr)Pd(allyl)Cl (11.4 mg, 20
umol; dissolved in 1 mL IPA). After general workup the crude product was purified by column
chromatography (90 g silica gel, cyclohexane : DCM, 15 — 20 %) and subsequently recrystallized
from cyclohexane to give 3f as yellow powder (590 mg, 92 %). '"H NMR (400 MHz, CD,Cl,): & =
7.48 (d, J=8.8 Hz, 4 H), 7.18 (s, 2 H), 7.14 - 6.90 (m, 20 H) ppm. °C NMR (100 MHz, CD,Cl,): &
=159.6 (s, Jcp=243.2 Hz), 147.9 (s), 144.1 (s, Jcr = 2.8 Hz), 143.0 (s), 128.6 (s), 126.9 (d, Jcr="7.9
Hz), 126.8 (d), 123.7 (d), 123.0 (d), 116.7 (d, Jcp= 22.6 Hz) ppm. R¢= 0.11 (light petrol : DCM 10 :
1). Fp =201.5 —203.5 °C. MS (MALDI-TOF): calcd for C4oH26F4N,S: 642.1753; found: 642.1710.
General procedure for the synthesis of 3g-3i according to Davey’’ and Gorvin.”® Under an argon
atmosphere 4,4'-(2,5-thiophenediyl)bisbenzenamine 4 (1 eq.), fluorobenzene Sa-c (4.4 eq.) and
KOtBu (4.2 eq.) were stirred in 10 mL DMSO (stored over molecular sieve, 3 A) at 110 °C for 40 h.
Conversion was monitored by TLC. The solvent was removed under reduced pressure and the
remaining crude product dissolved in chloroform. After washing with water, the organic layer was
dried over anhydrous sodium sulfate and evaporated to dryness under reduced pressure. Further
purification was achieved by column chromatography.
4,4'4''4"-[2,5-Thiophenediylbis(4,1-phenylene)dinitrilo]tetrakis[benzonitrile] (3g). According to
the general procedure 3g was synthesized applying 4 (133 mg, 0.5 mmol), KOtBu (236 mg, 2.1
mmol) and 5a (266 mg, 2.2 mmol). After general workup the crude product was purified by column
chromatography (40 g silica gel, light petrol : ethyl acetate, 5 : 1) yielding 3g (109 mg, 33 %) as
brown powder. "H NMR (400 MHz, CDCl3): 6 =7.65 (d, J = 8.5 Hz, 4 H), 7.56 (d, ] = 8.8 Hz, 8 H),
7.33 (s, 2H), 7.16 (d, T = 8.6 Hz, 12 H) ppm. °C NMR (100 MHz, CDCl3): & = 150.5 (s), 145.1 (s),
143.3 (s), 134.2 (d), 132.4 (s), 127.7 (d), 127.6 (d), 125.1 (d), 123.8 (d), 119.4 (s), 106.6 (s) ppm. R¢
=0.45 (DCM). MS (MALDI-TOF): calcd for C44H26NgS: 670.1940; found: 670.333.
4,4'-(2,5-Thiophenediyl)bis[NV,N-bis[4-(methylsulfonyl)phenyl]benzenamine] (3h). According to
the general procedure 3h was synthesized applying 4 (133 mg, 0.5 mmol), KOtBu (236 mg, 2.1
mmol) and 5b (383 mg, 2.2 mmol). After general workup the crude product was purified by column
chromatography (40 g silica gel, Et,O : DCM, 1 : 3) yielding 3h (184 mg, 42 %) as brown powder.
'H NMR (400 MHz, CD,Cl,) 8 =7.81 (d, ] = 8.7 Hz, 8 H), 7.67 (d, J = 8.7 Hz, 4 H), 7.34 (s, 2 H),
7.26 (d, J = 8.7 Hz, 8 H), 7.20 (d, ] = 8.7 Hz, 4 H), 3.06 (s, 12 H) ppm. °*C NMR (100 MHz,
CD,Cly): 6 =151.6 (s), 145.3 (s), 143.3 (s), 135.2 (s), 132.4 (s), 129.6 (d), 127.6 (d), 127.5 (d), 125.1
(d), 123.8 (d), 45.1 (q) ppm. Ry =0.80 (DCM : methanol 10 : 1). HR-ESI-FTMS [M+H]" m/z calcd.
883.1305 for C44H30N,05Ss", found 833.1321.
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4,4'-(2,5-Thiophenediyl)bis[ NV,N-bis(4-nitrophenyl)benzenamine] (3i). According to the general
procedure 3i was synthesized applying 4 (133 mg, 0.5 mmol), KOtBu (236 mg, 2.1 mmol) and 5S¢
(310 mg, 2.2 mmol). After general workup the crude product was purified by column
chromatography (40 g silica gel, cyclohexane : DCM, 15 — 20 %) yielding 3i (139 mg, 38 %) as an
orange powder. 'H NMR (600 MHz, CD,Cl,): & = 8.16 (d, J = 9.2 Hz, 8 H), 7.70 (d, J = 8.7 Hz, 4
H), 7.37 (s, 2 H), 7.23 - 7.20 (m, 12 H) ppm. °C NMR (150 MHz, CD,Cl,): & = 152.2 (s), 144.8 (s),
143.5 (s), 143.3 (s), 133.0 (s), 127.9 (d), 127.8 (d), 126.0 (d), 125.3 (d), 123.2 (d) ppm. R¢ = 0.83
(DCM). MS (MALDI-TOF): calcd for C4oH26N¢OsS: 750.1533; found: 750.1450.

2PIP Structuring Tests. For the direct laser writing of 3D structures, a Ti:sapphire laser from High
Q Lasers providing NIR pulses at 797.5 nm with a pulse duration of 72 fs was used. The system
operates at a repetition rate of 73 MHz and a maximum output power of 427 mW. Direct laser
writing with this system was carried out at laser powers between 10 — 100 mW (measured after
passing the microscope objective). The laser is focused by a 20x microscope objective (NA = 0.8),
and the sample is mounted on a high-precision piezoelectric XYZ scanning stage with 200 nm
positioning accuracy. For all samples the same fabrication process was implemented: the optical
material was drop-cast from a liquid acrylate-based test resin formulation (5 pumol/g of the 2PI in a
1:1 mixture of trimethylolpropane triacrylate (TTA, Genomer 1330) and ethoxylated-(20/3)-
trimethylolpropane triacrylate (ETA, Sartomer 415)) onto a methacrylate functionalized glass
substrate. However, 3d proved to less soluble, therefore a concentrated formulation of the 2PI in the
resin was applied. Subsequently, the samples were exposed to the laser beam, and the focus was
moved across the photosensitive material, which leads to an embedded 3D structure (lateral
dimension: 50 x 50 um, 5 pm hatch distance, 0.7 um layer distance, 20 layers) inside the material
volume. After laser writing, the unexposed material was removed by development of the structure in
ethanol (rinsing). The resulting structures, particularly their dimensions, were studied by means of

scanning electron microscopy (SEM).
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RESULTS AND DISCUSSION

Synthesis. The synthetic assembly of TPA structures was realized for compounds 3a-f bearing
donating substituents via Suzuki cross-coupling reactions and for compounds 3g-i bearing electron-
withdrawing substituents by nucleophilic aromatic substitution. A general Suzuki cross-coupling
procedure developed in an earlier study tolerating a broad spectrum of functionalized TPA boronic
acid esters™ was applied for the synthesis of 3a-f from l1a-f and dibromothiophene 2 (Scheme 1,
Table 1). Since the synthesis of triphenylamineboronic acid pinacolates bearing electron-
withdrawing substituents proved to be troublesome in earlier studies, nucleophilic aromatic
substitution was chosen as an alternative synthetic approach towards 3g-i. The application of amine
4 and fluorobenzenes S5a-c¢ using KOtBu as base in DMSO at 120 °C yielded target compounds

bearing electron-withdrawing substituents (Table 1).
R

g{%@@ O =

R 1aR=H 1dR=TMS 2
1b R = CH; 1e R=OCH;
1crR=tBu 1 R=F

QL

R
HzNNHz R3aR=H 3dR=TMs 3gR=cN "
+ -/ 3b R = CH; 3e R = OCHj 3h R = SO,CH;
\_/ 3cR=tBu 3f R=F 3iR=NO,
F i
4 5aR=CN
5b R = SO,CH
5¢ R = NO,

Scheme 1: Synthetic pathways towards 3a-i. i: KOtBu, (IPr)Pd(allyl)Cl, isopropanol / water, reflux; ii: KOtBu,
DMSO, 120 °C.

The obtained solid materials appear yellow to brown in color and are soluble in common organic
solvents. The characterization of 3a-i was performed by 'H / >C-NMR spectroscopy and HR-MS

analysis. The data are consistent with the proposed structural formulations.

Photophysics. Photophysical properties of 3a-i were determined by UV-Vis and fluorescence
spectroscopy (Table 1). Two absorption maxima were located in the ranges of 279 - 354 and 381 —
403 nm for substances 3a-i when measured in THF solution (Figure 2). While the former can be
attributed to the n-m* transition of the triphenylamine moiety, the longer wavelength absorption
originates from the charge transfer z-z* transitions of the electron-donating triphenylamine moiety

to the electron-accepting thiophene moiety.’**® A clear trend can be observed, as the electron-
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withdrawing sulfone derivative 3h shows the absorption maximum with the highest energy, whereas
the electron-donating methoxy derivative 3e has the absorption maximum at the longest wavelength.

Table 1: Experimental data and photophysical characteristics of compounds 3a-i.

Comp. Yield A’ Aem’ AV of Gopa® Amax.
(%) (nm) (nm) (cm™) (%) (GM) (nm)
3a 92 302, 390 441, 486 2965 18 323 693
3b 88 304, 396 453, 480 3566 44 462 705
3c 91 304, 398 451, 476 3080 48 461 709
3d 84 320, 394 447, 475 3009 50 406 704
3e 94 296, 399 471, 485 3831 56 497 715
3f 92 298, 388 441, 465 3097 26 255 674
39 33 354, 380 432, 457 3167 48 215 663
3h 38 345,381 432, 456 3099 45 244 657
3i 42 279, 403 - - - - -

* Absorption maxima determined from spectra measured in 1 mg/uL THF solution. ® Emission maxima. ¢ Stokes shifts.
4 Fluorescence quantum yield. © Two-photon cross-sections determined by two-photon excited fluorescence. " Maximum

of two-photon absorption spectra.

The corresponding emission spectra of 3b-e exhibit a significant red shift, correlating with higher
electron density on the triphenylamine moiety. A hypsochromic shift of the emission maxima of 3f-h
of approximately 10 nm compared to 3a in solution was observed. The measurement of the
fluorescence of 3i gave no emission of radiation, which may be attributed to triplet-level formation
from the original excited singlet states. Therefore, no further photophysical analysis was performed
for this compound.

Stokes shifts for all compounds 3a-h are comparable and range from 2965 - 3831 cm™. The
quantum yields determined in solution are generally high and range from ¢r = 0.18 for the
electronically neutral 3a to ¢¢r= 0.56 for the methoxy substituted derivative 3e (Table 2).

Two-photon excited fluorescence (TPEF) spectra are depicted in Figure 2, right: The maxima
of 2PA cross-sections range in the moderate area from 215 to 497 GM (Table 1). When increasing
the donor strength of the TPA moiety (e.g. from 3a to 3e) a significant increase of the 2PA cross-
section value can be observed, indicating good applicability for 2PIP. In general target compounds
3g-h bearing electron-withdrawing substituents 2PA cross-sections tend to be lower compared to

materials with electron-donating residues.
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Figure 2: Absorption spectra (left) of 3a-i and TPEF spectra (right) of 3a-h in THF solution.

2PIP Structuring Tests. An important parameter determining the applicability of a two-photon
photopolymer system is the sensitivity in correlation with low laser power and short exposure times,
which are also essential for high throughput in mass production. An efficient method to evaluate the
activity of PIs constitutes the fabrication of defined 3D test structures applying various laser
intensities and writing speeds for the evaluation. In order to assess the ideal processing window of
potential PIs 3a-i, defined woodpiles (lateral dimension: 50 < 50 um, 5 um hatch distance, 0.7 um
layer distance, 20 layers) were structured in an acrylate-based test resin formulation by means of
2PIP. B3FL (2,7-bis[[4-(dibutylamino)phenyl]ethynyl]-9H-fluoren-9-one), recently reported by us,”*
was used as reference material. The laser intensity and the writing speed were varied in a range of 10
- 100 mW (measured after passing the 100x microscope objective) and 0.316 - 316 mm/s,
respectively.

