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Abstract

Abstract

The concept of nanoscience was introduced at the talk entitled “Plenty of Room at the Bot-
tom” by Richard Feynman, the father of nanotechnology, in 1959. Nanoscience is an interdiscipli-
nary field and involves biology, chemistry, material science, and physics. The electrical, optical,
magnetic, and mechanical properties of materials change as we move from macro- to the nanoscale
and, thus, allow us to design new functional nanomaterials with tailor-made properties. One of the
approaches to nanoscale materials, varying in size between 1 and 100 nm, is the so-called “bottom-
up” approach. Because of the great potential of nanodevices, they are of interest for industrial ap-
plications and, so far, billions of dollars have been invested into this field of research. The focus of
this doctoral thesis was the synthetic aspect of new functional materials with tailor-made optical
properties. All of the synthesized model compounds have one characteristic in common: they con-
tain a naphthalene diimide (NDI) unit within their structure. The three objectives of this doctoral
thesis are described in Chapter 2, while the introductory Chapter 1 explains (a) the chemical and
(b) the optical properties of the NDI-derived compounds, and (c) the techniques to measure these
properties at the nanoscale level. Each objective is described in more detail in Chapters 3-5 and
the obtained results are discussed. Finally, the results are summarized in Chapter 6. In detail:
Chapter 1 provides an introduction to five topics (1) Cyclophanes, (2) Energy Transfers, (3)

Naphthalene Diimides, (4) Molecular Electronics, and (5) Photoswitchable Phanes as
Molecular Switches.

Chapter 2 describes the three objectives of this doctoral thesis, which are to investigate (a) the
influence of the reduced motional freedom of the core substituents in a NDI-phane
with two fixed bridges on the photoinduced charge transfer, (b) the photoinduced
charge transfer in a linear cNDI integrated into a squeezable break junction, and (c)
photoswitchable NDI-phanes as potential molecular switches.

Chapter 3 describes the design, synthesis, and characterization of a series of molecular figure-of-
eight derivatives as well as their transient-absorption spectra, which are compared
with that of the reference compound.

Chapter 4 describes the design, synthesis, and characterization of linear core-substituted NDIs
and their subsequent integration into squeezable break junction setups to investigate
photoinduced charge transfers.

Chapter 5 describes the design, synthesis, and characterization of photoswitchable NDI-phanes,
as well the deposition of such NDI-phanes on a Ag (111) surface and the UV /Vis stud-
ies of the photoinduced isomerization processes.

Chapter 6 gives a summary of the obtained results of this thesis and provides an outlook

Chapter 7 provides the experimental details, including the characterization of all compounds de-

scribed throughout the thesis.
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Introduction

1 Introduction

The following introduction is divided into five sections (1) Cyclophanes, (2) Energy Transfers,
(3) Naphthalene Diimides, (4) Molecular Electronics, and (5) Photoswitchable Phanes as Molecular
Switches. These five topics are closely related to the main objectives of this thesis to investigate
(a) the general assembly of various linear core-substituted naphthalene diimides (cNDIs) and NDI-
phanes, (b) the influence of the reduced motional freedom of the core substituents in a NDI-phane
with two fixed bridges on the photoinduced charge-transfer process (c) the photoinduced charge
transfer in a linear ¢cNDI integrated into a squeezable break junction, and (d) photoswitchable

NDI-phanes as potential molecular switches.

1.1 Cyclophanes

The aim of this chapter is to provide an insight into the history of cyclophanes and give exam-
ples of important cyclophanes. In a further step, the basic principle of m-interactions is explained
and followed by the introduction of general methods for the successful assembly of (cyclo)phanes.
In addition, different nomenclatures for naming (cyclo)phanes are described and the chapter is
finally closed after a detailed tutorial on how the tailor-made target compounds of this doctoral

thesis are named.

1.1.1 History, Synthesis, and Properties of Cyclophanes

Cram and Steinberg!!! established the class name cyclophane for compounds consisting of an

arene motif in which two positions are bridged by an aliphatic chain, forming a cycle (n > 1) seen

arene motif
aliphatic bridge
CHLk P o

Figure 1 General concept of cyclophane.

in Figure 1.

The history of cyclophanes started in 1899 with the successful synthesisi? of [2.2]metacyclo-

phane 1 (Scheme 1a) by Pellegrin.

@ Na O

2 1
(b) 506 © B ™Y
O--O-==0g1 -
Br:
4 6 3 5

Scheme 1 Synthesis of: (a) [2.2]metacyclophane 1 by an intramolecular Wurtz reaction, (b) [2.2]paracyclophane 3
by pyrolysis, and (c) [2,2]paracyclophane 3 by Wurtz reaction.

l|page
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He was able to assemble [2.2]metacyclophane 1 via an intermolecular Wurtz reaction of
1,3-bis(bromomethyl)benzene (2) with molten sodium. Next milestone and the beginning of the
modern era of cyclophane history was the synthesis of [2.2]paracyclophane 3 (Scheme 1b) by
Brown and Farthing®® in 1949. They were able, albeit non-selectively, to synthesize 3 by pyrolysis
of 1,4-dimethylbenzene (4) at 550 °C. In 1951, Cram and Steinberg!! reported the first rational
synthesis of 3, as illustrated in Scheme lc¢, by an intramolecular Wurtz reaction of 1,2-bis(4-
(bromomethyl)phenyl)ethane (5) with molten sodium. Cram and Craml studied the influence of
strain and the intermolecular interaction between the two m systems, also referred to as n—m inter-
actions, in this three-dimensional aromatic molecule. Cyclophane 1 and 3 are perfectly suited to
study m—m interactions for two reasons. Firstly, the arene motifs have well-defined relative orienta-
tions and, secondly, the arene motifs are held in close proximity to each other on the basis of the
short aliphatic bridge. In detail, the arenes in cyclophane 1 and the arenes in cyclophane 3 have
sandwich arrangements, also referred to as face-to-face conformations. Two benzene rings, %% as
displayed in Figure 2, can interact in four possible arrangements, such as (a) face-to-face, (b) edge-
to-face, (c) parallel displaced, and (d) T-shaped. The lowest-energy conformation is continually
being discussed!'>!! in the literature. Nevertheless, Tsuzuki et al.l'!l calculated the most important
intramolecular interaction energies (Eioa) in hexafluorobenzene-benzene and benzene-benzene ar-
rangements. A hexafluorobenzene—benzene arrangement is predicted to have a parallel displaced
(Eiotar = —5.38 kcal/mol) or a sandwich (Eia = —5.07 kcal/mol) orientation compared to a parallel
displaced (Eiots = —2.48 kcal/mol) or a T-shaped (Eia = —2.46 kcal/mol) orientation in a benzene
dimer. The increased stability of the hexafluorobenzene—benzene arrangement is attributed to elec-
trostatic and dispersion interactions. In case of the benzene—benzene dimer, only electrostatic in-
teractions are stabilizing the T-shaped geometry and, vice versa, dispersion interactions enhance

the stability of the parallel displaced arrangement.

(a) (b) (c) (d)
0" o0
5 H

Figure 2 The four possible arrangements of two benzene rings: (a) face-to-face, (b) edge-to-face, (c) parallel dis-

placed, and (d) T-shaped.

The latest review in this field by Iverson et al.l'’ is very interesting and is entitled “Rethinking
the term pi-stacking”. According to the authors the terms “z—r interactions” and “m—m stacking”
are used misnomers in literature and do not describe precisely the forces of a particular interaction.
The reader can as well misleadingly connect these terms to a “face-to-face arrangement”. Conse-
quently, these terms should not be used anymore and be replaced by more precise terms.

Moreover, an aromatic unit can have non-covalent interactions with an anion or a cation based

on their m-acidity and n-basicity, respectively. Most aromatic moieties are m-basic with the electron

2| page
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clouds above and below an electron-deficient aromatic plane, as seen in Figure 3a, implying a nega-
tive permanent quadrupole moment ((@,,). Benzene has @Q,, = 8.5 Bl (B corresponds to Bucking-
ham) and pyrene has @, = —13.8 B.l'/ An inverted permanent quadrupole moment, caused by the
differences in electronegativity for hydrogen and fluorine relative to carbon and indicated by the

plus sign, is observed in hexafluorobenzenel'” with @,, = +9.5 B as displayed in Figure 3b.

|
CeHe CeFs

Figure 3 A schematic representation of (a) the permanent quadrupole moment in benzene, and (b) the inverted

permanent quadrupole moment in hexafluorobenzene.

An anion-m interaction is a non-covalent contact between an electron-deficient aromatic sys-
tem (a m-acidic compound, such as hexafluorobenzene) and an adjacent anion (e.g., a chloride ani-
on). Likewise, a cation-m interaction is a non-covalent contact between an electron-rich aromatic
system (a 7m-basic compound, such as benzene) and an adjacent cation (e.g., a sodium cation). Both
interactions are a subclass of m-interactions to which (a) polar-m interactions, (b) metal-n interac-

(131617 pa_

tions, (c¢) m—m interactions, and (d) m-donor-m-acceptor interactions are counted. Studies
vealed that cation—n interactions are usually dominated by electrostatic (nature of the cation),
solvatic (nature of the solvent), electronic (nature of the substituent on the aromatic moiety), and
geometric (distance and geometry of both protagonists) contributions. In case of anion—n interac-
tions, the contributions are reversed compared to cation—m interactions. The cation—n interaction
can be used, for instance, in cyclophane host-guest chemistry as demonstrated™ by the group of
Dougherty. By employing such interactions, they were able to perform the alkylation of quinolones
in the presence of a cyclophane 8000 times faster than without a cyclophane, which facilitated the
reaction rate as catalyst.

A next milestone in the history of cyclophanes was the successful synthesis (Figure 4) of the

fully bridged [2g]cyclophane 7, also known as superphane, by Schirch and Boekelheide!" in 1979,
followed by the preparation of [1.1]paracyclophane 8 by the group of Tsuji? in 1993.

o 5 G ]

Figure 4 A series of important synthesized cyclophanes.

Not only the distance of the aliphatic bridge can be altered from narrow to wide as described

above, but also the arene motifs (Figure 4) can be tailored leading to [2.2](2,6)naphthalenophane
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9,121 [2.2](2,7)anthracenephane 10,2 and [2.2](2,7)pyrenophane 11.232'2] The concept of bridged
aromatic compounds was adapted onto the synthesis of various cavitands, crown ethers, cryptants,
and molecular machines. Most of these structures belong to the family of phanes. From the syn-
thetic point of view, there are a few criteria that should be considered to successfully assemble
macrocycles (1) the synthesis of a molecular building block should involve just a few bond-
formation steps to increase the overall yield; and (2) during the cyclization step, minimize or even
prevent polymerization as a side reaction. Point (2) can be addressed by using (a) high-dilution

principle or (b) template effect:

(a) The high-dilution principle, also known as Ruggli-Ziegler dilution principle,? favors cy-
clization over polymerization. This implies that the concentration of the reaction mixture
must be in the range of 1 to 50 mM. A high-dilution synthesis can be achieved either by
dissolving the starting material in a large amount of solvent or by slow addition of the re-
actant over hours or days with a syringe pump to the reaction flask. The latter is called
pseudo-high-dilution principle and has one major drawback, namely, it is difficult to keep
the reaction mixture strictly under an inert atmosphere. Oxygen or moisture may enter to
the reaction flask and influences its outcome in a disadvantageous way.

(b) Template effect is a very powerful tool to generate macrocycles of a specific size, as beauti-
fully demonstrated by Anderson’s?"?230 porphyrin nanorings, Leigh’sP!323334 knots, and
Stoddart’si36:37:38] sypramolecular structures. The specific interactions of the intermediate
components with the reactant during the assembly reaction form the basic principle behind
the template effect. The use of template thus allows for a size control of the macrocycle in

most cases.

1.1.2 Nomenclatures of Phanes

The concept of Cram and Steinberg was further developed by Smith and Schubert, and in
1972, a subcommittee of the International Union of Pure and Applied Chemistry (IUPAC) Com-
mission on the Nomenclature of Organic Chemistry (CNOC), consisting of Hirayama, Kaufmann,
and Vogtle,[! started their pioneering work to establish a nomenclature of cyclophanes. This objec-
tive arised because many authors had used different nomenclature principles to name their cy-
clophanes. Meanwhile, Vogtle and Neumann envisioned to extend and systematize the work of
Cram, Schubert, and Smith and developed their own nomenclature system, also referred to as
phane nomenclature. They used the term phane for every compound having at least one homo- or
heteroaromatic moiety and at least one n-membered bridge (n > 0). Therefore, the class of phanes
(Figure 5; X corresponds to NH, S, O, to name a few) can be divided into three subclasses (a) cy-

clophanes (benzophanes, in the case when the aromatic moiety is benzene); (b) heterophanes, in
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the case when the aromatic moiety bears a heteroatom, for instance, pyridine; and (c) het-

eraphanes, in case when the heteroatom is in the aliphatic chain.

:[CHZ]]:n <C(|'E>n> ;CHz

Figure 5 Three subclasses of phanes: (a) benzophanes, (b) heterophanes, and (c) heteraphanes.

Two sets of numbers are put in front of the name that carries the suffix -phane (a) the num-
bers in the brackets indicate the length of the bridge, and (b) the numbers in the parentheses de-
fine the substitution pattern of the aromatic unit. If the term ortho, meta, or para is used to de-
scribe the substitution pattern of the aromatic motif, then the parentheses can be omitted. In case
of cyclophanes bridged multiple times, the number of equally bridged units can be denoted by the
number in subscript to the number in the parentheses. For example, superphane has six equal
ethyl bridges and is therefore named [2g]cyclophane. According to the phane nomenclature,
[2.2]paracyclophane is named [2;]paracyclophane or [2.2](1,4)cyclophane 3 (Figure 7a).

In 1979, N. Lozac’h et al.’* reported a tutorial for the nodal nomenclature. The term nodal is
derived from the Latin word nodus, which means knot. The general concept of the nodal system is
the node principle. According to which, each arene moiety is collapsed to a superatom that is rep-
resented as a node. These nodes are then connected, numbered, and named as an acyclic chain. In
the case of [2.2]metacyclophane 1, the node simplification will result in a cyclohexane skeleton
(Figure 6). The collapsed nodes are referred to as prefixes derived from the names of the corre-
sponding arenes by changing their terminal letter -e to -a. (e.g, benzena) and added to the paren-
theses, where the substitution pattern of the arene is defined. The substitution pattern of the arene
is put in front of the parentheses, followed by the acyclic chain name, whose terminal letters -ne
are omitted. Finally, the suffix -nodane is added and the structure has its nodane name, for exam-

ple, 1,4-di(1,3-benzena)cyclohexanodane 1.

(3—0

Figure 6 The node principle for naming 1,4-di(1,3-benzena)cyclohexanodane 1

The major advantage of the nodal and phane nomenclatures over the IUPAC nomenclature is
the simplified naming of complex macrocycles as illustrated in Figure 7. The structure, as drawn in
Figure T7a, is called according to the (a) phane nomenclature [2.2]paracyclophane, [2:]paracyclo-
phane, or [2.2](1,4)cyclophane; (b) nodal nomenclature 1,4-di(1,4-benzena)cyclohexanodane; and
(¢c) TUPAC nomenclature 1,4(1,4)-dibenzenacyclohexaphane (3). The more complex structure, as
seen in Figure 7b, is known according to the (1) phane nomenclature as [2.2](1,4)-naphthaleno-

phane; (2) nodal nomenclature as 1,4-di(1,4-naphthalena)cyclohexanodane; (3) old IUPAC nomen-
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clature as 6,7,14,15-tetrahydro-5,16:8,13-diethenodibenzo|a,g]cyclododecene; and (4) new IUPAC

nomenclature as 1,4(1,4)-dinaphthalenacyclohexaphane (12).

(@) (b)

3

Figure 7 Two examples of naming phanes according to different nomenclatures, such as phane nomenclature,

nodal nomenclature, and IUPAC nomenclature.

Nevertheless, the CNOC decided not to use the phane or nodal nomenclature (IUPAC recom-

mendation) because they had developed their own nomenclature over the years.

1.1.3 Naming of Synthesized Naphthalene Diimide-Phanes

Within this doctoral thesis a modified nodal nomenclature is used for naming the synthesized
naphthalene diimide-phanes (NDI-phanes). In general, all the molecular backbones are named after
the ITUPAC nomenclature and implemented into the nodal nomenclature for naming polycyclic
systems.

According to this the molecular backbone of the molecular 8 derivatives (Figure 8a, X corre-
sponds to S, NH, or O; see Chapter 3) is named according to the ITUPAC nomenclature (Figure
8b), and results in case of (a) the 4,9-diphenylsulfanyl core-substituted NDI in 2,7-diphenyl-4,9-bis-
(phenylthio)benzo|lmn]|[3,8|phenanthroline-1,3,6,8(2H,7 H)-tetraone; (b) the 4,9-diphenylamino core-
substituted NDI in 2,7-diphenyl-4,9-bis(phenylamino)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone; and (c) the 4,9-diphenoxy core-substituted NDI in 2,7-diphenyl-4,9-bis(phenoxy)benzo-
[Imn][3,8]phenanthroline-1,3,6,8(2 H,7 H)-tetraone.