Scanning electron microscopy (SEM) of the obtained 3D woodpile structures was performed (see
supplementary information). Evaluation of the quality of these measurements (Figure 3) was
achieved using a four color classification reported earlier'’: class A (green) defines excellent

structures with fine hatch lines and class B (yellow) good structures with thick hatch lines or slightly
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contorted structures. Structures rated as class C (red) have identified shapes but with small mistakes
(e.g., holes, burst regions caused by overexposure). Parts structured with laser intensities rated as
class D (blue) no longer show acceptable results.

All 2PI compounds 3a-i gave defined woodpile structures: while compounds 3b-e bearing
electron-donating substituents on the triphenylamine generally show a broad processing window,
compounds 3f-i with electron-withdrawing substituents only gave clear structures at low laser
intensities and moderate writing speed. Electronically neutral 3a exhibits excellent performance at
both low and high writing speed and laser intensities. Compared to the reference material B3FL, 3a

shows an even broader processing window, especially at higher writing speeds.
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Figure 3: 2PIP screening tests of 3a-i and reference material B3FL.
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CONCLUSION
A series of thiophenes bearing p-substituted triarylamines with different substituents has been
synthesized via Suzuki cross-coupling or nucleophilic aromatic substitution. The systematic
evaluation of structure-property relationships via UV-Vis spectroscopy and two-photon absorption
structuring tests confirmed the significant influence of the electronic characteristics of the
substituents on the photophysical and photochemical properties. When tested as 2PIs all compounds
showed broad processing windows, although most substances exhibit only moderate two-photon
cross-sections and high quantum yields, which is generally believed to be not beneficial for the two-
photon absorption. Compound 3a bearing no substituent on the triphenylamine moiety proved to be
the most efficient photoinitiator among this series. The straightforward synthetic route combined
with high 2PA initiation efficiency of these initiators makes these compounds attractive for two-
photon absorption structuring. However, these materials exhibit low solubility in the applied acrylate
formulation, which may hamper commercial application. Therefore, future investigations will focus
on the development of soluble thiophene-based two-photon initiators. The structural versatility and
capability of our molecular design, however, may contribute to the further developments in other

areas of functional organic materials.
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A series of soluble symmetric chalcogenophenes bearing hexyl-substituted triphenylamines,
indolocarbazoles and phenylcarbazoles was designed and synthesized as potential two-photon
absorption initiators. The influence of both planarized linkers and caps as well as electron rich
linkers was evaluated aiming to increase two-photon absorption and thus the performance of these
D-n-D type target molecules. This study elucidates the molecular structure / two-photon absorption
efficiency relationship by systematic variation of substituents of the dye molecules applying UV-
Vis, fluorescence and two-photon excited fluorescence spectroscopy. Although these materials are
highly fluorescent, two-photon absorption cross-sections up to 5200 GM have been determined.
Structuring tests of the target compounds in monomer formulations reveal the efficiency of these

materials as two-photon absorption initiators.
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INTRODUCTION

Two-photon absorption (2PA) is a third-order nonlinear optical (NLO) process involving
electronic excitation of a molecule induced by simultaneous absorption of a pair of photons of the
same or different energies.' Unlike linear one-photon absorption 2PA provides excellent spatial
control, therefore 3D writing with very high resolution can be achieved due to the confinement of
the photoactivated polymerization within the focal volume of the laser beam. The use of a long
wavelength excitation source, typically a Ti:sapphire femtosecond laser (approximately 800 nm),
allows deeper penetration into the resin than UV*® and consequently reduces unwanted thermal or
photochemical side reactions.”

In the last decades, different types of two-photon absorption initiators have been proposed
exhibiting large two-photon cross-sections (o,pa) based on dipolar (A-n-D), quadrupolar (D-n-D, A-
n-A, D-n-A-n-D, A-n-D-n-A) and octupolar (As-D, D3-A) chromophores, where D and A refer to
electron-donating and electron-withdrawing groups, respectively, linked through a bridge of =-
conjugated bonds.” Extensive research efforts have been made aiming for large 2PA cross-sections:
the extension of the effective m-conjugation length, incorporation of m-conjugated bridges in
symmetrical and asymmetrical configurations, and variation of substructures with strong electron-
donating and/or electron-accepting effects are believed to facilitate the effect of intramolecular

charge transfer.*®

Although many structures, macrocycles, dendrimers, polymers and
multibranched molecules have been developed, there remains some uncertainty in the particulars of
design criteria for molecules with large 2PA cross-sections at desired wavelengths.

Recently, we have reported on the synthesis and photophysical properties of a series of cap-linker-
cap systems based on substituted thiophenes bearing various triphenylamines with either electron-
withdrawing or donating residues (Figure 1). Although these materials exhibit efficient 2PA verified
by structuring tests, they lack solubility in monomer formulations, which hampers their application.
In this work we adapt strategies to further increase the two-photon absorption and thus the efficiency
of two-photon absorption initiators based on quadrupolar cap-linker-cap type molecules. The
following strategies are applied altering the design of the initial cap-linker-cap system (Figure 1): (1)
planarization of the triphenylamine (TPA) cap by introduction of indolocarbazole (ICz) and
phenylcarbazole (PCz) moieties, (ii) elongation and planarization of the m-linker by applying
bithiophene (BT), benzo[l,2-b:4,5-b’]dichalcogenophenes (BDT, BDS) or dithieno[3,2-b:2',3'-
d]thiophene (DTT), as well as (iii) enhancing the electron density of the linker using more electron-
donating selenophene (S) and 2,3-dihydrothieno[3,4-b]-1,4-dioxine (EDOT). To overcome the
shortcoming of low solubility of the original cap-linker-cap PIs in the respective monomer

formulation all target compounds were designed bearing hexyl substituents on the triarylamine

building blocks.

208



C6H13 C6H13 CSH13

of  of @z

TPA  CeHis ICz CeH1z cz CeHis

SO I @@
o O m R ves

Figure 1: Cap-linker-cap systems based on triphenylamine-substituted thiophene (left, bottom) and structural motives

applied in target compounds.

EXPERIMENTAL SECTION

Synthesis and Characterization. 2,3-Dihydrothieno[3,4-b]-1,4-dioxine (EDOT), anhydrous N,N-
dimethylformamide (DMF), anhydrous N,N-dimethylacetamide (DMAc), n-butyllithium solution
(2.5 M in hexanes) and n-hexyllithium solution (2.3 M in hexanes) were purchased from Aldrich
Chemical Co. All substances purchased from commercial sources were used as received without
further purification. Isopropyl pinacol borate (CAS 61676-62-8),” allyl[1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]chloropalladium(IT) ((IPr)Pd(allyl)Cl, CAS 478980-03-9),"
3,6-dihexyl-9H-carbazole ~ (CAS  1131605-21-4),'"  1,1’-benzo[1,2-b:4,5-b’]dithiophene-2,6-
diylbis(1,1,1-trimethylstannane) (CAS 1242077-07-1),'* 1,1°-benzo[1,2-b:4,5-b"]diselenophene-2,6-
diylbis(1,1,1-trimethylstannane) (CAS  1465181-53-6),"*  1,1'-(2,5-selenophenediyl)bis(1,1,1-
trimethylstannane) (CAS 220770-41-2),'* 2,5-dibromothiophene (CAS 3141-27-3)," 5,5’-dibromo-
2,2’-bithiophene (CAS 4805-22-5)'® and 2,6-dibromodithieno[3,2-b:2',3'-d]thiophene (CAS 67061-
69-2)"" were synthesized according to literature. Isopropylalcohol (IPA) and dimethylsulfoxide
(DMSO) were used in p.a. quality. Technical grade solvents were distilled prior to use. Analytical
TLC was performed on Merck silica gel 60 F254 plates. Chromatographic separations at preparative
scale were carried out on silica gel (Merck silica gel 60, 40 - 63 um). Nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker DPX-200 or Avance DRX-400 fourier transform
spectrometer operating at the following frequencies: DPX-200: 200.1 MHz ('H) and 50.3 MHz
(°C); DRX-400: 400.1 MHz (‘H) and 100.6 MHz (**C). The chemical shifts are reported in delta ()
units, parts per million (ppm) downfield from tetramethylsilane using residual solvent signals for

calibration. Coupling constants are reported in Hertz; multiplicity of signals is indicated by using
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following abbreviations: s=singlet, d=doublet, t=triplet, g=quartet. The multiplicity of "*C signals
was obtained by measuring JMOD spectra. High-resolution mass spectra (HRMS) were acquired
using a Thermo Scientific LTQ Orbitrap XL hybrid FTMS (Fourier Transform Mass Spectrometer)
equipped with Thermo Fischer Exactive Plus Orbitrap (LC-ESI+) and a Shimadzu IT-TOF Mass
Spectrometer. UV-Vis absorption spectra and fluorescence emission spectra were recorded in THF
solutions (5 uM) with a Perkin Elmer Lambda 750 spectrometer and an Edinburgh FLS920,
respectively.

2PIP Structuring Tests. For the direct laser writing of 3D structures, a Ti:sapphire laser from High
Q Lasers providing NIR pulses at 797.5 nm with a pulse duration of 72 fs was used. The system
operates at a repetition rate of 73 MHz and a maximum output power of 427 mW. Direct laser
writing with this system was carried out at laser powers between 10 — 100 mW (measured after
passing the microscope objective). The laser is focused by a 20x microscope objective (NA = 0.8),
and the sample is mounted on a high-precision piezoelectric XYZ scanning stage with 200 nm
positioning accuracy. For all samples the same fabrication process was implemented: the optical
material was drop-cast from a liquid formulation (8.8 pmol/g two-photon absorption initiator
dissolved in a 1:1 mixture of trimethylolpropane triacrylate (TTA, Genomer 1330) and ethoxylated-
(20/3)-trimethylolpropane triacrylate (ETA, Sartomer 415)) onto a methacrylate functionalized glass
substrate. Subsequently, the samples were exposed to the laser beam, and the focus was moved
across the photosensitive material, which leads to an embedded 3D structure (lateral dimension: 50 x
50 um, 5 um hatch distance, 0.7 um layer distance, 20 layers) inside the material volume. After laser
writing, the unexposed material was removed by development of the structure in ethanol (rinsing).
The resulting structures, particularly their dimensions, were studied by means of scanning electron
microscopy (SEM).

1-Hexyl-4-iodobenzene (2). The synthesis of 2 was adapted from a procedure described by
Doszczak.'® 1,4-Diiodobenzene 1 (49.49 g, 150.0 mmol, 1.00 eq) was suspended in 150 mL
anhydrous Et,O under argon atmosphere and cooled below -78 °C. Subsequently n-HexLi (66 mL,
151.5 mmol, 1.01 eq) was added dropwise over 2 hours to the reaction mixture. After complete
addition the suspension was stirred for 15 min below -78 °C and then warmed to -20 °C. Thereafter it
was cooled to -70 °C and 1-iodohexane (39.76 g, 187.5 mmol, 1.25 eq) was slowly added before the
cooling bath was replaced by an ice-bath and the suspension was stirred overnight. The reaction
mixture was quenched with 100 mL water and extracted repeatedly with Et,O. The combined
organic layers were dried over Na,SQy, filtered and dried in vacuo. Remains of 1-iodohexane were
removed on a high-vacuum rotary evaporator before the crude product was fractionated by high-
vacuum distillation (88 - 98 °C, 0.0018 mbar). Compound 2 was obtained in sufficient purity as a
pinkish liquid (28.88 g, 100.2 mmol, 67%). '"H NMR (200 MHz, CDCl;): & = 7.62 - 7.55 (m, 2 H),
6.95-6.91 (m, 2 H), 2.54 (t, ] = 7.6 Hz, 2 H), 1.61 - 1.50 (m, 2 H), 1.42 - 1.18 (m, 6H), 0.88 (t, J =
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7.7, 3 H) ppm. °C NMR (50 MHz, CDCls): & = 142.4, 137.2, 130.5, 90.5, 35.4, 31.6, 31.2, 28.8,
22.5, 14.1 ppm.

General procedure for the synthesis of triphenylamines 4 and 7 according to Goodbrand."
Substituted aniline (1.0 eq), iodobenzene (2.2 eq), KOH (7.8 eq), Cu(I)Cl (0.04 eq) and 1,10-
phenanthroline monohydrate (0.04 eq) were suspended in anhydrous toluene in a round-bottomed
flask equipped with a Dean-Stark trap under a reflux condenser and an argon balloon. The reaction
mixture was stirred magnetically at reflux until GC-MS analysis showed full conversion. After
cooling the reaction mixture to room temperature water was added to the stirred suspension until the
solid KOH residue was dissolved. The aqueous phase was extracted with toluene repeatedly. The
combined organic layers were washed with brine, dried over Na,SO4 and filtered before the toluene
was removed by rotary evaporation. Purification was performed as stated in the detailed
descriptions.