The rules N-3.1 to N-3.7 must be applied to name bicyclic phanes and out of these rules the
rules N-3.4 to N-3.6 are the most important ones. In detail, the rule N-3.1 defines a polycyclic
system, and the rule N-3.2 specifies that the main ring contains the greatest number of nodes. The
rule N-3.3 defines how to choose the main bridge, namely, it consists of the longest unbranched
chain of nodes. This rule can be omitted in our case because only bicyclic phanes were synthesized.
As already above-mentioned, the most important rules are N-3.4 to N-3.7 and are here cited®” as
written in the original publication:

“Rule N-3.4 The numbering of a polycyclic graph begins at one of the nodes of the main ring
to which the main bridge is attached (bridgehead) and proceeds in the direction that gives the lower
locant to the other bridgehead. The main bridge is numbered sequentially after the main ring, be-
ginning with the node of the main bridge connected to the node in the main ring having the locant
1. The secondary bridges are numbered successively in the same manner, beginning always with the

longest bridge (or one of the longest bridges) connected to nodes of the graph previously numbered.
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When there is a choice between two or more bridges of the same length, the first to be numbered is
the one attached to the node having the lowest locant in the part of the graph previously numbered.
Each bridge is numbered beginning with the node of the bridge connected to the node of the part of
the graph previously numbered having the lower locant

Rule N-8.5 The descriptor of a polycyclic graph consists of square brackets enclosing: (a) a
zero indicating the presence of a ring followed by an Arabic numeral indicating the number of
nodes in the main ring; (b) a period followed by Arabic numerals denoting the number of nodes in
each bridge, cited in the order of their numbering (see rule N-8.4); and (c) a pair of superscript
locants for each bridge numeral, separated by a comma and cited in increasing numerical order,
denoting the nodes in the part of the polycyclic graph already numbered to which each bridge is
attached

Rule N-3.6 When two or more alternative descriptors for a polycyclic graph can be derived be-
cause there is a choice for the main ring, main bridge, starting point and/or direction of number-
ing, Arabic numerals, in each descriptor, denoting the lengths of the bridges and the positions of
the bridges in the graph are compared term by term in the order they appear (see rule N-3.5).
The correct descriptor is the one with the preferred Arabic numeral at the first difference: if the
first difference corresponds to a bridge length, the preferred numeral is higher; if the first differ-
ence appears in a superscript numeral (locant), the preferred numeral is lower.

Rule N-3.7 The name of a polycyclic graph consists of: (a) a descriptive prefix, such as “bicy-
clo-", “tricyclo-", etc., indicating the number of rings in the ring system; (b) the descriptor derived
according to rules N-3.5 and N-3.6; (c) a multiplying prefiz dictating the total number of nodes;
and (d) the ending “-nodane”.”

In our case, the NDI backbone with the core substituents in the positions 4 and 9 and the im-
ide substituents in positions 2 and 7, as illustrated in Figure 8a, are collapsed to one node. After
applying all the above-mentioned rules, the name bicyclo[09.8"!|heptadecanodane results. Last but
not least, the arene substitution patterns of the four substituents on the NDI moiety must be de-
fined. Each phenyl motif, as seen in Figure 8a, has a meta-substitution pattern and, as a result, the
diction 3, 3', 3", and 3" (Figure 8b) can be used.

(a) (b)
15 16 3 4

17 2

Figure 8 Applying the nodal nomenclature for naming properly the molecular 8 derivatives.
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The name of a molecular 8 with a (a) 4,9-diphenylsulfanyl core substitution pattern is
1((3,3',3",3")-2,7-diphenyl-4,9-bis(phenylthio) benzo[lmn][3,8] phenanthroline-1,3,6,8(2 H,7 H)-tetra-
ona)bicyclo[09.8"!|heptadecanodane, also referred to as S,S-molecular 8; (b) 4,9-diphenylamino
core substitution pattern is 1((3,3',3",3")-2,7-diphenyl-4,9-bis(phenylamino)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7 H)-tetraona)bicyclo[09.81|heptadecanodane, also referred to as N,N-molecular
8; and (c) 4,9-diphenoxy core substitution pattern is 1((3,3',3",3"")-2,7-diphenyl-4,9-bis(phenoxy)-
benzo|lmn][3,8]phenanthroline-1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"1|heptadecanodane, — also  re-
ferred to as O,O-molecular 8.

In another objective, NDI-phanes with either a stilbene or an azobenzene switching unit were
synthesized. Similar to the previous example, the NDI moiety is collapsed to a node as well as the
stilbene and the azobenzene moiety, respectively, as illustrated in Figure 9a. The IUPAC name of
the NDI moiety, as seen in Figure 9b, is benzo[lmn]|[3,8|phenanthroline-1,3,6,8(2H,7 H)-tetraone,
and the IUPAC names of the azobenzene and stilbene moiety (Figure 9b) are (E)-1,2-diphenyldi-
azene and (E)-1,2-diphenylethene, respectively. By applying the same rules (N-3.4 to N-3.7), as
for bicyclic systems, the following two names resulted. In case of the NDI-phane with an azoben-
zene moiety, the target structure is called (FE)-1((2,7)-benzo[lmn][3,8]phenanthroline-1,3,6,8-
(2H,7H)-tetraona)-6((4,4")-1,2-diphenyldiazena)-4,8-dithiadecanodane, also referred to as NDI-
azobenzenophane, and in case of a NDI-phane with a stilbene moiety, the structure is called (E)-
1((2,7)-benzo[lmn]|[3,8]phenanthroline-1,3,6,8(2 H,7 H)-tetraona)-6((4,4')-1,2-diphenylethena)-4,8-di-

thiadecanodane, also referred to as NDI-stilbenophane.

(b) /%

X =N, or
X=C

Figure 9 Applying the nodal nomenclature for naming the NDI-azobenzenophane and NDI-stilbenophane.
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1.2 Energy Transfers

The aim of this chapter is to deliver an insight into energy and charge transfers and, therefore,
the two terms are first defined. Secondly, the Perrin—Jablonski diagram will be described in detail
to make the basic principles of the electronic states of a molecule and the transitions (energy trans-
fers) between them comprehensible for the reader. Later on, the shape of the absorption and fluo-

rescence spectra, and three examples of quenching processes of excited states are provided.

Energy transfer (ET) is defined® by the IPUAC “as the process by which a molecular entity
absorbs light and a phenomenon originates from the excited state of another molecular entity. In
mechanistic photochemistry the term has been reserved for the photophysical process in which an
excited state of one molecular entity (the donor) is deactivated to a lower-lying state by transfer-
ring energy to a second molecular entity (the acceptor) which is thereby raised to a higher energy
state. The excitation may be electronic, vibrational, rotational or translational. The donor and
acceptor may be two parts of the same molecular entity, in which case the process is called intra-
molecular enerqgy transfer”.

Whereas, the expression charge transfer (CT) is defined? by the IUPAC “as an electronic
transition in which a large fraction of an electronic charge is transferred from one region of a
molecular entity, called the electron donor, to another, called the electron acceptor (intramolecular
CT) or from one molecular entity to another (intermolecular CT). Typical for donor-acceptor
complexes or multichromophoric molecular entities. In some cases the charge-transfer absorption

band may be obscured by the absorption of the partners”.

1.2.1 Perrin—Jablonski Diagram

An electron of a molecule in its ground states (So) can be excited very fast (101° s) by the ab-
sorption of a photon to an excited state (Si, Ss, and S3). The different excited states are denoted by
the number in subscript and the different vibrational excited levels are indicated by the number in
superscript, for example, S;,, with m = 0-3 and n = 0-3. If a molecule contains m-electrons from
aromatic motifs (i.e., benzene, anthracene, pyrene, etc.) or n-electrons from functional groups (i.e.,
ketones, esters, double bonds, halogens, etc.), it can be excited as well. In principle, an electron is
transferred from its highest occupied molecular orbital (HOMO) to its lowest unoccupied molecular
orbital (LUMO). The transition, for example, of a non-bonding electron from the HOMO to its
LUMO is denoted by n — n*. The energy of such a transition increases in the following order:
nont*<ntort<n—oo*<o—on*<o— or

There are two general rules (a) the longer is the m-electron system, the lower is the energy of
the m — n* transition and, consequently, the larger is the wavelength of the absorption band; and

(b) the most likely transitions are the n — 7* and m — 7* transitions.
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The release of the absorbed energy and the simultaneous relaxation of the electron to the
ground state, also known as emission, can either occur by a non-radiative or a radiative transition
via photoluminescence (including fluorescence or phosphorescence). Photoluminescence is a sub-
class of luminescence, also referred to as cold light. Because the phenomenon is not a result of heat
(the opposite phenomenon is called incandescence), it is also known as cold light. The word lumi-
nescence is derived from the Latin word lumen, which means light.

As seen in Figure 10, the Perrin—Jablonski diagram*! illustrates (a) the absorption and emis-
sion process of a photon, (b) the different electronic states of a molecule, (c) the different vibra-
tional levels of an electronic state, and (d) the transitions between them. To the class of non-
radiative transitions™ belongs (1) vibrational relaxation, (2) internal conversion (IC), and (3) in-
tersystem crossing (ISC). The vibrational relaxation with a lifetime of 102 to 10 % s takes place if
an electron relaxes to its lowest vibrational level in the same excited state, such as S% — S(f. The
resulting vibrational energy is transferred in solution either intra- or intermolecularly, leading to
vibrational modes in the excited structure or to the surrounding solvent molecules through colli-
sion. Internal conversion with a lifetime of 10 to 10 s is a non-radiative transition from a higher
to a lower excited state, for example, Sg — S%. The relaxation after absorption of a photon to the
lowest vibrational level of the first excited state, for example, S5 — SY, takes place in the timescale
of 10 to 10! s, and both internal conversion and vibrational relaxation are responsible for this
process. This process is normally completed before the fluorescence process starts. The internal

conversion of ) — S is very unlikely due to the large energy gap, but possible.!*4

2
S (1) vibrational relaxation
9 internal conversion (IC)
S, 1 W .
0 - intersystem crossing (ISC)
2..1‘
absorption Ty (1)

fluorescence

Ve /" Ve

phosphorescence

\hvvem

Figure 10 The Perrin—Jablonski diagram.

The radiative decay from an electronically excited singlet state to a singlet ground state
ST Sg is called fluorescence and has a much shorter lifetime (10° to 107 s) than phosphores-

cence (109 to 10° s). Intersystem crossing with a lifetime of 10 to 10® s is a spin forbidden and a
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non-radiative transition from an excited singlet state (paired electrons) to a triplet state (unpaired
electrons), namely, S(l] — TY. The spin forbidden radiative decay from an excited triplet state to a
singlet ground state is called phosphorescence and is unfavored. As a result of the very slow decay,
phosphorescence has a very long lifetime. Crossing between spin multiplicities is forbidden, but
spin—orbital coupling may be large enough and, therefore, possible. The ISC transition is only sig-

nificant in the presence of heavy atoms, such as Br, I, Pb, to name a few.

1.2.2 Absorption and Fluorescence Spectra

The Born—-Oppenheimer approximation states that the motion of electrons is much faster than
those of their nuclei. Thus, the transition from the ground to an excited state will most likely not
affect the position of a nucleus. The resulting excited state is referred to as Franck—Condon state
and the transition to the excited state is called vertical transition. As a consequence, the fluores-
cence spectrum appears often symmetrical to the absorption spectrum and is therefore like its mir-
ror image as shown in Figure 11. The term Stokes shift is named after its discoverer and represents
the difference in wavelengths of the band maxima (Au.x) of the absorption and emission spectra of
the same electronic transition. The phenomenon occurs when the emitted photon has less energy
than the absorbed photon. In such a case, this energy difference is called Stokes shift (Figure 11)
and, vice versa, anti-Stokes shift. Small Stokes shifts are generally observed in aprotic solvents and

large Stokes shifts in protic solvents.

Stokes shift

absorption emission

Absorbance [a.u.]

Wavelength [nm]

Figure 11 The Stokes shift and the illustrated mirror image of the absorption and emission spectra. Adapted from

the webpage indicated in the literature.[*l

There are some further terms, which must be introduced and defined. A shift to a longer wave-
length (lower frequency) is called bathochromic shift, or red-shift, and a shift to a shorter wave-
length is referred to as hypsochromic shift, or blue-shift. Such a shift can be caused, for instance, by
the use of different solvents (solvatochromism), or molecules with substituents which can influence
the absorption band maximum, to name a few. An increase in the molar absorption coefficient (&)

is called hyperchromic effect and the decrease of ¢ is called hypochromic effect.
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1.2.3 Transient-Absorption Spectroscopy

Transient-absorption spectroscopy,*647# also referred to as flash spectroscopy, is a powerful
technique for probing and characterizing the electronic and structural properties of short-lived ex-
cited states of photochemically active molecules (pico- and femtosecond times domain). In 1999,
Ahmed Zewail* was awarded with the Nobel Prize in Chemistry “for his studies of the transition
states of chemical reactions using femtosecond spectroscopy”.

In principle, the absorbance is detected at a particular wavelength or a range of wavelengths of
a sample as a function of time after excitation by a flash of light. In a typical experimental setup
the light for excitation (pump pulses) and the light for measuring the absorbance (probe) are gen-
erated by a pulsed laser. Transient-absorption spectroscopy is used to study, among others, pho-
toinduced chemical reactions, electron transfer dynamics inside a molecular structure, and isomeri-
zation process from the (Z)- to the (E)-isomer, here referred to as E — Z isomerization process (E
corresponds to entgegen and Z corresponds to zusammen). The study of electron transfer dynamics
gives a kinetic profile of the formation and the decay through various stages of a photophysical
pathway. A further development of femtosecond transient-absorption spectroscopy is attosecond?

transient-absorption spectroscopy.

1.2.4 Fluorescence Quantum Yield

The fluorescence quantum yield (FQY) is defined (Equation 1) as the ratio of the number of
emitted photons to the number of absorbed photons and indicates the efficiency of the emission

process in a molecule with photoluminescence properties.

number of photons emitted

number of photons absorbed

Equation 1 The fluorescence quantum yield.

The maximum FQY is 100% (@ = 1.0) and it means that each absorbed photon is emitted

over the whole duration of the radiative decay. The FQY is influenced by different parameters:

a) An increase of temperature results in a decreased FQY.

(a)

(b) An increase of the size of m-electron system results in an increased FQY.

(¢c) The FQY is dependent on the polarity of the solvent (proximity effect).

(d) Azarenes (e.g., pyridine or quinoline) have a decreased FQY, but azarenes with a pyrrole
motif (i.e., indole or carbazole) have increased FQY.

(e) Internal rotations in a molecule often provide additional channels for non-radiative de-
excitation (FQYihodamine B < FQYihodamine 101) and results in an increased FQY.

(f) FQY is pH dependent.

(g) Molecular oxygen or halide ions (e.g., chloride and iodide anions) will decrease the FQY as

described in Chapter 1.2.5.

12 |page



Introduction

1.2.5 Quenching of Excited States

The lifetime of a molecule in its excited state can be decreased, or quenched, by various bimo-
lecular processes, such as complex-formation, collision, electron transfer, or energy transfer. There
are three main mechanisms responsible for this phenomena (a) resonance energy transfer (RET),
(b) Dexter electron transfer (Dexter ET), and (c) static quenching.

In 1948, ForstnerP! reported the first mechanism on non-radiative long-range (10-100 A) trans-
fer of excitation energy between a donor—acceptor (D—A) pair by RET, also known as fluorescence
resonance energy transfer (FRET).? The expression fluorescence resonance energy transfer is delu-
sive because it is the electronic energy being transferred and not the fluorescence. The D—-A pair
can be within a large macromolecular structure and, as a result, the method can be used to meas-
ure the distance between two positions of interest. Specifically, the donor group is excited by a
photon and relaxes to the lowest excited singlet state, S; If the acceptor group is in close proximity
(Scheme 2a) to the donor group, the donor group may transfer its energy to an electron of an ac-
ceptor group in its ground state (Sp) and, simultaneously, the donor group returns to its ground
state (Sg). This process is referred to as resonance. Finally, the energy of the acceptor group is
released as fluorescence (if the acceptor group is a fluorophore) or as heat and, simultaneously, the
electron of the acceptor group returns to its ground state (Sg). The RET mechanism efficiency (E)
depends strongly on the following three parameters with a decreasing order (1) the distance (R)
between the D—A pair (E = o 1/R"), (2) the spectral overlap of the emission spectrum of the do-
nor with the absorption spectrum of the acceptor, and (3) the relative orientation of their transi-
tion dipole moments.

The second quenching mechanism (Scheme 2b—c) is known as Dexter ET mechanism and is

named after its discoverer Dexter, who reported his results in 1953.

@ Lumo + A— — —1—

—

HOMO —1— ﬂ— {J'_ +

1D* A 1A*

® _ .
LUMO — — + —f— — — —F

—_— e

....... e
rowo - - 4Jr 4 + 4+ + +
1D* 1A 1A* 3D* 1A 1D 3A*

Scheme 2 HOMO and LUMO are shown for donor (D) and acceptor (A) before (left) and after ET (right): (a)

RET mechanism, (b) singlet-singlet Dexter ET mechanism, and (c) triplet-triplet Dexter ET mechanism.
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For an effective Dexter ET, a spatial overlap of the donor and the acceptor molecular orbitals
as well as a short distance (5-10 A) between them are required. In the course of the mechanism, an
excited electron of a donor molecule, as illustrated in Scheme 2b—c, is transferred to the ground
state of an acceptor molecule and, simultaneously, an electron from the ground state of the accep-
tor molecule is back-transferred to the ground state of the donor molecule. This exchange mecha-
nism is allowed because of the Wigner’s spin conservation rule:

(a) Singlet-singlet ET (spin-allowed): D* + 1A — 'D + 'A*

(b) Triplet—triplet ET (spin-allowed): SD* + 1A — D + 2A*

The Dexter ET mechanism efficiency (E) has an exponential dependence (E = « ¢ ) and de-
creases with increasing distance (R) between the D—A pair.