4-Bromo-N, N-bis(4-hexylphenyl)benzenamine (4). 4-Bromoaniline 3 (9.77 g, 57 mmol, 1.0 eq),
1-hexyl-4-iodobenzene 2 (36.00 g, 125 mmol, 2.2 eq), KOH (24.87 g, 443 mmol, 7.8 eq), Cu(I)Cl
(230 mg, 2.3 mmol, 0.04 eq) and 1,10-phenanthroline monohydrate (450 mg, 2.3 mmol, 0.04 eq)
were refluxed in 120 mL of anhydrous toluene until TLC showed full conversion (4 d). The crude
product was flashed over a pad of silica. Remaining impurities were distilled off (120 °C, 0.24 mbar)
and 4 was obtained as yellow oil (24.17 g, 49 mmol, 86%). R¢= 0.44 (light petroleum). '"H NMR
(200 MHz, CH,Cl,): 6 =7.31 - 7.24 (m, 2 H), 7.11 - 7.06 (m, 4 H), 6.98 - 6.94 (m, 4 H), 6.90 - 6.83
(m, 2 H), 2.56 (t, J=7.9 Hz, 4 H), 1.63 - 1.52 (m, 4 H), 1.42 - 1.31 (m, 12 H), 0.89 (t, ] = 6.6 Hz, 6
H) ppm. °C NMR (50 MHz, CDCl;): & = 147.4 (s), 145.0 (s), 138.0 (s), 131.9 (d), 129.2 (d), 124.5
(d), 124.0 (d), 113.6 (s), 35.4 (1), 31.7 (t), 31.5 (1), 29.1 (1), 22.6 (t), 14.1 (q) ppm.

2,6-Dichloro-N,N-bis(4-hexylphenyl)benzenamine (7). The synthesis of 7 followed the general
procedure, 2,6-dichloroaniline 6 (4.86 g, 30 mmol, 1.0 eq), 1-hexyl-4-iodobenzene 2 (17.79 g,
61.7 mmol, 2.06 eq), KOH (13.13 g, 234 mmol, 7.8 eq), Cu(I)Cl (120 mg, 1.2 mmol, 0.04 eq) and
1,10-phenanthroline monohydrate (240 mg, 1.2 mmol, 0.04 eq) were refluxed in 43 mL anhydrous
toluene until GC-MS showed full conversion (8 d). After work-up according the crude product
(15.94 g) was flashed over silica gel (420 g) applying light petroleum. Impure fractions were further
purified by distilling impurities off via Kugelrohr-distillation (140 °C, 0.014 mbar) yielding 7 as a
yellowish oil (5.09 g, 10.5 mmol, 35%). R¢= 0.47 (light petroleum). 'H NMR (200 MHz, CDCls): &
=7.44 - 739 (m, 2 H), 7.24 - 7.16 (m, 1 H), 7.12 - 6.98 (m, 4 H), 6.98 - 6.84 (m, 4 H), 2.57 (t, J =
7.6 Hz, 4 H), 1.69 - 1.53 (m, 4 H), 1.39 - 1.28 (m, 12 H), 0.91 (t, J = 6.6 Hz, 6 H) ppm. °C NMR
(100 MHz, CDCl3): 6 = 143.1 (s), 140.6 (s), 137.2 (s), 136.4 (s), 129.5 (d), 128.8 (d), 128.1 (d),
120.3 (d), 35.3 (t), 31.7 (t), 31.5 (t), 29.1 (t) 22.6 (t), 14.1 (q) ppm.
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9-(4-Bromophenyl)-3,6-dihexyl-9H-carbazole (13). The synthesis of 13 was realized according to
Aizawa.”® 11 (4.64 g, 13.8 mmol, 1.0 eq), 1-bromo-4-iodobenzene 12 (4.30 g, 15.2 mmol, 1.1 eq),
Cu(0) powder (2.73 g, 42.9 mmol, 3.1 eq) and K,CO3 (5.93 g, 42.9 mmol, 3.1 eq) were refluxed in
30 mL anhydrous DMF under argon atmosphere until TLC (light petroleum) showed full conversion
(20 h). After cooling to room temperature the reaction mixture was suspended in DCM and filtered
over Celite. The solution was washed with water, dried over Na,SO4 and filtered before it was
concentrated under high vacuum. 13 was isolated by column chromatography (200 g silica gel, light
petroleum) as a white solid (6.08 g, 12.4 mmol, 90%). R¢ = 0.51 (light petroleum). 'H NMR (200
MHz, CDCl3): 6 =791 - 7.81 (m, 2 H), 7.68 - 7.61 (m, 2 H), 7.47 - 7.35 (m, 2 H), 7.24 - 7.14 (m, 4
H),2.74 (t,J=7.5 Hz, 4 H), 1.67 (quin, ] = 7.5 Hz, 4 H), 1.42 - 1.23 (m, 12 H), 0.85 (t, J = 6.9 Hz, 6
H) ppm. >C NMR (50 MHz, CDCls): & = 139.2 (s), 137.3 (s), 134.8 (s), 133.0 (d), 128.4 (d), 126.6
(d), 123.6 (s), 120.3 (s), 119.6 (d), 109.2 (d), 36.0 (t), 32.3 (t), 31.8 (1), 29.0 (t), 22.7 (1), 14.1 (q)
ppm. HR-ESI-FTMS [MJrH]+ m/z caled. 490.2104 for CsoH37BrN", found 490.2098.

5,11-Dihexylindolo[3,2,1-jk]carbazole (8). The synthesis of 8 followed an adapted protocol by
Campeau.21 In order to adjust the water content of the solvent to 1000 ppm deionized water (22 mg)
was added to 26 mL anhydrous DMAc. 7 (4.66 g, 9.6 mmol, 1.0 eq) and K,CO; (2.68 g, 19.3 mmol,
2.0 eq) were suspended in 26 mL degassed DMAc before (IPr)Pd(allyl)Cl (276 mg, 0.5 mmol,
5 mol%) was added in a countercurrent flow of argon and the reaction mixture was heated to 130 °C.
The reaction progress was monitored by GC-MS analysis. After 3 days of heating no further
conversion could be observed and additional catalyst (276 mg, 0.5 mmol, 5 mol%) was added and
the temperature was raised to 160 °C. After 4 hours the reaction was complete. The reaction mixture
was poured onto water and extracted with DCM. The combined organic layers were dried over
Na,SOq, filtered and dried under reduced pressure. The crude product (7.52 g) was flashed over a
silica pad (60 g silica gel, light petroleum : DCM, 2 : 1) yielding 8 (3.70 g, 9.0 mmol, 94%) as an
off-white powder. R¢= 0.52 (light petroleum). '"H NMR (400 MHz, CDCl;): & = 8.02 (d, J = 7.4 Hz,
2 H),797-791 (m, 2 H), 7.77 (d,J =8.2 Hz, 2 H), 7.56 (t, J = 8.1 Hz, 1 H), 7.39 - 7.32 (m, 2 H),
2.82 (t,J=7.6 Hz,4 H), 1.76 (quin, J = 7.6 Hz, 4 H), 1.45 - 1.35 (m, 12 H), 0.93 (t, J = 7.0 Hz, 6 H)
ppm. *C NMR (100 MHz, CDCls): & = 144.3 (s), 137.0 (s), 136.2 (s), 130.0 (s), 127.0 (d), 122.8 (d),
122.4 (d), 119.1 (d), 118.5 (s), 111.5 (d), 36.1 (t), 32.1 (t), 31.8 (), 29.0 (1), 22.7 (t), 14.1 (q) ppm.
HR-ESI-FTMS [M+H]" m/z caled. 410.2842 for C30H36N", found 410.2836.

2-Bromo-5,11-dihexylindolo[3,2,1-jk]carbazole (9). The bromination of 8 was performed
according to Bintinger.”' Dihexylindolocarbazole 8 (3.50 g, 8.5 mmol, 1.0 eq) was suspended in a
1:1 mixture of CHCIl; and AcOH (42 mL) under argon atmosphere and heated to 55 °C. To this
suspension N-bromosuccinimide (1.52 g, 8.5 mmol, 1.0 eq) was added in small portions over a
period of 2.5 hours. During the addition a white precipitate formed. The mixture was further stirred

for 30 min before it was poured onto 300 mL 2 N NaOH solution and extracted with DCM. 9 was
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purified by recrystallization from acetonitrile and obtained as fine yellowish needles (3.54 g,
7.2 mmol, 85%). Re= 0.58 (light petroleum). 'H NMR (400 MHz, CDCls): & = 8.06 (s, 2H), 7.85 -
7.79 (m, 2 H), 7.72 - 7.64 (m, 2 H), 7.38 - 7.30 (m, 2 H), 2.78 (t, ] = 7.8 Hz, 4 H), 1.73 (quin, J = 7.1
Hz, 4 H), 1.42 - 1.33 (m, 12 H), 0.91 (t, J = 6.7 Hz, 6 H) ppm. °C NMR (100 MHz, CDCl3): § =
142.4 (s), 137.3 (s), 136.6 (s), 129.1 (s), 127.7 (d), 122.9 (d), 122.0 (d), 119.6 (s), 115.3 (s), 111.7
(d), 36.0 (1), 32.0 (t), 31.8 (1), 29.0 (t), 22.6 (1), 14.1 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
488.1947 for C30H3sBrN", found 488.1946.

General procedure for the synthesis of 5, 10 and 14 according to Anémian.”* The brominated
precursor (1.0 eq) was dissolved in anhydrous THF (~0.2 M) under argon atmosphere and cooled
below -78 °C. To the stirred solution n-BuLi (1.2 eq) was added dropwise and the reaction mixture
was stirred below -65 °C for at least 1.5 h before isopropyl pinacol borate (1.2 eq) was added. After
warming the solution to room temperature slowly it was stirred overnight. THF was removed in
vacuo before the residue was partitioned between DCM and water. The aqueous phase was extracted
with DCM. The combined organic layers were dried over Na,SO4 followed by evaporation of the
solvent in vacuo.

N,N-Bis(4-hexylphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzenamine (5).
Starting from bromide 4 (13.21 g, 26.8 mmol, 1.0 eq), n-BuLi (11.8 mL, 29.4 mmol, 1.1 eq) and
isopropyl pinacol borate (5.47 g, 29.4 mmol, 1.1 eq) in 120 mL of anhydrous THF 5 (11.11 g, 20.5
mmol, 77%) was isolated as a pale yellowish oil by column chromatography (350 g silica gel, light
petroleum : Et,0, 2 — 3%). R¢= 0.26 (light petroleum : DCM, 17 : 3). 'H NMR (400 MHz, CDCl5):
0 =7.66 - 7.60 (m, 2 H), 7.10 - 6.93 (m, 10 H), 2.57 (t, J = 7.8 Hz, 4 H), 1.68 - 1.54 (m, 4 H), 1.39 -
1.25 (m, 24 H), 0.90 (t, ] = 6.5 Hz, 6 H) ppm. °C NMR (100 MHz, CDCl;): & = 151.0 (s), 145.0 (s),
138.2 (s), 135.7 (d), 129.2 (d), 125.1 (d), 120.7 (d), 83.4 (s), 35.4 (t), 31.7 (t), 31.4 (1), 29.1 (1), 24.8
(q), 22.6 (t), 14.1 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 540.4007 for C3sHs;BNO,", found
540.4005.