The efficiency of the third quenching mechanism—the static quenching-requires either the exist-
ence of a sphere of effective quenching or the formation of a ground-state non-fluorescent complex.
The former case occurs if a quencher molecule (such as molecular oxygen or halide ions) is in close
proximity to a fluorophore and forming a sphere (i.e., a fluorophore is in the radius of the quench-
ing sphere). As a result, the fluorescence process efficiency will be significantly decreased. The lat-
ter case deals with the formation of a fluorophore/quencher (1:1) complex and, as a consequence,
the photoluminescence process is quenched. Compared to RET and Dexter ET, the static quench-

ing is strongly dependent on concentration, solvent, and temperature.

1.3 Naphthalene Diimides

The aim of this chapter is to describe in a first step the history, synthesis, and the most im-
portant chemical, physical, and optical properties of naphthalene diimides. After the general intro-
duction, the few existing examples of the successful integration of naphthalene diimides into cyclic
structures and their properties are provided. In the last part of the chapter, previous work on core-

substituted naphthalene diimides for studying photoinduced charge-transfer processes is discussed.

1.3.1 Synthesis and Properties of Naphthalene Diimides

Core-substituted naphthalene diimides (cNDIs) are 1,4,5,8-naphthalenetetracarboxylic acid
diimides (NDIs) with normally substituents in the positions 2 and 6 in case of the trivial name
nomenclature, as seen in Figure 12a, and in the positions 4 and 9 in case of the IUPAC nomencla-
ture as displayed in Figure 12b. The trivial name of, for example, cNDI 13 is N,N-diphenyl-2,6-
diphenylamino-1,4,5,8-naphthalenetetracarboxylic acid diimide (Figure 12a) and the official IUPAC
name is 2,7-diphenyl-4,9-bis(phenylamino)benzo|[lmn][3,8|phenanthroline-1,3,6,8(2H,7 H)-tetraone
(Figure 12b). Within this doctoral thesis the trivial name nomenclature is generally used to name

unsubstituted NDIs and ¢cNDIs. Only if necessary, the IUPAC nomenclature will be used.
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In 1937, Vollmann et al.P reported the successful synthesis (Figure 12a-b) of, among others,
c¢NDI 13 and 2,6-dichloronaphthalene-1,4,5,8-tetracarboxylic acid dianhydride (Figure 12¢; NDA
14). Unfortunately, these compounds had a lack of interesting optical properties, a reason why this
class of fluorophores was not in the focus of research for a long time.

(a) (b) (c)
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Figure 12 The chemical structures of NDA 13 and c¢NDI 14.

The synthetic protocol for the synthesis of NDA 14 (Scheme 3) was later on adapted by
Wiirthner et al.’® The modified synthesis started with the chlorination of pyrene (15) and a sub-
sequent boiling of the reaction mixture in ethanolic KOH initiated HCI elimination. After oxida-
tion in fuming nitric acid, the two regioisomers 16a and 16b were separated by precipitation out
of the reaction mixture, purified by sublimation, and isomerically pure 2,5,7,10-tetrachloropyrene-
3,8-quinone (16a) was isolated. A final oxidation with fuming nitric acid and concentrated sulfuric

acid afforded the target structure 14 as a yellow solid.

Scheme 3 Synthesis of NDA 14 applying: (a) Cl2 (g), 1,2,4-trichlorobenzene, 25-110 °C, 6 h, 36-38%; (b) KOH,
EtOH, 80 °C, 5 h, 96-97%; (c) fuming HNOs, 0-5 °C, 15 min, yield 32-45% of 16a (regioisomer 16b was not puri-
fied); (d) fuming HNOs3, concd. HaSO4, 100 °C, 5 min, 45-49%.

An illustrative example is given in Scheme 4 for the further functionalization of 14 by a two-
fold condensation reaction under acidic conditions in boiling acetic acid (AcOH) with n-octylamine
(17) and is yielding ¢cNDI 18. Compound 18 can be converted by a subsequent twofold nucleo-
philic aromatic substitution reaction with a nucleophile like 4-tert-butylaniline in a polar aprotic
solvent like N,N-dimethylformamide (DMF) to the corresponding ¢NDI 19, namely, N,N-di-n-

octyl-2,6-dimethylamino-1,4,5,8-naphthalenetetracarboxylic acid diimide.?"
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Scheme 4 Synthesis of 19 applying: (a) 17, AcOH, 120 °C, 10 min, 70%; (b) 4-t-Bu-CsH-NH2, DMF, 110 °C,
57%.

The powerful renaissance of cNDIs was initiated by Wiirthner et al.’® in 2002, who described
new and highly interesting cNDIs that were used inter alia for RET mechanism studies as dis-
cussed in Chapter 1.3.3. In contrast to Vollman’s aniline-based core substituents, Wiirthner et al.
used aliphatic amino core substituents, which led to ¢cNDIs with higher FQYs. Additionally, they
synthesized cNDIs with different colors based on the nature of the core substituents. Moreover, the
precise control of the reaction temperature and the choice of the solvent led to the formation of
symmetrical and unsymmetrical cNDIs.

The first important property of ¢cNDIs is colorability. The optical properties of ¢cNDIs depend
strongly on the core substituents in the positions 2 and 6 (IUPAC nomenclature: positions 4 and 9)
of a particular ¢NDI, which can display various colors over the whole visible range.’® By tuning
the HOMO-LUMO gap, the color of a ¢cNDIF7 is adjustable as illustrated in Figure 13. For exam-
ple, the gap decreases from ethers core substituents (yellow color) to sulfides (red color), and to
amines (blue color). The decreasing HOMO-LUMO gap with increasing HOMO and LUMO ener-

gies is a rare phenomenon and makes such cNDIs very attractive for various applications.
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Figure 13 Effect of the core substituents on the color of cNDI. Reprinted with permission from Matile et al.’"

Changing the core substituents of a particular cNDI does not only affect the core-substituent
transition band (bathochromic or hypsochromic shift) but also the FQY changes, ranging from low

(@n = 0.01), as reported by Vauthey et al.,’ to high (& = 0.76), as reported® by Wiirthner et
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al., values. In general, high FQYs are obtained in case of symmetrical secondary alkylamino-core-
substituted NDIs due to multiple intramolecular hydrogen bondings between the hydrogen atom of
the amine functionality with the oxygen atom of the carbonyl functionality compared to the low
FQYs in case of symmetrical tertiary alkylamino- and arylamino-core-substituted NDIs.

The second important feature of NDIs is the ability to control the solubility and the aggrega-
tion by choosing appropriate imide substituents (Figure 12b; IUPAC nomenclature: positions 2 and
7). A NDI with a long and bulky substituent at each imide function features a high solubility,
whereas a NDI with an aryl side-group at each imide function has a lower solubility.?

These two abilities make cNDIs very attractive to various applications, for example, in the field
of molecular sensors (Figure 14a; e.g., pH sensor) or as building blocks to form supramolecular
structures by self-assembly aggregation (Figure 14b; acceptor-donor—-donor-acceptor (AD-DA) ar-
ray®l). The first application (Figure 14a), namely, pH sensor, works on the principle of different
absorption band maxima caused by the removal of a proton in structure 20 to obtain structure 21.
Compared to the neutral structure 20 with an absorption band maximum at 454 nm, the anionic
species 21 has its absorption band maximum at 550 nm. The observed red-shift can be ascribed to
the conjugated resonance form in structure 21. As a result of the aromatization in structure 21,

the more stable structure 22 is isolated.

(a) (b)
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Figure 14 Two possible applications of ¢cNDIs: (a) molecular pH sensor 20 is based on different absorption band
maxima caused by the removal of a proton in 20. This leads to structures 21 and 22; and (b) AD-DA array (tri-
mer-level) of this (Z)-type arrangement 23. The chemical structure was proved by scanning tunneling microscopy

(STM) analysis.

The second example (Figure 14b), namely, the AD-DA array, is a very good example of a su-
pramolecular architecture with the possibility to form a (Z)- or (E)-type arrangement proved by
STM analysis. The formation of this AD-DA pairing is caused by multiple intermolecular hydro-
gen bondings between the oxygen atom of the carbonyl functionality with the hydrogen atom at
the N-terminus of the imide functionality to form the supramolecular tape 23. This approach was

further successfully applied to create bigger arrays, also referred to as supramolecular rosettes.®!
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The abilities of cNDIs to create face-to-face arrangements,[ have anion-—m interactions with -

5763 and transport charges are other important features of ¢cNDIs and

acidic aromatic compounds,!
unsubstituted NDIs. The planar geometry of NDIs, compared to the slightly twisted core-
substituted perylene diimides (cPDIs), is essential for these abilities. In contrast to hexafluoroben-
zene with a high inverted permanent quadruple (@,, = +9.5 B), an unsubstituted NDI has a calcu-
lated permanent quadrupole moment of @,, = +18.6 B,"” which is almost two times higher than in
case of hexafluorobenzene. A 4,9-dichloro core-substituted NDI, as seen in Figure 15a, has a calcu-
lated permanent quadrupole moment of @, = +18.0 B.P”l The introduction of electron-
withdrawing groups (EWGs) like cyano groups in the positions 4 and 9 of the naphthyl core will
drastically increase the m-acidity (Q,, = +39.2 B).[") Whereas the introduction of electron-donating
groups (EDGs) like oxy substituents in the same positions will moderately lower the m-acidity

(Figure 15b; @Q,, = +8.0 B)F" and heavily in case of secondary amino substituents (Figure 15c;

Q. = +2.3 B)."
(a)

’

Q,,=+180B Q,,=+80B Q,=+2.3B

Figure 15 Permanent quadrupole moments of different core-substituted cNDIs. Reprinted with permission from

Matile et al.l57

The ability of NDIs to transport charges was first reported by Miller et al.,’¥ who was able to
detect the existence of delocalized radical anions in NDI n-stacks. A few years later, Katz et al.l6
reported the successful synthesis of an air-stable n-semiconductor which contained an unsubstitut-
ed NDI. Outstanding work of Wiirthner et al.’¢5” by the combination of the ability of photoin-
duced charge transfer and colorability, as discussed in Chapter 1.3.3, led to the formation of triads.

Indeed, the pinnacle was the creation of the artificial photosystem developed by Matile et al.[®!

1.3.2 Naphthalene Diimide Motifs in Highly Strained Phanes

NDIs are known for a long time, however, there are hardly any examples of NDIs integrated in-
to supramolecular structures, such as phanes, catenanes, and rotaxanes. In the following section

the most important examples are introduced and discussed.

18 | page



Introduction

In 1987, Lehn et al.l’? succeeded in the preparation of [8.8]periophane 24 (Figure 16a), a phane
bearing naphthalene diimide moieties instead of benzene moieties. They used this molecular recep-
tor to study supramolecular host—guest interactions. In particular, they showed that an electron-
deficient aromatic compound like nitrobenzene (Figure 16a) is able to bind inside the cavity be-
tween the two NDI units. Two decades later, Buncel and coworkers/® reported the syntheses of an
unsymmetrical [3.4|periophane and a symmetrical [3.3|periophane 26 (Figure 16b). In contrast to
Lehn’s long aliphatic octyl-bridge, their supramolecular assembly 26 has a very short aliphatic
propyl-bridge and, consequently, the structure is extremely rigid. However, the authors only re-
ported both syntheses, but did not investigate the possible host—guest interactions or the influence

of the ring strain on the optical properties.

(@) Q o Q o (b)
¢ & Q 0
N N N N ¢
oitio S p (m p {}
¢ ¢ &,
SSSTENS S S e 55
24 25 26

Figure 16 Illustration of (a) the chemical structure of Lehn’s [8.8]periophane 24 and the supramolecular host
guest structure 25 in which 24 binds a nitrobenzene molecule in its cavity; and (b) the chemical structure of Bun-

cel’s [3.3]periophane 26.

Structures like rotaxanes and catenanes are highly interesting in the field of nanoscience and
material science due to their ability to undergo translational isomerism upon external stimulus (see
Chapter 1.5). Sander et al. reported the successful syntheses of two [2|catenanes via template-
directed approaches applying in the first example a final ring-closing metathesis (RCM) reaction
using first generation Grubbs catalyst/™ (Figure 17) and in the second example either a final Gla-

ser—Hay coupling™ using a copper(I) source or a final Mitsunobu alkylation reaction.™

Figure 17 Tllustration of the template-directed synthesis of Sander’s [2]catenanel™ via a RCM reaction using two
equivalents of the unsubstituted NDI 27 (n-electron deficient) and one equivalent of the crown ether derivative 28

(m-electron rich).
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™ demonstrated the successful assembly of another

Some years later, Langford et al.l
[2]catenane (Figure 18) via a template-directed synthesis. The target structure was obtained after a
final oxidative Glaser—Hay coupling of the unsubstituted NDI 29 with the crown ether derivative
30. The stability of the two presented [2]catenanes is attributed to the strong m-donor—m-acceptor
interactions and the efficiency of the catenane formation process is caused by the permanent tem-
plate effect for the resulting cyclophane. However, both [2]catenanes had a lack of potential appli-

cations, and the authors reported therefore only the successful integration of the NDI moieties into

their supramolecular structures.
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Figure 18 The key step of the template-directed synthesis of Langford’s [2]catenanel™ via an oxidative Glaser—Hay

coupling using two equivalents of the unsubstituted NDI 29 and one equivalent of the crown ether derivative 30.

Only very recently, Stoddart et al.™™ not only achieved the successful integration of a modi-
fied version of Sander’s [2]catenanel™ into an electrochemically and thermally switchable donor—
acceptor [c2]daisy chain rotaxane (Figure 19a) via a final azide-alkyne cycloaddition reaction but
also the successful synthesis of mechanically interlocked molecules featuring through-space electron
sharing (Figure 19b). In the former case, they demonstrated the precise control by the dual-mode

switching behavior upon external stimuli.
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Figure 19 Structural formula of: (a) Stoddart’s [c2]daisy chain rotaxane, and (b) the molecular machine suitable
for through-space electron sharing. The figure on the left is reprinted with permission from Stoddart et al.”® and

figure on the right is reprinted with permission from Stoddart et al.[™

Therefore, this kind of molecular structure could form the basis for the creation of molecular
machines that can transform thermal or electrochemical energy into mechanical energy. In the

latter case, the authors were able to synthesize mechanically interlocked molecules containing NDI

20 | page



Introduction

moieties with the ability to form m-stacks and, consequently, enabled an efficient through-space
electron sharing. The efficiency of the through-space electron transport process decreased moder-
ately as they increased the distance of the electron transport by an additional NDI stack (Figure
19b; e.g., by changing the number of NDI stacks between the two black balls from two to three

units).

1.3.3 Naphthalene Diimides for Photoinduced Charge-Transfer Studies

To gain further insight into the mechanism of the charge-transfer process, simple model struc-
tures with ¢NDIs, such as structure 31 developed by Wiirthner et al.,’! were used. This particular
system was mandatory for the creation of the more complex system, triad ZnChl-NDIxy-NDIxo 32,
reported by Wiirthner and coworkers.l) In detail, the first system (Figure 20) was synthesized to
study the intramolecular RET mechanism. The authors found an efficient RET process from the
NDIna chromophore to the NDIxy chromophore upon excitation at 500 nm (indicated with the red
arrow). The energy-transfer efficiency was around 96% and a FQY of 30% was determined, com-
pared to a FQY of 33% for direct excitation of NDIyy at 622 nm.
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Figure 20 Bichromophoric compound 31 suitable for RET studies.

The photoinduced electron transport in the triad ZnChl-NDIxn-NDIno 32 (Figure 21) led to in-
tramolecular RET processes from the NDIyo (excitation: red arrow; emission: purple arrow) and
from the NDIxy (excitation: blue arrow; emission: green arrow) after excitation at 540 and 612 nm,
respectively, to the zinc chlorin (ZnChl) 33 rod antenna with an overall energy-transfer efficiency
of 99%, and a light-harvesting efficiency of 63% compared to the parent ZnChl. Indeed, the au-
thors were able to selectively excite the NDIyx (blue arrow) or the NDIxo (red arrow) chromophore
based on the fact that both chromophores have different absorption band maximum of the charge-
transfer transition of the core substituents to the NDI core. More precisely, they found that upon
excitation of NDIyo the excitation energy is directly transferred, to a certain extent, to the ZnChl
rod antenna and not via NDIny to the ZnChl rod antenna. The bigger spectral overlap of the area
of the emission spectrum of NDIxy with the absorption spectrum of the ZnChl rod resulted in a

more efficient RET process compared to NDIno with a smaller spectral overlap.
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Figure 21 Structural formula of triad ZnChl-NDIxx-NDIno 32 for studying selective intramolecular RET processes,

and the parent ZnChl 33 as a comparison for calculating the light-harvesting efficiency.

Previous work in our research group (Figure 22) resulted in novel and unsymmetrical NDI-
phanes 34-36 suitable for energy-transfer studies. In particular, Mayor et al.™ investigated the
influence of the core substituents in the positions 2 and 6 (IUPAC nomenclature: positions 4 and

9) on the RET process efficiency.
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Figure 22 Three investigated NDI-Phanes 33-36.