5,11-Dihexyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indolo[3,2,1-jk]carbazole (10).
Starting from bromide 9 (3.17 g, 6.5 mmol, 1.0 eq), n-BuLi (3.1 mL, 7.8 mmol, 1.2 eq) and
isopropyl pinacol borate (1.45 g, 7.8 mmol, 1.2 eq) in 110 mL anhydrous THF, 10 was isolated by
recrystallization from acetonitrile and subsequent flash chromatography (34 g silica gel, light
petroleum : ethyl acetate, 0 &> 7%) as a grayish solid (2.02 g, 3.8 mmol, 58%). R¢= 0.53 (light
petroleum : DCM, 7 : 3). '"H NMR (400 MHz, CD,Cl,): 8 = 8.51 (s, 2 H), 8.01 - 7.94 (m, 2 H), 7.82 -
7.94 (m, 2 H), 7.42 - 7.34 (m, 2 H), 2.82 (t, ] = 7.8 Hz, 4 H), 1.74 (quin, ] = 7.6 Hz, 4 H), 1.44 - 1.34
(m, 24 H), 0.92 (t, ] = 6.8 Hz, 6 H) ppm. °C NMR (100 MHz, CD,CL): & = 146.9 (s), 137.7 (s),
137.3 (s), 130.4 (s), 127.8 (d), 126.5 (d), 123.4 (d), 118.8 (s), 112.2 (d), 84.4 (s), 36.6 (1), 32.6 (1),
32.4 (t), 29.6 (t), 25.4 (q), 23.3 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 536.3694 for
C36H47BNO; ", found 536.3687.
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3,6-Dihexyl-9-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9H-carbazole ~ (14).
The synthesis of 14 followed the general protocol starting from bromide 13 (2.55 g, 5.2 mmol,
1.0 eq), n-BuLi (2.5 mL, 6.2 mmol, 1.2 eq) and isopropyl pinacol borate (1.16 g, 6.2 mmol, 1.2 eq)
in 26 mL of anhydrous THF. 14 was isolated as a white solid (2.09 g, 3.9 mmol, 75%) by passing
through a pad of silica (15 g silica gel, light petroleum : DCM). R¢= 0.20 (light petroleum: DCM, 17
: 3). "H NMR (400 MHz, CD,Cl,): & = 8.02 (d, J = 8.5 Hz, 2 H), 7.97 - 7.89 (m, 2 H), 7.61 (d, ] =
8.5Hz,2 H),7.39 (d,J=8.5Hz 2 H), 7.25 (dd, J = 8.5, 1.6 Hz, 2 H), 2.81 (t, J = 7.5 Hz, 4 H), 1.81
- 1.67 (m, 4 H), 1.49 - 1.30 (m, 24 H), 0.93 (t, J = 6.9 Hz, 6 H) ppm. °C NMR (100 MHz, CD,CL):
d=141.4 (s), 139.17 (s), 136.8 (d), 135.4 (s), 127.2 (d), 126.2 (d), 124.2 (s), 120.0 (d), 110.1 (d),
84.6 (s), 36.5 (1), 33.0 (1), 32.5 (1), 29.7 (1), 25.3 (q), 23.3 (1), 14.5 (q) ppm. HR-ESI-FTMS [M+H]"
m/z caled. 538.3809 for C3sH4BNO, ", found 538.3847.
General procedure for the synthesis of 16, 18, 20, 21 and 22 according to Marion.” To a suspension
of the dihalogenide (1 eq), the boronic ester (~ 3 eq) and KOtBu (3 eq) in a mixture of IPA / H,O (3 :
1) under argon atmosphere (IPr)Pd(allyl)Cl (20 pumol, 2 mol%) was added. The reaction mixture was
refluxed until TLC showed full conversion (2 - 4 h). After cooling of the reaction mixture it was
poured onto water and repeatedly extracted with DCM. The combined organic layers were dried
over Na,SO4 and concentrated under reduced pressure.

4,4'-(2,5-Thiophenediyl)bis[ N, N-bis(4-hexylphenyl)benzenamine] (16). To a suspension of
boronic ester 5 (1715 mg, 3.2 mmol, 3.2 eq), bromide 15 (242 mg, 1.0 mmol, 1.0 eq) and KOtBu
(337 mg, 3.0 mmol, 3.0 eq) in 16 mL of IPA / H,O mixture under argon atmosphere (IPr)Pd(allyl)Cl
(11 mg, 20 pmol, 2 mol%) was added. The reaction mixture was refluxed until TLC showed full
conversion (2 h). After standard workup procedure purification of 16 was performed by column
chromatography (90 g silica gel, light petroleum : DCM, 9 : 1), recrystallization from n-BuOH and
column chromatography (90 g silica gel, light petroleum : toluene, 4 : 1). 16 could be obtained as a
green sticky mass (518 mg, 0.57 mmol, 57%). 'H NMR (400 MHz, CD,CL): 8 = 7.49 - 7.41 (m, 4
H), 7.17 (s, 2 H), 7.12 - 7.06 (m, 8 H), 7.04 - 6.95 (m, 12 H), 2.57 (t, ] = 7.9 Hz, 8 H), 1.65 - 1.57
(m, 8 H), 1.40 - 1.32 (m, 24 H), 0.90 (t, ] = 6.7 Hz, 12 H) ppm. °C NMR (100 MHz, CD,Cl,): § =
148.2 (s), 145.7 (s), 143.1 (s), 138.7 (s), 129.8 (d), 128.0 (s), 126.6 (d), 125.2 (d), 123.4 (d), 122.9
(d), 35.9 (1), 32.3 (t), 32.1 (1), 29.6 (t), 23.2 (t), 14.4 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
907.5958 for CssH79N,S", found 907.5931.

4,4'-(2,2'-Bithiophene-5,5'-diyl)bis[ N, N-bis(4-hexylphenyl)benzenamine]  (18). To a
suspension of boronic ester 5 (1680 mg, 3.1 mmol, 3.1 eq), bithiophene 17 (324 mg, 1.0 mmol,
1.0 eq) and KOtBu (337 mg, 3.0 mmol, 3.0 eq) in 16 mL of IPA / H,O mixture in argon atmosphere
(IPr)Pd(allyl)CI (11 mg, 20 pmol, 2 mol%) was added. The reaction mixture was refluxed until TLC
showed full conversion (1.5 h). After standard workup procedure purification of 18 was performed

by column chromatography (90 g silica gel, light petroleum : DCM, 9 : 1) followed by
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recrystallization from n-BuOH yielding 18 as a red sticky mass (809 mg, 0.82 mmol, 82%). '"H NMR
(400 MHz, CD,Cl,): 6 =7.52 - 7.33 (m, 4 H), 7.19 - 7.06 (m, 12 H), 7.05 - 6.93 (m, 12 H), 2.58 (t, J
= 7.7 Hz, 8 H), 1.63 - 1.58 (m, 8 H), 1.41 - 1.34 (m, 24 H), 0.92 - 0.89 (m, 12 H) ppm. °C NMR
(100 MHz, CD,Cly): & = 148.5 (s), 145.6 (s), 143.6 (s), 138.9 (s), 136.2 (s), 129.8 (d), 127.5 (s),
126.7 (d), 125.4 (d), 124.8 (d), 123.2 (d), 122.7 (d), 35.9 (t), 32.2 (1), 32.1 (t), 29.7 (1), 23.2 (t), 14.5
(q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 989.5836 for CesHgiN,S, ", found 989.5795.

4,4'-(Dithieno[3,2-b:2',3'-d|thiophene-2,6-diyl)bis[ N, N-bis(4-hexylphenyl)benzenamine]
(20). Boronic ester 5 (1619 mg, 3.0 mmol, 3 eq), dithienothiophene 19 (354 mg, 1.0 mmol, 1 eq),
KOtBu (337 mg, 3.0 mmol, 3 eq) and (IPr)Pd(allyl)Cl (11 mg, 20 pmol, 2 mol%) were refluxed in
20 mL of IPA / H,O mixture for 2 h. Purification was performed by column chromatography (90 g
silica gel, light petroleum : toluene, 9 — 14%) yielding 20 as a yellow glass (590 mg, 0.58 mmol,
58%). '"H NMR (400 MHz, CD,Cl,): 8 = 7.50 - 7.43 (m, 4 H), 7.40 (s, 2 H), 7.15 - 7.08 (m, 8 H),
7.04 - 6.97 (m, 12 H), 2.58 (t, ] = 7.7 Hz, 8 H), 1.65 - 1.58 (m, 8 H), 1.40 - 1.30 (m, 24 H), 0.90 (t, J
= 6.9 Hz, 12 H) ppm. °C NMR (100 MHz, CD,Cl,): & = 148.7 (s), 145.6 (s), 145.5 (s), 142.1 (s),
139.0 (s), 129.9 (s), 129.8 (d), 127.8 (s), 126.8 (d), 125.4 (d), 122.6 (d), 115.8 (d), 35.9 (1), 32.3 (1),
32.1 (t), 29.6 (t), 23.2 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 1019.5400 for
CesH79N,S5", found 1019.5360.

2,2'-(2,2'-Bithiophene-5,5'-diyl)bis[ 5,1 1-dihexylindolo[3,2,1-jk]carbazole] (21). Boronic ester
10 (1607 mg, 3.0 mmol, 3 eq), bithiophene 17 (324 mg, 1.0 mmol, 1 eq), KOtBu (337 mg, 3.0
mmol, 3 eq) and (IPr)Pd(allyl)Cl (11 mg, 20 umol, 2 mol%) were refluxed in 20 mL of IPA / H,O
mixture for 4 h. 21 was isolated as an orange solid (642 mg, 0.65 mmol, 65%) after column
chromatography (90 g silica gel, light petroleum : DCM, 10% — 100%) and subsequent digesting in
acetone. 'H NMR (400 MHz, CD,Cl,): & = 8.31 (s, 4 H), 8.00 (s, 4 H), 7.80 (d, J = 8.2 Hz, 4 H),
7.44 -7.41 (m, 6 H), 7.32 (d, J = 3.5 Hz, 2 H), 2.83 (t, J = 7.8 Hz, 8 H), 1.76 (quin, J = 7.7 Hz, 8 H),
1.45 - 1.33 (m, 24 H), 0.92 (t, J = 7.8 Hz, 12 H) ppm. °C NMR (100 MHz, CD,Cl,): & = 145.9 (s),
144.8 (s), 138.1 (s), 137.4 (s), 136.6 (s), 130.2 (s), 130.1 (s), 128.2 (d), 124.9 (d), 123.9 (d), 123.5
(d), 119.3 (s), 118.0 (d), 112.4 (s), 36.6 (t), 32.7 (t), 32.4 (t), 29.6 (t), 23.2 (t), 14.5 (q) ppm. HR-
ESI-FTMS [M+H]Jr m/z caled. 981.5210 for CesH73N»S, ", found 981.5216.

9,9'-(2,2'-Bithiophene-5,5'-diyldi-4,1-phenylene)bis[3,6-dihexyl-9H-carbazole] (22). Boronic
ester 14 (1619 mg, 3.0 mmol, 3 eq), bithiophene 17 (324 mg, 1.0 mmol, 1 eq), KOtBu (337 mg, 3.0
mmol, 3 eq) and (IPr)Pd(allyl)Cl (11 mg, 20 umol, 2 mol%) were refluxed in 20 mL of IPA / H,O
mixture for 2 h. Purification was performed by column chromatography (90 g silica gel, light
petroleum : DCM, 9 : 1) followed by recrystallization from n-heptane yielding 22 as a yellow solid
(827 mg, 0.84 mmol, 84%). "H NMR (400 MHz, CD,Cl,): & = 7.98 - 7.90 (m, 4 H), 7.88 - 7.79 (m, 4
H), 7.65 - 7.56 (m, 4 H), 7.40 - 7.38 (m, 6 H), 7.29 - 7.24 (m, 6 H), 2.80 (t, ] = 7.8 Hz, 8 H), 1.76 -
1.69 (m, 8 H), 1.41 - 1.34 (m, 24 H), 0.91 (t, ] = 6.9 Hz, 12 H) ppm. °C NMR (100 MHz, CD,Cl,):
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d = 142.9 (s), 139.8 (s), 138.1 (s), 137.4 (s), 135.4 (s), 133.1 (s), 127.6 (d), 127.4 (d), 127.2 (d),
125.4 (d), 124.9 (d), 124.1 (s), 120.1 (d), 110.0 (d), 36.5 (t), 32.9 (1), 32.4 (1), 29.7 (1), 23.3 (1), 14.5
(q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 985.5523 for CsgH77N,S,", found 985.5490.

General procedure for the synthesis of 24, 26 and 28 according to Haid.'* Organodistannane
(1.0 eq), bromide (2.1 eq) and Pd(PPhs)s (5 mol%) were dissolved in degassed anhydrous DMF
under argon atmosphere. The solution was degassed again before it was stirred at 80 °C until TLC
showed full conversion. After cooling of the solution it was poured onto water and repeatedly
extracted with DCM. The combined organic layers were dried over Na,SO4 and concentrated in
vacuo. Purification was performed as stated in the detailed descriptions.

4,4'-(Benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)bis[ NV, N-bis(4-hexylphenyl)benzenamine] (24).
Bromide 4 (1034 mg, 2.1 mmol, 2.1 eq), organodistannane 23 (516 mg, 1.0 mmol, 1 eq) and
Pd(PPhs)s (58 mg, 50 pumol, 5 mol%) were heated to 80 °C in 25 mL anhydrous degassed DMF
under argon atmosphere for 44 h. Purification was performed by column chromatography (110 g
silica gel, light petroleum : toluene, 9 — 22%, 90 g silica gel, light petroleum : DCM, ~10%)
followed by dissolving the product in light petroleum, filtration and concentration of the obtained
solution yielding 24 as an orange glass (405 mg, 0.58 mmol, 40%). 'H NMR (400 MHz, CD,Cl,): &
=8.09 (s, 2 H), 7.58 - 7.50 (m, 4 H), 7.43 (s, 2 H), 7.16 - 7.07 (m, 8 H), 7.06 - 6.96 (m, 12 H), 2.58
(t, ] =7.7 Hz, 8 H), 1.64 - 1.58 (m, 8 H), 1.43 - 1.34 (m, 24 H), 0.91 (t, I = 6.7 Hz, 12 H) ppm. °C
NMR (100 MHz, CD,Cly): 6 = 149.2 (s), 145.5 (s), 144.8 (s), 139.2 (s), 139.1 (s), 137.3 (s), 129.9
(d), 127.5 (d), 127.4 (s), 125.6 (d), 122.3 (d), 117.5 (d), 116.5 (d), 35.9 (t), 32.3 (1), 32.1 (t), 29.7 (1),
23.2 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z caled. 1013.5836 for C70HgsN,S,', found
1013.5796.

4,4'-(2,5-Selenophenediyl)bis[ N, N-bis(4-hexylphenyl)benzenamine] (26). Bromide 4 (940
mg, 1.91 mmol, 2.2 eq), organodistannane 25 (400 mg, 0.88 mmol, 1 eq) and Pd(PPh3)4 (51 mg, 44
umol, 5 mol%) were heated to 80 °C in 20 mL anhydrous degassed DMF under argon atmosphere
for 4 h. 26 was obtained as a green glass (460 mg, 0.48 mmol, 55%) after column chromatography
(90 g silica gel, light petroleum : DCM, 10%; 90 g silica gel, light petroleum : toluene, 9 — 14%).
'H NMR (400 MHz, CD,Cl,): & = 7.43 - 7.35 (m, 4 H), 7.32 (s, 2 H), 7.14 - 7.07 (m, 8 H), 7.04 -
6.99 (m, 8 H), 6.99 - 6.93 (m, 4 H), 2.57 (t, J =7.8 Hz, 8 H), 1.65 - 1.57 (m, 8 H), 1.40 - 1.28 (m, 24
H), 0.90 (t, J = 7.0 Hz, 12 H) ppm. C NMR (100 MHz, CD,CL): & = 149.0 (s), 148.4 (s), 145.6 (s),
138.8 (s), 130.0 (s), 129.8 (d), 127.0 (d), 125.5 (d), 125.3 (d), 122.8 (d), 35.9 (1), 32.3 (1), 32.1 (1),
29.6 (1), 23.2 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 955.5403 for CssH79N2Se”, found
955.5368.

4,4'-(Benzol[1,2-b:4,5-b"|diselenophene-2,6-diyl)bis[ N, N-bis(4-hexylphenyl)benzenamine]
(28). Bromide 4 (1034 mg, 2.1 mmol, 2.1 eq), organodistannane 27 (610 mg, 1.0 mmol, 1 eq) and
Pd(PPh3)s (58 mg, 50 umol, 5 mol%) were heated to 90 °C in 25 mL anhydrous degassed DMF
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under argon atmosphere for 54 h. 28 was isolated as a yellow glass (364 mg, 0.33 mmol, 33%) after
column chromatography (110 g silica gel, light petroleum : toluene, 7 — 15%). '"H NMR (400 MHz,
CD,Cly): 6 =8.11 (s, 2 H), 7.57 (s, 2 H), 7.49 - 7.40 (m, 4 H), 7.15 - 7.06 (m, 8 H), 7.06 - 6.93 (m,
12 H), 2.59 (t,J =7.6 Hz, 8 H), 1.64 - 1.59 (m, 8 H), 1.39 - 1.35 (m, 24 H), 0.92 (t, J = 6.9 Hz, 12 H)
ppm. °C NMR (100 MHz, CD,Cl,): & = 149.1 (s), 147.7 (s), 145.5 (s), 141.6 (s), 139.1 (s), 137.8
(s), 129.9 (d), 129.3 (s), 127.9 (d), 125.6 (d), 122.3 (d), 121.7 (d), 121.0 (d), 35.9 (1), 32.3 (1), 32.1
(1), 29.7 (1), 23.2 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd. 1109.4725 for C;0HgiN2Ses ",
found 1109.4704.
4,4'-(2,3-Dihydrothieno|[3,4-b]-1,4-dioxine-5,7-diyl)bis[ NV, N-bis(4-

hexylphenyl)benzenamine] (30). 30 was synthesized adapting a procedure from literature.”* To a
solution of bromide 4 (1034 mg, 2.1 mmol, 2.1 eq) and Cs,COs3 (782 mg, 2.4 mmol, 2.4 eq) in 5 mL
anhydrous degassed toluene were added Pd(OAc), (11 mg, 50 pmol, 5 mol%), P(m-tol); (30 mg, 0.1
mmol, 0.10 eq) and EDOT 29 (142 mg, 1.0 mmol, 1.0 eq) under argon atmosphere. The reaction
mixture was the refluxed for 40 h before it was diluted with DCM and washed with water. The
organic phase was dried over Na,COj; and concentrated in vacuo. Purification of 30 was performed
by column chromatography (90 g silica gel, light petroleum : DCM, 15%), recrystallization from n-
BuOH and column chromatography (90 g silica gel, light petroleum : toluene, 4 : 1) yielding 30 as
green sticky mass (361 mg, 0.37 mmol, 37%). "H NMR (400 MHz, CD-CL): & = 7.57 (bm, 4 H),
7.10 - 7.08 (bm, 8 H), 7.00 - 6.98 (bm, 12 H), 4.29 (bs, 4 H), 2.58 (t, ] = 7.5 Hz, 8§ H), 1.65 - 1.58
(m, 8 H), 1.41 - 1.28 (m, 24 H), 0.91 (t, ] = 6.4 Hz, 12 H) ppm. °C NMR (400 MHz, CD,Cl,): § =
147.3 (s), 145.8 (s), 138.5 (s), 138.5 (s), 129.8 (d), 127.2 (d), 127.1 (s), 125.1 (d), 123.1 (d), 65.2 (¢),
35.9 (1), 32.4 (1), 32.2 (1), 29.7 (t), 23.3 (t), 14.5 (q) ppm. HR-ESI-FTMS [M+H]" m/z calcd.
965.6013 for CssHgiN20,S", found 965.6157.
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RESULTS AND DISCUSSION
Synthesis. The synthetic linkage of TPA, indolocarbazole (ICz) as well as phenylcarbazole (PCz)
scaffolds and chalcogenophene-based linkers toward symmetrical bis(triarylamines) was intended by

Suzuki or Stille cross-coupling reactions or CH activation.

CeH13 CeH13

O v O
| © QQ il@@

ii CgH CgH
CI 6H13 sH13
NH2
CeH13
06H13 CeH13 C6H13
: Br
CeHi3 0
CeHi3 CeH13 06H13
CBH13 06H13 CeH1s
J : o :
& ’ Q)
49 CeH1a CeH13 14 CeH13

Scheme 1: Synthetic pathway towards boronates 5, 10 and 14. i: Et,0, -78 °C, n-hexyllithium, 1-iodohexane; ii: KOH,
CuCl, phenanthroline in toluene, reflux; iii: n-BuLi, -78 °C in THF, then isopropyl pinacol borate; iv: (IPr)Pd(allyl)Cl,
K,CO3, DMAc, 130 °C; v: NBS, CHCI;/AcOH, 55 °C; vi: Cu(0), K,CO3, DMF, reflux.

The synthesis of the required TPA, ICz and PCz building blocks was realized by copper-catalyzed
Ullmann condensations of amines and iodides as key steps. lodide 2 was prepared by lithiation of
1,4-diiodobenzene 1 and subsequent addition of hexyl iodide, and further applied in copper
catalyzed Ullmann condensation toward 4. Substituted indolocarbazole 9 was synthesized by
condensation of 2 and aniline 6 followed by intramolecular CH-activation of triphenylamine 7 and
subsequent bromination applying N-bromosuccinimide. The synthesis of phenylcarbazole 13 was
realized using 3,6-dihexyl-9H-carbazole 11, 1-bromo-4-iodobenzene 12 and copper powder adapting
a procedure by Aizawa.”’ The synthesis of the boronic acid pinacolates 5, 10 and 14 was achieved by
metal halogen exchange of the obtained bromides 4, 9 and 13 using n-butyllithium and further

conversion with isopropyl pinacol borate (Scheme 1).
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Joining the obtained TPA, ICz and PCz scaffolds with n-linkers was planned by either CH-
activation, Suzuki or Stille cross coupling. A general Suzuki cross-coupling procedure developed in
an earlier study” was used for connecting thiophene, bithiophene and dithieno[3,2-5:2',3'-
d]thiophene (DTT) bromides 15, 17 and 19 with boronate 5 (Scheme 2). The same protocol was
successfully applied for the combination of bromide 17 and boronic esters 10 and 14 toward target
compounds 21 and 22. The syntheses of 24, 26 and 28 were achieved by Stille cross coupling using
distannanes 23, 25 as well as 27 and bromide 4 (Scheme 2). The introduction of the EDOT linker in
30 was realized by CH activation applying bromide 4 adapting a procedure by Liu et al.** (Scheme
3).

H13Ce CeH13

O 0
O O O O

IS ' Iy

. -
M Q - Q

H13Ce CeH13z

Scheme 3. Synthesis of 30: i: PA(OAc),, P(m-tol);, Cs,COs, toluene.

The obtained solid to viscous materials appear yellow to red in color and are soluble in common
organic solvents. The characterization of all target compounds was performed by 'H / °*C NMR
spectroscopy and HR-MS analysis. The data are consistent with the proposed structural
formulations.

Photophysics. Photophysical properties of all target compounds were determined by UV-Vis, two-
photon exited fluorescence spectroscopy (TPEF) and fluorescence spectroscopy (Table 1). Two
absorption maxima were located in the narrow ranges of 298 - 307 and 392 - 422 nm for substances
16, 18, 20, 21, 22, 24, 26, 28 and 30 when measured in THF solution (Figure 2). While the former
can be attributed to the n-n* transition, the longer wavelength absorption originates from the charge
transfer 7-7* transitions of the electron-donating TPA, ICz or PCz moiety to the electron-accepting
chalcogenophene moiety.”®?’

Compounds 24 and 28 exhibit three absorption maxima at 298/305, 412/422 and 406/427 nm. The
highest maximum of selenophene-based compound 28 is shifted to longer wavelengths compared to
its sulfur analog 24 and corresponds to charge transfer z-z* transition. The elongation of =-linkers

from
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thiophene to bithiophene in 18 as well as the planarization of the linker applying dithieno[3,2-b:2',3'-
d|thiophene (20) only leads to a shift of about 20 nm, incorporating benzo[1,2-b:4,5-b"]diselenophene as
linker (28) results in an even higher shift of 30 nm compared to 16. The introduction of 1Cz and PCz
scaffolds in 21 and 22 leads to a significant blue shift compared to TPA-substituted 18, indicating

increased optical bandgaps as a result of planarization.

Table 1: Experimental data and photophysical characteristics of all target compounds.

Comp. Yield Amax” Aem” AV Emue Gopa” Ao’
(%) (nm) (nm) (cm’) |M'em™) (GM) (nm)

16 57 304, 397 453, 476 3100 79500 701 709
18 82 304, 422 487,519 3200 64400 1661 733
20 58 305, 418 469, 498 2600 71700 5220 720
21 65 299, 392 459, 487 3300 56100 362 663
22 84 298, 396 456, 485 3300 51400 499 708
24 40 305, 406, 422 454, 475 1700 93600 726 1295
26 55 305, 407 465, 491 3100 58600 924 718
28 15 298, 412, 427 459, 486 1600 86700 1396 730
30 37 307, 401 450, 477 2700 59900 558 709

* Absorption maxima determined from absorption spectra measured in 5 pM THF solution. ® Emission maxima measured
in 5 uM THF solution. ° Stokes shifts. ¢ Extinction coefficients. ¢ Two-photon cross-sections determined by TPEF in THF.

Maximum of two-photon absorption spectra.

The corresponding emission spectra (see supporting information) of 16, 18, 21, 22 and 26 reveal that
the difference between absorption and emission maxima amounts to about 60 nm, while this value is
only about 30 nm for 24 and 28. Consequently, stokes shifts for the former are nearly doubled compared
to the latter. A clear trend can also be observed when introducing more electron rich n-linkers (Figure 2,
C): as the electron-donating effect of the chalcogenophene linker increases from thiophene 16 to
electron-donating selenophene 26 or EDOT 30 the absorption maxima are shifted to longer wavelengths
(20 nm for 26 and 5 nm for 30).
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Figure 2: Absorption spectra (A, B and C) and TPEF spectra (D) of all target compounds.