Their intramolecular RET studies (Figure 23a—c) revealed that an efficient RET process oc-
curred in the case of a 2,6-dimethoxy-core-substituted NDI 34 (Figure 23a), a less efficient RET
process was observed in case of a 2,6-di-tert-sulfanyl-core-substituted NDI 35 (Figure 23b), and no
RET process was detected in case of a 2,6-dipiperidinyl-core-substituted NDI 36 (Figure 23c). The
decreased RET process efficiency was explained by the smaller spectral overlap of the emission and
absorption spectra of the donor—acceptor pair in case of 35, and the missing spectral overlap of the

emission and absorption spectra of the donor—acceptor pair in case of 36. The distance between the
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two NDI decks and the positions of the core substituents were the same, therefore, the observed

effect was directly attributed to the core substituents.
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Figure 23 The absorption and emission spectra (black line: absorption spectra; colored lines: emission spectra at
specific wavelengths) of: (a) the 2,6-dimethoxy-core-substituted NDI 34, (b) the 2,6-di-tert-butylsulfanyl-core-
substituted NDI 35, and (c) the 2,6-dipiperidinyl-core-substituted NDI 36. The RET process efficiency decreased in

the following order: O > S > N. All pictures are reprinted from Gabutti.["

In 2010, Pugliesi and coworkers™ reported the first time-resolved study of the rate of charge-
transfer from different sulfanyl core substituents to the NDI moiety. To be more specific, the au-
thors measured the fluorescence-quenching behavior of three different sulfanyl-core-substituted
NDIs 37-39 (Figure 24a; Ph-NDI-Ph, Ph corresponds to phenyl, 37; Bn—-NDI-Bn, Bn corre-
sponds to benzyl, 38; and A-NDI-A, A corresponds to alkyl, 39) by transient spectroscopy and
found an ultrafast and efficient fluorescence quenching if a tert-butylphenylsulfanyl unit, such as in
Ph-NDI-Ph) 37, was used. In case of a benzylsulfanyl unit (Bn—NDI-Bn) 38, on the contrary,

they were not able to detect an ultrafast fluorescence quenching.
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Figure 24 (a) Chemical structures of the investigated compounds: Ph-NDI-Ph 37, Bn—-NDI-Bn 38, and A-NDI-
A 39; and (b) ab initio calculations of the minimum energy geometries in different states of 37 without terminal
substituents, and the occurring charge transfer: (1) planarization of the sulfanyl core substituent after absorption of
a photon, (2) partial charge transfer in the optically excited state, and (3) finally a full charge transfer combined

with twisting out of the NDI plane. The figure on the right is reprinted with permission from Pugliesi et al.l"

A detailed ab initio study (Figure 24b; the tert-butyl group of each core substituent and the
tert-butylphenyl substituent at each N-terminus were replaced by hydrogen atoms to reduce com-
putational time) supported their experimental data. The combination of both findings revealed

that after a photoinduced excitation an electron was transferred from the phenylsulfanyl substitu-
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ent (HOMO) to the naphthyl motif (LUMO) in two steps (1) a planarization of the phenylsulfanyl
substituent occurred within 1.0 ps and was associated with a partial charge transfer, and (2) a
complete charge transfer associated with a twisting of the phenylsulfanyl substituent out of the flat
NDI plane took place within 6.5 ps. Finally, the excited molecule relaxated by a back charge-
transfer within 6.5 ps through a nonradiatively decay back to the ground state. The lifetime of the
excited state was extended in case of Bn—NDI-Bn 38 and, thereby, the slower charge transfer rate
led to a detectable fluorescence process.

The authors observed, as displayed in Figure 25, in the evolution of the transient spectra (exci-
tation at 522 nm) of Ph—NDI-Ph 37 and Bn—-NDI-Bn 38 the decay of the excited state between
5-20 and 20-100 ps, respectively. Both spectra had the same shape before 0.3 ps and, consequent-
ly, indicated that the originally populated electronic states were similar.

Transient Spectrum of Ph-NDI-Ph 37 Transient Spectrum of S, S*Molecular 8 84
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Figure 25 A comparison of the transient-absorption spectra of 37 (left) and 38 (right) displays the decay of the
excited CT state between 5-20 ps in case of 37, and the extended lifetime of the excited CT state in case of 38.

Both transient-absorption spectra were recorded in CHCls at room temperature.

The relaxation dynamics in 37 and 38 were subsequently quantified by the analysis of the
temporal evolution of the absorbance changes using a rate model, and revealed a single-exponential
decay in case of 38 with a time constant of 36 ps. Neither a two-exponential decay nor a third
time constant made the fit stable in case of 37. The instability of the fit could be ascribed to two
identical rates. Finally, the authors were able to postulate a stable fit for the measured signal s(t)
with the model function, as illustrated in Equation 2, and found a time constant (zu) of 6.5 ps for

37.

t t t
s() =A, - exp (71_) + A - exp (ff—kk) + Ay -t exp (7T_/¢k)

Equation 2 A stable fitting model function for the decay of the excited state in 37: A. and 7. are the amplitude
and the time constant of the first exponential decay, respectively. Arand A are the first and second amplitude of

the double decay, respectively, with the time constant z.
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Furthermore, Pugliesi et al.™® were able to demonstrate that in the case of an amino-core-
substituted NDI with a hydrogen atom at the amine functionality (N-H), as seen in Figure 26, the
first step, namely, the planarization of the core substituent combined with a partial charge trans-
fer, was not necessary. They explained this observation by the already quasi-planar geometry of
the core substituent in the ground state on the basis of hydrogen bonding between the hydrogen
atom of the amine functionality with the oxygen atom of the carbonyl functionality (highlighted
with the yellow circle). As a consequence, the optically excited state, as seen in Figure 26a, pos-
sessed from the very beginning a quasi-planar geometry and a partial charge transfer occurred
without changing the conformation. In the second step, as illustrated in Figure 24b, of this process,
the amino core substituent twisted out of the NDI plane, and a full charge transfer occurred. The

authors measured a similar timescale of this process like in case of 37.

@ S, partial-CT ® S, full-CT

Figure 26 Different calculated minimum energy geometries in different states: (a) in the optical excited state the
arylamine core substituent has already a quasi-planar conformation caused by hydrogen bonding (highlighted with
the yellow circle), and a partial charge transfer occurs, and (b) in the full charge transfer state a full charge transfer
occurred. Reprinted with permission from Pugliesi et al.[™!

All these presented studies are examples of the charge-transfer process in ¢NDIs from the core
substituents to the naphthyl moiety. There are also examples of the charge-transfer process from
the imide substituents to the naphthyl moiety in NDIs™ and ¢NDIs.*82 Such examples are not

in the scope of this doctoral thesis because the objectives of this doctoral thesis are focused on the

photoinduced charge transfer from the core substituents to the naphthalene chromophore.
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1.4 Mbolecular Electronics

The aim of this chapter is to explain the current problem with electronic circuits and, conse-
quently, give possible solutions to solve the problem. In a next step, two techniques in the field of
scanning probe microscopy are introduced and subsequently explained. Followed by the introduc-
tion of two break junction setups and closed with the requirements to successfully integrate mole-
cules into such setups.

The ultimate goal in nanotechnology research is the construction of nanoscale electronic cir-
cuits and components. The current top-down approach, which makes use of silicon chips, will soon
reach its limits of the resolution of the silicon wafers. Beyond this point, silicon chips will become
useless due to quantum tunneling effects (the so-called 14 nm resolution limit®*¥). The fact that
computing power doubles roughly every two years was first described by Moorel® and, therefore,
this law is called the Moore’s law. A possible way to face this problem and to satisfy the tremen-
dous demand to fabricate smaller, faster, and more powerful computers, is to use other fine materi-
als like SiGe or Ge,’®! or to replace the current top-down approach by the bottom-up approach. In
this approach, the nanoscale electronic circuit can consist of a single molecule or a well-defined
assembly of single molecules. Suitable molecules are on demand because they represent the smallest
possible and stable unit of such circuits on an atomic level. Over the last decades, researchers have

proven that molecular switches can be employed in such a molecular device.

1.4.1 Scanning Probe Microscopy

Scanning tunneling microscopy (STM) technique was patented by Binning and Rohrer™ in
1981 and allowed researchers to image the molecular surface at the atomic level for the first time.
To date, STM is a very powerful and important technique. For its discovery, Binning and Rohrer
were awarded with the Nobel Prize in PhysicsP®” in 1986. When searching for “scanning tunneling
microscopy”, around 40000 hits are found on SciFinder® as of 9" July 2014.

The probe (organic or inorganic molecule) must be first immobilized on a metallic surface (e.g.,
copper, silicon, silver, or gold), on a graphene layer, or on a transition metal dichalcogenide layer
like MoSs. In the first case, ultrahigh vacuum (UHV) must be applied due to the rapid oxidability
of the metallic surface. However, if graphene or a transition-metal dichalcogenide layer is used in-
stead, the subsequent measurements can be carried out at normal pressure. After the successful
deposition of the sample on the surface, a metallic conducting tip (like Pt or W) with a close-to-
single atom end is held in near proximity to the immobilized molecule (Figure 27a) and bias is
applied. STM is working on the basis of two main major principles,®®% quantum tunneling and
piezoelectric effect. The latter one is responsible for a precise (Angstrom-level) position of the tip
at a specific height. Through the vacuum gap between the tip and the surface, also referred to as

barrier, electrons can pass because of a tunneling (Figure 27a). Tunneling is a quantum mechanical
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effect, which is not possible in classical mechanics (particle-like nature), but in quantum mechanics
(wave—particle duality) possible. In particular, the wave-like nature of an electron in quantum me-
chanics makes this process possible. Because an electron with a wave-like property will not end
abruptly at a barrier, but taper off quickly. If the barrier is thin enough, the probability function
extends to the region on the other side of the barrier. The number of electrons which are able to
tunnel through the barrier is decreasing exponentially with the barrier thickness and, therefore, a
very narrow gap is mandatory. If a positive bias is applied, the electrons are tunneling from the tip
to the surface (empty states) and, vice versa, if a negative bias is applied the electrons are tunnel-
ing from the surface (occupied states) to the tip.