Two-photon excited fluorescence (TPEF) spectra were measured (Figure 2, D) for all target
compounds. The maxima of 2PA cross-sections are in the moderate range of 362 to 5220 GM (Table 1).
The combination of TPA moieties and dithieno[3,2-b:2',3"-d]thiophene (20) results in an effective
increase of 2PA cross-section, which may be attributed to the electronic properties of the DTT moiety
such as polarizability brought about by the rigid, planar fused dithienothiophene structure contributing
to a great deal to extended 7-electron delocalization.” The planarization of the TPA scaffold from 16
exhibiting moderate 701 GM to ICz (21) and PCz (22) moieties leads to a significant reduction of 2PA
cross-sections of approximately 340 and 200 GM, respectively. An increase of 2PA cross-section was
observed when introducing the electron rich selenophene moiety (26), whereas EDOT as n-linker in 30
turned out to be not beneficial.

Two-Photon Induced Photopolymerization (2PIP) Tests. An important parameter determining the
applicability of a two-photon photopolymer system is the sensitivity in correlation with low laser power
and short exposure times, which are also essential for high throughput in mass production. An efficient
method to evaluate the activity of PIs constitutes the fabrication of defined 3D test structures applying

various laser intensities and writing speeds for the evaluation. In order to assess the ideal processing
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window of potential PIs, defined woodpiles were structured in the monomer formulation by means of
2PIP. Selected compounds (16, 20, 26, and 30) were tested toward their applicability as 2PIs and
compared to the highly efficient reference material B3FL (2,7-bis[[4-(dibutylamino)phenyl]ethynyl]-
9H-fluoren-9-one), recently reported by us,”” and BMA-1T (4,4'-(2,5-Thiophenediyl)bis[ N,N-bis(4-
methylphenyl)benzenamine]).” The laser intensity and the writing speed were varied in a range of 10 -
100 mW (measured after passing the 100x microscope objective) and 0.316 - 316 mm/s, respectively.

Scanning electron microscopy (SEM) of the obtained 3D woodpile structures was performed (see
supplementary information). Evaluation of the quality of these microfabrication was achieved by a four
color classification (Figure 3) reported earlier*: class A (green) defines excellent structures with fine
hatch lines and class B (yellow) good structures with thick hatch lines or slightly contorted structures.
Structures rated as class C (red) have identified shapes but with small mistakes (e.g., holes, burst regions
caused by overexposure). Parts structured with laser intensities rated as class D (blue) no longer show
acceptable results.

All characterized compounds showed good 2PA activity, though exhibiting extensive
photoluminescence. Although compound 16 is structurally closely related to BMA-1T (bearing an hexyl
group instead of a methyl group on the TPA moiety), which has recently been published by us as an
efficient 2PI, 16 showed inferior results at high energy and low writing speeds related to more lattices
being damaged due to overexposure. At lower laser powers, however, 16 proved to be as efficient as
reference material BMA-1T. TPA-based compound 26 incorporating selenophene as m-linker showed
the broadest processing window, yielding excellent structures at both low and high laser intensities.
Thus, 26 features the lowest polymerization threshold, even slightly superior to reference material
B3FL. Although DTT-based compound 20 exhibits an increased 2PA cross-section compared to 26

(Table 1), structuring tests show inferior behavior at low writing speed and high energies.
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Figure 3: 2PIP screening tests of 16, 20, 26, 30 and reference materials B3FL as well as BMA-1T.
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CONCLUSION

A series of soluble symmetric chalcogenophenes bearing hexyl-substituted triphenylamines,
indolocarbazoles and phenylcarbazoles was synthesized as potential two-photon absorption initiators.
Structural variations of the molecular design based on introduction of both planarized linkers and caps
as well as electron rich linkers were evaluated aiming to increase two-photon absorption and thus the
efficiency of these D-n-D type target molecules. The systematic comparison of structure-property
relationships via UV-Vis, fluorescence and two-photon excited fluorescence spectroscopy and two-
photon absorption structuring tests confirmed the significant influence of the substituent’s electronic
characteristics on the photophysical and photochemical properties. While the planarization of caps
(indolocarbazole and phenylcarbazole) led to a decrease in two-photon cross-sections, a significant
increase could be observed upon incorporation of planarized or electron rich derivatives as m-linkers.
Two-photon excited fluorescence spectroscopy also revealed a two-photon cross-section of 5200 GM
for 22. Selected compounds were tested as two-photon absorption initiators and showed broad
processing windows. Selenophene derivative 26 even exhibited superior behavior compared to reference
material B3FL and surprisingly also to 22. These novel compounds combine the benefits of
straightforward synthesis, high two-photon absorption initiation efficiencies and at the same time high
quantum yields, which makes these materials attractive for two-photon absorption structuring. Future
investigations will focus on the evaluation of applying laser wavelengths at the two-photon absorption

maxima for structuring tests.
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5. Summary and Outlook

In summary, different methods and reliable procedures were developed and applied for the
synthesis of a variety of organic functional materials. Organic semiconductors for OFET application
were realized based on pentacene derivatives and selenium-based fused heterocyclic moieties. Also,
potential materials exhibiting nonlinear behavior were obtained.

In the course of this thesis pentacenes bearing electron-deficient heterocyclic substituents 6- and 13-
position were prepared and revealed increased stability and solubility compared to unsubstituted
pentacene (Figure 1, left). This project will be continued with colleagues at the Laboratory of Solid
State Physics, ETH Zurich evaluating the obtained materials in an OFET configuration. First results
proved high charge carrier mobilities.

Also, thienyl-substituted pentacenes bearing both bulky trialkylsilyl and electron-withdrawing
bromo groups (to counteract the electron-donating effects of the trialkylsilyl moiety) on the thiophene
ring (Figure 1, right) were synthesized yielding materials with charge carrier mobilities up to 3 x 10™

2\ 1.1
cm V=s™.

Figure 1: Triazole- and thienyl-substituted target pentacenes.

Furthermore a facile one-pot synthesis toward benzo[b]selenophenes was developed, which may be
also useful in other scientific disciplines, e.g. medicinal chemistry or crystallography. The obtained
benzo[b]selenophenes were applied in the synthesis of symmetric selenium-based fused heterocyclic
scaffolds (Figure 2) revealing strong intermolecular interactions and reduced bandgaps compared to
their sulfur analogs. These materials will be tested towards their applicability in OFET devices in
cooperation with colleagues at the Laboratory of Solid State Physics, ETH Zurich.

Figure 2: Ene-bridged symmetrical selenium-based target compounds.

A combination of substituted triphenylamines and tris(2-thienyl)benzene in C3 symmetric
configuration (Figure 3) was evaluated yielding materials with tunable electronic and luminescent
properties. These materials offer good solution processability giving rise to smooth surfaces and high
thermal stability, which are beneficial for device fabrication. This approach yielded a compound with
a charge carrier mobility of nearly 10° cm*V™'s™.
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R=H, CH;orF

Figure 3: Star shaped target compounds.

The second part of this thesis focused on the development of novel chromophores for
nonlinear optics. Firstly, potential compounds capable of second harmonic generation were designed
and synthesized combining phenyltriazoles or -isoxazoles as acceptors (A) and Z-
(methylseleno)alkenyl groups as donors (D) (Figure 4). The introduction of more polarizable selenium
constitutes a valuable approach to increase second harmonic efficiency. This novel chromophore
represents an interesting type of NLO material.

\ \
Se Se
N~ O-
=N N
\@ R = -OCHj
R = -N(CH
R (CH3),

R = -N02

Figure 4: Potential materials exhibiting second harmonic generation.

Secondly, cap-linker-cap systems were prepared by combining thiophene with substituted
triphenylamines bearing various electron-withdrawing and -donating effects aiming for highly
efficient two-photon absorption initiators (Figure 5), which were successfully applied two-photon
absorption induced photopolymerization.

Further investigations were intended to increase the two-photon absorption cross-section by
planarization of the applied triphenylamine substituents as well as introduction of planar and electron
rich w-electron extended linkers (Figure 5, top and right, bottom). Again, these materials were tested
in two-photon absorption induced photopolymerization and proved to be efficient photoinitiators.
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Figure 5: Cap-linker-cap systems based on triphenylamine substituted thiophene (left, bottom) and structural
motives applied in target compounds.

Based on these findings the investigation of structure-property relationships will be intensified
with regard to the two-photon absorption maxima in cooperation with Arnulf Rosspeintner at the
Department of Physical Chemistry at the University of Geneva. Microfabrication of structures will be
performed at various wavelengths in cooperation with Markus Lunzer from the Institute of Applied
Synthetic Chemistry at the Technische Universitat Wien to study the polymerization behavior at the
two-photon absorption maximum.
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6. Statement of Contribution

Manuscript #1

The synthetic work toward anthracene and pentacene derivatives within Manuscript #1 was
either carried out in the course of the PhD thesis of the applicant (B. Holzer) or (co-)supervised (theses
of R. Klaffenock, A. Aster, D. Koch, T. Raab and A. M. Wagner) by the applicant (B. Holzer). The
photophysical and electrochemical characterization of the target compounds was performed by the
applicant (B. Holzer) supported by A. Aster and D. Lumpi. DFT calculations were carried out by E.
Horkel. The manuscript was composed and written by the applicant. C. Hametner and D. Lumpi
supported the data assembly and corrected the manuscript.

Manuscript #2

The synthetic work toward anthracene and pentacene derivatives within Manuscript #2 was
either carried out in the course of the PhD thesis of the applicant (B. Holzer) or (co-)supervised (theses
of R. Klaffenbock and A. Aster) by the applicant. The photophysical and electrochemical
characterization of the target compounds was performed by the applicant (B. Holzer) supported by A.
Aster and D. Lumpi. DFT calculations were carried out by E. Horkel. OFET characteristics were
determined by D. Lumpi and Thomas Mathis supervised by B. Batlogg. The manuscript was
composed and written by the applicant (B. Holzer) and D. Lumpi. C. Hametner supported the data
assembly and corrected the manuscript.

Manuscript #3

The research subject of Manuscript #3 was initiated by Bertram Batlogg, Z. Ge and D. Lumpi.
DFT calculations were carried out by E. Horkel. The photophysical and electrochemical analyses were
performed by the applicant (B. Holzer) and D. Lumpi. OFET characteristics were determined by
Thomas Mathis supervised by B. Batlogg. The manuscript was written by T. Matthis. All authors
contributed to the manuscript discussion and correction.

Manuscript #4

The research subject of Manuscript #4 was initiated and all synthetic work was performed by
the applicant (B. Holzer). Correlated NMR spectra were recorded by C. Hametner. The manuscript
was composed and written by the applicant (B. Holzer). C. Hametner supported the data assembly and
corrected the manuscript.

Manuscript #5

The research subject of the project presented in Manuscript #5, including all relevant
experiments and analyses, was independently initiated, performed or (co-)supervised (theses of B.
Dellago and J. Bitai) by the applicant (B. Holzer) and D. Lumpi. The syntheses were partly performed
in the course of bachelor thesis by B. Dellago and J. Bitai (co-)supervised by B. Holzer. Correlated
NMR spectra were recorded by C. Hametner. DFT calculations were carried out by E. Horkel.
Investigations of photophysical and electrochemical characteristics (with support of B. Dellago) as
well as crystallization (X-ray analysis performed by B. Stoger) and thermal behavior (DSC / TGA
measurements supported by O. Liske) were performed by the applicant (B. Holzer). B. Holzer
composed and wrote the manuscript draft. C. Hametner supported the data assembly and corrected the
manuscript.
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Manuscript #6

The synthetic work toward star-shaped compounds within Manuscript #6 was (co-)supervised
(theses of D. Bomze) by the applicant (B. Holzer). The photophysical and electrochemical
characterization of the target compounds was performed by the applicant (B. Holzer) and D. Lumpi.
DFT calculations were carried out by E. Horkel. M. Machetti-Deschmann contributed with HRMS
measurements. AFM measurements were performed by S. Waid supervised by H. Wanzenbdck and E.
Bertagnolli. OFET characteristics were determined by J. Bintinger supervised by I. Kymissis. The
manuscript was composed and written by the applicant (B. Holzer), D. Lumpi, J. Bintinger and E.
Horkel. All authors contributed to the manuscript discussion and correction.

Manuscript #7

The synthetic part of the research project in Manuscript #7 was independently initiated,
performed or (co-)supervised (theses of F. Glocklhofer, M. Moller and H. Schmidtbauer) by D.
Lumpi. The syntheses of selenium-based compounds were performed by the applicant (B. Holzer) in
the course of her PhD thesis. Absorption measurements (with support of K. Fottinger) were conducted
by D. Lumpi. N. Jankowski conducted the IC measurements. The crystallographic part, including data
acquisition, interpretation and discussion was performed by B. Stoger. Optical characteristics (SHG)
were acquired by G. Reider. The manuscript was composed and written by D. Lumpi, B. Stoger and
G. Reider. The experimental parts as well as the supporting information were composed by B. Holzer,
F. Glocklhofer and D. Lumpi.

Manuscript #8

The synthetic part of the research project in Manuscript #8 was either performed or (co-)
supervised (bachelor theses of D. Bader) by B. Holzer. Absorption spectra were acquired by Paul
Kautny. The acquisition of crystallographic data was performed by B. Stdger. Optical characteristics
(SHG) were acquired by G. Reider. The manuscript was composed and written by B. Holzer. B.
Stoger and C. Hametner supported the data assembly and corrected the manuscript.

Manuscript #9

A great part of the synthetic work within Manuscript #9 was carried out in the course of the
diploma thesis of the applicant (B. Holzer). During this PhD thesis materials bearing electron
withdrawing substituents were synthesized. All materials were characterized with respect to their
photophysical properties (e.g. quantum yields, absorption and emission spectra were acquired by the
applicant and D. Lumpi, two-photon excited fluorescence spectra were measured by A. Rosspeintner
with the support of M. Lunzer). Structuring tests were performed by M. Tromayer with the support of
the applicant (B. Holzer). B. Holzer composed and wrote the manuscript draft. C. Hametner supported
the data assembly and corrected the manuscript.

Manuscript #10

The research subject of manuscript #10 including all experiments was carried out by Markus
Lunzer within his diploma thesis (co-)supervised by the applicant (B. Holzer). All materials were
characterized with respect to their photophysical properties (e.g. absorption and emission spectra were
acquired by M. Lunzer and P. Kautny, two-photon excited fluorescence spectra were measured by A.
Rosspeintner with the support of M. Lunzer). Structuring tests were performed by M. Tromayer with
the support of M. Lunzer. B. Holzer composed and wrote the manuscript draft. The experimental parts
were composed by M. Lunzer. C. Hametner supported the data assembly and corrected the manuscript.
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Figure S22. Carbon NMR spectrum of compound A3a.
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Figure S24. Carbon NMR spectrum of compound Ala.
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Figure S26. Carbon NMR spectrum of compound Alb.
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Figure S34. Carbon NMR spectrum of compound P1c.
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Figure S36. Proton NMR spectrum of the photooxidation product of Plc.
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B) Cyclic Voltammetry
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Figure S37: Cyclic voltammograms of Ala, Alb, A2a, A2b and A3a.
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Figure S38: Cyclic voltammograms of Pal and Plec.
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C)Molecular Structure of 9b

Figure S39: Molecular structure of 9b as solvate (ACN).

D) Thermal Analysis

a. TGA Measurement
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Figure S40: Thermogravimetric analysis of anthracene derivatives Ala, Alb, A2a, A2b and A3a in the

temperature range 50-550°C under a stream of dry nitrogen with a heating rate of 10 K/min.
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Figure S41: Thermogravimetric analysis of pentacene derivative P1c in the temperature range 50-550°C under a

stream of dry nitrogen with a heating rate of 10 K/min.

b. DSC Analysis.
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Figure S42: Two DSC heating/cooling cycles of anthracene derivatives Ala, Alb, A2a, A2b and A3a in the

temperature range 22-250°C under a stream of dry nitrogen with a heating/cooling rate of 10 K/min.
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E) DFT Calculations

Figure S43: HOMO (bottom) and LUMO (top) of Ala.

Figure S44: HOMO (bottom) and LUMO (top) of Alb.
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Figure S45: HOMO (bottom) and LUMO (top) of A2a.

Figure S46: HOMO (bottom) and LUMO (top) of A2b.
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Figure S47: HOMO (bottom) and LUMO (top) of A3a.

Figure S48: HOMO (bottom) and LUMO (top) of Pla.
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Figure S49: HOMO (bottom) and LUMO (top) of Plc.
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A)NMR Spectra
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Figure S1. *H NMR spectrum of compound 3a.
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Figure S2. 3C NMR spectrum of compound 3a.
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Figure S3. 'H NMR spectrum of compound 5.
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Figure S4. *C NMR spectrum of compound 5.
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Figure S6. *C NMR spectrum of compound 6.
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Figure S8. *C NMR spectrum of compound 8a.
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B)DFT Calculations

Figure S15: HOMO (bottom) and LUMO (top) of 1c.

Figure S16: HOMO (bottom) and LUMO (top) of 1d.

277



Figure S17: HOMO (bottom) and LUMO (top) of 1e.

Figure S18: HOMO (bottom) and LUMO (top) of 1f.
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Figure S19: HOMO (bottom) and LUMO (top) of 1g.

Figure S20: HOMO (bottom) and LUMO (top) of 6.
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C)Cyclic Voltammetric Measurements
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Figure S21: Cyclic voltammograms of 1h measured in DCM solution.
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Figure S22: Cyclic voltammograms of 1i measured in DCM solution.

280




0.4 T T T T T T T T T T T T T

0.3 - —6 -

0.2 4

Current [mA]

0.1 1 .

0.0

-0.1 ' ' T ' T ' T ' T T T ' T '
-200 0 200 400 600 800 1000 1200 1400
Potential vs. Fc/Fc' [mV]

Figure S23: Cyclic voltammograms of 6 measured in DCM solution.

D)Absorption Spectra
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Figure S24: Absorption Spectrum of 1h measured in DCM solution.
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Figure S25: Absorption Spectrum of 6 measured in DCM solution.
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Figure S26: Absorption Spectrum of 1i measured in DCM solution.
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Figure S6. "’Se NMR spectrum of compound 3.
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Figure S$18. **C NMR spectrum of compound 7.
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Figure $26. *H NMR spectrum of compound 9a.
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Figure $30. *C NMR spectrum of compound 9b.

ll]

150

200




[e2]
- ~
o
u 0
wn
W _|
e Se
| / Br
o HO
m_
o_
B T T T T I T T T T I T T T I T T T T I T T T T I T T T T I
800 700 600 500 400 300 [ppm]
Figure S31. ""Se NMR spectrum of compound 9b.
@' ]
__ 8NN\-OMNNQ?MO’JNN\-\—OOQQ@
OO0 WL < =N =
- 000503 05 I P s PP P P I P I S H
] I S S Yy OO | ol B2 a8
| O 4 N
o ] Se / <
- | / R { P
i Br hE ‘
1 1 L
o I I 1 W )
m_
o | N - 1 iAo
hoy o |
] & 4§
- IF
| T T T I T T T T T T | T T T I T T T |
10 8 4 2 [ppm]

Figure $32. *H NMR spectrum of compound 10a.
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Figure S34. ""Se NMR spectrum of compound 10a.
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Figure $36. *C NMR spectrum of compound 10b.
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Figure S1. *H NMR spectrum of compound 3a.
—_
E -
= @ O TOWOMO
— N QM OaOND 2 4 =3
- 9 €9+ 03 09 <F QOO LD 03 O < © “
i © <t O HNNNNN ~ - <
- T T T T T T T M~ w -
w _|
- -
o
hn -
- gé COOEt
m_
o
- U
w ]
1 -
- | T T | T T T | T T T T | T T T T |
150 100 50 [ppm]

Figure S2. 3C NMR spectrum of compound 3a.
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Figure S4. *H NMR spectrum of compound 3b.
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Figure S6. "Se NMR spectrum of compound 3b.
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Figure S22. *H NMR spectrum of compound 5b.
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Figure S26. *C NMR spectrum of compound 5c.
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Figure $32. *C NMR spectrum of compound 6b.
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Figure S34. "H NMR spectrum of compound 6c.
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Figure S38. *C NMR spectrum of compound 8a.
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Figure S44. *C NMR spectrum of compound 8c.
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Figure S46. *H NMR spectrum of compound 12a.
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Figure S50. **C NMR spectrum of compound 12b.
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Figure S52. "H NMR spectrum of compound 12c.
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Figure S56. *C NMR spectrum of compound 9a.
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Figure S58. *H NMR spectrum of compound 9b.
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Figure S60. ""Se NMR spectrum of compound 9b.
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Figure S62. *C NMR spectrum of compound 9c.
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Figure S64. 'H NMR spectrum of compound 13a.
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Figure S$68. *C NMR spectrum of compound 13b.
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Figure S69. ""Se NMR spectrum of compound 13b.
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Figure S70. *H NMR spectrum of compound 13c.
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Figure S72. ""Se NMR spectrum of compound 13c.
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Figure S74. *C NMR spectrum of compound 10a.
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Figure S76. "H NMR spectrum of compound 10b.
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Figure S77. *C NMR spectrum of compound 10b.
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Figure S78. ""Se NMR spectrum of compound 10b.
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Figure S82. 'H NMR spectrum of compound 14a.
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Figure S84. ""Se NMR spectrum of compound 14a.
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Figure S87. ""Se NMR spectrum of compound 14b.
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Figure $88. 'H NMR spectrum of compound 14c.
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Figure S90. ""Se NMR spectrum of compound 14c.
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Figure S91. *H NMR spectrum of compound 7a.
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Figure S92. *C NMR spectrum of compound 7a.

353




[rel]
|

495.61

1 O

15

10

800 700 600 500 400 300 [ppm]

Figure S93. ""Se NMR spectrum of compound 7a.
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Figure S95. *C NMR spectrum of compound 7b.
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Figure S96. ""Se NMR spectrum of compound 7b.
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Figure S101. *C NMR spectrum of compound 7c.
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Figure S102. "’Se NMR spectrum of compound 7c.
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Figure S104. *H NMR spectrum of compound 11b.
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Figure S106. *H NMR spectrum of compound 11c.
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Figure $108. *H NMR spectrum of compound 15.
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Figure $109. *C NMR spectrum of compound 15.
5
ll ] m
0
1 o
i o
[[+]
2 s
1 /\
i —
] Se  S>71Ms
o]
m p—
° WMWMMWWWWW

800 700 600 500 400 300 [ppm]

Figure $S110. "’Se NMR spectrum of compound 15.
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Figure S112. *C NMR spectrum of compound 16.
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Figure S113. "’Se NMR spectrum of compound 16.
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Figure S114. *H NMR spectrum of compound 17.
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Figure S115. **C NMR spectrum of compound 17.
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Figure S116. "’Se NMR spectrum of compound 17.
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Figure S117. HH COSY NMR spectrum of compound 17.
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Figure S118. HMBC NMR spectrum of compound 17.
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Figure S120. *H NMR spectrum of compound 18.
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Figure S121. **C NMR spectrum of compound 18.
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Figure S122. "’Se NMR spectrum of compound 18.
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Figure S123. *H NMR spectrum of compound 19.
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Figure S124. *C NMR spectrum of compound 19.
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Figure S125. "’Se NMR spectrum of compound 19.
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Figure S126. *H NMR spectrum of compound 20.
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B) Absorption Spectra of 17 and 20
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Figure S127: Absorption Spectra of 17 and 20.
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Figure S128: Cyclic voltammetric measurements of 17 and 20.
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D) Thermal Analysis

a. TGA Measurement

Mass [%]

T T T T
200 300 400 500
Temperature [°C]

T
100

Figure S129: Thermogravimetric analysis of compounds 7a, 7b and 7¢ in the temperature range 50-550 °C

under a stream of dry nitrogen with a heating rate of 10 K/min.

b. DSC Analysis
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Figure S130: Two DSC heating/cooling cycles of compounds 7a, 7b and 7¢ under a stream of dry nitrogen with

a heating/cooling rate of 10 K/min.
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E) DFT Calculations

Figure S131: HOMO (bottom) and LUMO (top) of BTTE.

s

Qeod@e)y sesesens

Figure S132: HOMO (bottom) and LUMO (top) of 7a.
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Figure S133: HOMO (bottom) and LUMO (top) of 7b.

Figure S134: HOMO (bottom) and LUMO (top) of 7c.
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Figure S135: HOMO (bottom) and LUMO (top) of 11a.

Figure S136: HOMO (bottom) and LUMO (top) of 11b.
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Figure S137: HOMO (bottom) and LUMO (top) of 11c.

Figure S138: HOMO (bottom) and LUMO (top) of 17.
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Figure S139: HOMO (bottom) and LUMO (top) of 20.
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A)NMR Spectra
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Figure S1. Proton NMR spectrum of compound 6¢.
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Figure S2. Carbon NMR spectrum of compound 6¢.
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Figure S3. Proton NMR spectrum of compound 6e.
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Figure S4. Carbon NMR spectrum of compound 6Ge.
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Figure S6. Carbon NMR spectrum of compound 6f.
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Figure S8. Carbon NMR spectrum of compound 6g.
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Figure S10. Carbon NMR spectrum of compound 6h.
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Figure S12. Carbon NMR spectrum of compound 6i.

387




[rel]

WO O=IITNTD
e MO0

000 MMM

N N

73
bl

0| ] %= 3 8O =2
= | NO, ] Vi \ Y ¥
wn — N02 ] ‘J:Lr | . IS.L‘ | |f:";| [ JZ.L .

. 8.0 75 7.0 [ppm]
° o | |one N

- 8 |lo -|©

- §8 5

T I T T | T T T I T | T | T T I
10 8 6 4 2 [ppm]
Figure S13. Proton NMR spectrum of compound 6j.
.g.__ O MM MWK
Q@O QK 3 e
- =<0 OWN ~ N
D=IO NN - ~

- T e [+] M~

- Y S '
0 _
o]
m p—
o

A T T I T T T I T T T T I T T | T T T

200 150 100 50 [ppm]

Figure S14. Carbon NMR spectrum of compound 6j.
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Figure S16. Carbon NMR spectrum of compound 6k.
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Figure S18. Carbon NMR spectrum of compound 61.
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Figure S20. Carbon NMR spectrum of compound 8c.
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Figure S24. Carbon NMR spectrum of compound 8f.
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Figure S28. Carbon NMR spectrum of compound 2.
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Figure S30. Carbon NMR spectrum of compound S2.
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Figure S32. Carbon NMR spectrum of compound S3.
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Figure S33. Absorption Spectra of Solid Samples
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Figure S34. Emission Spectra of Solid Samples
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C) HOMO/LUMO plots of S1-3

Figure S36. HOMO (bottom) and LUMO (top) of S1
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Figure S37. HOMO (bottom) and LUMO (top) of S2
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Figure S36. HOMO (bottom) and LUMO (top) of S3
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1. Synthetic Part

1.1. General procedures and methods.

All reactions were performed in oven-dried glassware. Reagents were purchased from
common commercial sources and used without further purification. Anhydrous solvents were
prepared by filtration through drying columns. Column chromatography was performed on
silica 60 (Merck, 40-63 pym) using distilled solvents as given. Melting points were determined
using Kofler apparatus and were not corrected. Experiments under microwave irradiation

were performed in a Biotage Initiator Sixty microwave reactor.

NMR spectra were recorded at 400 MHz for *H and 100 MHz for **C on a Bruker Avance
DRX-400 Spectrometer for all target compounds as well as isomerization experiments and at
200 MHz for *H and 50 MHz for **C on a Bruker Avance 200 for intermediates. Data for *H
NMR are reported as follows: chemical shift in parts per million from TMS (tetramethylsilane)
with the residual solvent signal as an internal reference (CDCl; & = 7.26 ppm, CD,Cl, 6 =
5.32 ppm) multiplicity (s = singlet, d = doublet, t = triplet and m = multiplet), coupling constant
in Hz and integration. **C NMR spectra are reported in ppm from TMS using the central peak
of the solvent as reference (CDCl; & = 77.0 ppm, CD,Cl, & = 54.0 ppm); multiplicity with
respect to proton (deduced from APT experiments, s = quaternary C, d = CH, t = CH,, q =

CHs).

The absorption spectra were recorded on a Perkin Elmer Lambda 750 using Suprasil glass

cuvettes. The measurements were performed of sample solutions in dry THF (5 uM) at rt.

Thermogravimetric analyses (TGA) were performed on a Netzsch Iris TG 209 C with a 414
TASC controller in Al,O3 crucibles using a heating rate of 5 °C/min in nitrogen atmosphere.

Data processing was achieved using Proteus Analysis software.

406



1.2. Spectral Data (*H-, **C(APT)- NMR spectra).
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Spectrum 1.8. **C NMR (50 MHz, CDCl3) of compound 3ca.
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Spectrum 1.12. **C NMR (100 MHz, CDCl;) of compound 8ba.
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Spectrum 1.20. *C NMR (100 MHz, CD,Cl,) of compound 4bc.
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Spectrum 1.26. **C NMR (100 MHz, CD,Cl,) of compound 9ba.
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Spectrum 1.34. **C NMR (100 MHz, CD,Cl,) of compound 5bb.
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Figure S6. "’Se NMR (114 MHz, CDCls) of compound 3b.

438




[rel]

20

15
1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1

10

-0 VOO by WL ¢
MR Ao oo o N
M OO0 © NN
Yo ﬁw |
N ~
74 | 4 kR =i
72 :
Se o]
/ ]
e_.. _._J‘ L L JMLJ ]
] B B & B
! 7‘3 T 7‘5 T 7‘4 T 7‘2 T 17n T s's ! [:]pn;]

8 6 4 2 [ppm]
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2. Crystallographic Part.

Data Collection.

A suitable crystal of the title compound 3a was mounted on a Bruker APEX Il diffractometer
equipped with a CCD detector. Intensity data was recorded at 100 K in a dry stream of nitrogen. Five
independent sets were collected in ®- and ¢-scan modes with 0.5° rotation width optimized for
completeness and redundancy. In total 1865 frames were recorded. More details of the data collection

are summarized in Table 1.

Table 1. Details of single crystal data collection and structure refinement of 3a.

Diffractometer Bruker SMART APEX Il
Radiation; 1/ A Mo Ka; 0.71073
Temperature / °C -173
Crystal colour; shape clear colourless rod
Space group, no. P2,2,2
Formula units Z 4
a/A 5.7537(6)
b/A 9.6831(11)
c/A 20.806(2)
V/A? 1159.2(2)
Sum formula C13H13NOSe
Formula weight 278.2
w/ mm? 3.216
X-ray density / g-cm™ 1.5942
Range Omin- Omax 1.96 — 35.02
Range h 9-9

k -15—-15

| -33—- 33
Measured reflections 9418
Independent reflections 5102
Obs. Reflections [I>34(1)] 4653
Ri 0.034
Absorption correction SADABS
Number of parameters 146
Diff. elec. dens. max; min [e-- A”] 0.80; -0.66
R[F>30(F)] 0.03
wR(F* all) 0.03
GooF 1.52
Flack Parameter 0.018(7)
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Table 2. Details of single crystal data collection and structure refinement of 3b.

Diffractometer Bruker SMART APEX I
Radiation; 1/ A Mo Ke; 0.71073
Temperature / °C -173
Crystal colour; shape clear colourless rod
Space group, no. P21/c
Formula units Z 4
a/A 16.1452(14)
b/A 5.7016(6)
c/A 13.9322(17)
V/A? 1278.8(2)
Sum formula C14H15sNO,Se
Formula weight 308.2
w/ mm? 2.929
X-ray density / g-cm™ 1.6011
Range Omin- Omax 25-33.1
Range h -24 — 24

k -8—8

| -18 —» 21
Measured reflections 23919
Independent reflections 4902
Obs. Reflections [I>34(1)] 3517
Ri 0.0464
Absorption correction SADABS
Number of parameters 163
Diff. elec. dens. max; min [e-- A”] 0.54; -0.41
R[F>30(F)] 0.03
wR(F? all) 0.04
GooF 1.46
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Table 3. Details of single crystal data collection and structure refinement of 3c.

Diffractometer Bruker SMART APEX Il
Radiation; 1/ A Mo Ke; 0.71073
Temperature / °C -173
Crystal colour; shape clear colourless rod
Space group, no. P21/c
Formula units Z 4
a/A 11.2380(11)
b/A 8.1845(8)
c/A 15.8230(15)
V/A? 1402.6 (2)
Sum formula C15sH15N,OSe
Formula weight 321.3
w/ mm? 2.671
X-ray density / g-cm™ 1.5214
Range Omin- Omax 2.7-26.9
Range h -15—15

k -11-11

| -22 — 22
Measured reflections 32369
Independent reflections 4112
Obs. Reflections [I>34(1)] 2904
Ri 0.064
Absorption correction SADABS
Trans. Coef. Trin; Tmax 0.98; 0.55
Number of parameters 172
Diff. elec. dens. max; min [e-- A'3] 1.18; -0.46
R[F>30(F)] 0.04
wR(F? all) 0.05
GooF 2.00
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Table 4. Details of single crystal data collection and structure refinement of 3d.

Diffractometer Bruker SMART APEX II
Radiation; 1/ A Mo Ke; 0.71073
Temperature / °C -173
Crystal colour; shape clear orange rod
Space group, no. P21/c
Formula units Z 8
a/A 32.3533(5)
b/A 5.6801(2)
c/A 13.9649(11)
V/A? 2512.56(2)
Sum formula C13H12N,0O3Se
Formula weight 323.2
w/ mm? 2.994
X-ray density / g-cm™ 1.7083
Range Omin- Omax 1.3-30.2
Range h -45 — 45

k -7—8

| -19 - 19
Measured reflections 64501
Independent reflections 7363
Obs. Reflections [I>34(1)] 5832
Ri 0.0584
Absorption correction SADABS
Trans. Coef. Trin; Tmax 0.89; 0.78
Number of parameters 344
Diff. elec. dens. max; min [e-- A'3] 1.34; -3.20
R[F>30(F)] 0.06
WR(F? all) 0.07
GooF 2.80
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Molecular Structure of 3b-d

Figure S13: Molecular structure of 3b; viewed normal (a, top) and parallel (b, bottom) to the

molecular plane. C, N, O and Se atoms are represented by grey, blue, red and orange, respectively.

Figure S14: Molecular structure of 3c; viewed normal (a, top) and parallel (b, bottom) to the molecular

plane. C, N, O and Se atoms are represented by grey, blue, red and orange, respectively.

Figure S15: Molecular structure of 3d; viewed normal (a, top) and parallel (b, bottom) to the molecular

plane. C, N, O and Se atoms are represented by grey, blue, red and orange, respectively.
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Structure Solution and Refinement.

Frames were integrated using SAINT PLUS' and absorption correction was performed using a multi-
scan approach with SADABS.* The lattice parameters and systematic extinctions clearly indicated
orthorhombic space group P2,2,2; of 3a and P2;/c of 3b-d. The crystal structures were solved by
charge-flipping using SUPERFLIP.> All C, N, S and Se atoms were located in the resulting electron
density map. The structure was refined with JANA2006.® The protons were located in subsequent
difference Fourier maps and refined without restraints or constraints. In the final refinement steps, all

non-H atoms were refined anisotropically.

3. Powder SHG Studies

Microcrystalline material was prepared from originally synthesized single crystal needles with an
agate mortar, placed between two glass slides, and exposed to pulses from a Q-switched Nd:YAG
Laser (wavelength 1064 nm, 10 ns pulse duration and 10 Hz repetition rate, focal area approximately 1
mm?). The SH radiation transmitted through the 0.2 mm thick sample was separated from the
fundamental radiation by glass filters and analyzed by a monochromator, photomultiplier tube and

boxcar averager.
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Figure S18. Carbon NMR spectrum of compound 14.
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Figure S22. Carbon NMR spectrum of compound 18.
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g
= THNO 0 OO w
MOW— O ®ONNTO ~ [-] =0 N w
E BWWe 0 OOH-OWN W < QM= o =
s O CIONNONNN - -4 WNNG © =
4 e e rrreee e w Moo o -
w | I e A P | [ |
w
4 CeH13 CeH13
. O e O
e
- SeSstaly
w CeHis CeHis
© 1w | | | l .
w_|
et T T T T T T T T T T T T T
200 150 100 50 [ppm]

Figure S24. Carbon NMR spectrum of compound 20.
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Figure S27. Proton NMR spectrum of compound 22.
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Figure S28. Carbon NMR spectrum of compound 22.
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Figure S29. Proton NMR spectrum of compound 24.
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Figure S30. Carbon NMR spectrum of compound 24.
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Figure S31. Proton NMR spectrum of compound 26.
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Figure S32. Carbon NMR spectrum of compound 26.
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Figure S33. Proton NMR spectrum of compound 28.
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Figure S34. Carbon NMR spectrum of compound 28.
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Figure S35. Proton NMR spectrum of compound 30.
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Figure S36. Carbon NMR spectrum of compound 30.
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B) 2PA Screening Tests
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Figure S39. 2PIP structuring test of 26 (left) and 30 (right).
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C)
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Figure S40. Emission spectra of all target compounds.
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