(a) Tip

Tunneling current

Sample surface

(b) Tip © Tio
/

r\,/\_s/ur/: M

I [current]
I [current]

Constant-height mode Constant-current mode
Figure 27 A schematic illustration of a STM setup: (a) magnification of the atomically sharp tip and the occurring

tunneling effect, (b) STM operating in constant-height mode, and (¢) STM operating in constant-current mode.

STM experiments have either a constant distance between the tip and the surface or a constant
current passing from the surface to the tip (Figure 27b—c). In the former mode, the distance of the
tip is kept constant throughout the entire experiment. During scanning, current varies in response
to the topographic and electronic characteristics of the surface. The constant-distance mode re-
quires a molecule to be flat. This mode is extremely useful to monitor dynamic processes in real-
time analysis. In the latter mode, the current is kept constant, which requires a feedback loop to
adjust the distance during the measurement. The current is proportional to the electronic states of
a flat molecular surface and, therefore, a precise topographic image of the surface is observed.
Compared with the constant-distance mode, this method is slower because the tip has to move

slowly up and down to adjust the distance.
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Another high-resolution imaging technique for measuring the topography of a surface is atomic
force microscopy (AFM), which is a result of further development of the STM technique, intro-
duced by Binning.”™ An AFM setup,®**? as seen in Figure 28a, consists of a cantilever which is
brought into close contact to the surface of investigation. The cantilever, as illustrated in Figure
28b, is made of Si or N4Siz and its tip has a width of just a few nanometers. The narrower the gap
between the tip of the cantilever and the surface is, the stronger are the interatomic forces (chemi-
cal bonding, London dispersion forces, and electrostatic forces). Stronger forces lead to deflection
(Figure 28a; Hooke’s law) of the cantilever and are measured by using a laser beam, reflected from
the surface of the cantilever into a position-sensitive photodetector (consisting of two side-by-side
photodiodes). The difference between the two photodiode signals is detected by a feedback loop
and, thereby, indicates the position of the laser and the angular deflection of the cantilever.

(a) (b)

Laser
S

Position sensitive photodiode

Feedback and
Sample surface scan control

TkV X1,000 10um FC UdeC

\ Gold-coated cantilever

X, ¥, Z scanner

Figure 28 (a) A schematic illustration of an AFM setup, and (b) magnification of the cantilever. The picture on

right is taken from the webpage indicated in the literature.!

There are three imaging modes, which an AFM instrument® can be operated with (a) static-
contact mode, (b) non-contact mode, and (¢) tapping mode. In the static-contact mode, the tip is
in direct contact with the sample surface and the observed force is of repulsive nature. This meth-
od has a major disadvantage because it damages the sample on the surface. The non-contact mode
is a dynamic mode and operates in a close distance (5—10 nm) between the tip and the surface, and
in this case attractive forces are important. However, the resolution in this mode is lower than that
for the contact mode due to the weaker forces. The tapping mode is also a dynamic mode, and it
combines the advantages of the contact and non-contact modes. The resolution is similar to the

contact mode but this mode is faster and causes less damage to the surface.
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1.4.2 Break Junctions

The discovery of the break junction (BJ) setup is attributed to Ekin and Moreland." In their
original work, they described the study of the electron tunneling phenomenon using a Nb—Sn break
junction. Ruitenbeek and Muller®! improved and developed this technique further, and introduced
also the term mechanically controllable break junction (MCBJ). The mechanically controllable
break junction technique is used to study the electronic properties of a single molecule and the
occurring charge-transfer process through a molecule. The working principle of the MCBJ tech-
nique is the following one. While elongating a metallic wire (e.g., a gold wire) both ends of which
are fixed on a flexible substrate, a notch is created, and two fresh facing nanoelectrodes are pro-
duced (Figure 29a—c). The gap between these two electrodes can be altered by bending or relaxing
of the substrate with a push-rod (zdirection), and reversibly closed and re-opened, if required.
This feature is essential because the lifetime of a molecular junction at room temperature is only

several minutes.

(@)

(b)

liquid cell

Figure 29 A schematic illustration of a typical MCBJ setup: (a) microscopic view of the wire at the breaking
point, (b) the whole MCBJ setup at a macroscopic scale, and (c) illustration of the elongation of a gold wire at the
atomic scale. Pictures on the left are reprinted from Brunner® and the picture on the right is reprinted from Tu-

ransky et al.l’

Compared to the macroscopic scale where Ohm’s law, as seen in Equation 3, is valid, the elec-
trical conductance of a quantum conductor, as displayed in Equation 4, must be expressed with

the Landauer formula.

G= —
v

Equation 3 Ohm’s law: G is the conductance, V is the applied potential, and I is the current.

2

2e

Equation 4 Landauer formula: Gy is the conductance quantum, e is the electron charge, and h corresponds to

Planck’s constant.
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At the very beginning of the bending process (Figure 30a, 1), the measured conductance G is
higher than Gy (G > Gy) and at the breaking point (Figure 30a, 2), the measured conductance G
equals Gy (G = Gp). This breaking point, also referred to as quantum point contact (QPC), was
first reported independently by Van Weels!® and Wharam® in 1988. Finally, the two electrodes
are pulled apart (Figure 30a, 3 and 4) and the measured conductance G is lower than Gy
(G < Gp). The conductance value of a single gold atom is set to Gy = 1 and, as result, all conduct-

ance values of small molecules are less than Gy.

(a) (b) (c)
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1 G0 b i [ Pure solvent
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0] -3 1 =
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g G <Gy :
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Figure 30 (a) A schematic illustration of the notch formation in a MCBJ setup, (b) three logG(z) curves with
plateaus around G = 10* Go, and (c) a logarithmic histogram Niya(logG) showing no distinct peak in case of pure
solvent (black color) and a distinct peak in case of a molecule (purple color; S-OPE-S) bridged between two elec-

trodes. All picture are adapted from Wu.[%

The ultimate goal of the MCBJ technique is to integrate a molecule inside the gap such that its
two terminal anchoring groups, as discussed in Chapter 1.4.3, are each connected to one of the two
electrodes and, thus, forming a bridge. Because such an integration is extremely difficult, hundreds
of measurements must be recorded to obtain a statistical data set. After the analysis of the statis-
tical data, the obtained conductance traces are plotted either as a logG(z) curve (Figure 30b) or as
a logarithmic histogram Niye(logG) (Figure 30c). The plateau in the logG(z) curve, as illustrated
in Figure 30b, and the distinct peak in the logarithmic histogram Ni.e(logG), as seen in Figure
30c, correspond to the measured conductance G of the bridging molecule.

The two main advantages of the MCBJ technique are (a) the high mechanical stability of the
system towards mechanical vibrations because the electrodes are rigidly fixed to the substrate at a
very short distance, and (b) the fresh preparation of the electrodes throughout the entire experi-
ment reduces the probability of contamination.

The two main disadvantages of the MCBJ technique, however, are (1) the ability to measure
only in one direction, and (2) the exact shape of the two electrodes is always unknown because of

the uncontrollable details of the breaking process.
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In contrast to the previous section where the charge transport in MCBJ under an applied bias
voltage is discussed, in this section the photoinduced charge transport in molecular junctions is
described.

A further development of the MCBJ is the squeezable break junction (SBJ), which can be used
under ambient conditions at room temperature, first described by Hansma and coworkers!'! in
1983 and further developed by Selzer et al.1%? in 2013. The SBJ setup (Figure 31) consists of two
glass slides and on each of these slides a gold electrode is deposited by evaporation. By applying
mechanically controlled squeezing force against the top slide, the initial gap decreases and the elec-
trodes are getting closer and closer to each other. The squeezing force is applied until the upper
slide is in contact with the lower slide. If a molecule is in the junction, the conductance of the mol-

ecule is measured while the applied squeezing force is slowly released.

Laser Detector

Figure 31 A schematic overview of the squeezable break junction setup. Reprinted with permission from Selzer

and coworkers.[102

In the MCBJ and STM setup the configuration and geometry of the electrode changes, there-
fore it is impossible to obtain a plasmonic resonance curve. The SBJ technique, however, allows
one to focus light with a laser beam and excite plasmons with a better precision and, therefore,
more precisely tune the plasmonic resonance. This is accomplished by using a prism in a dimin-
ished total reflection configuration, also referred to as Kretschmann Configuration (for further
reading, see literaturel193104105)

In conclusion, the SBJ technique offers new possibilities to measure the photoinduced conduct-

ance of molecules.
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1.4.3 Immobilization of Organic Structures on Surfaces

The immobilization of an organic structure on a surface is accomplished by the introduction of
two anchoring groups in the organic structure and is essential for performing the previously men-
tioned techniques, such as MCBJ and SBJ. Ideal anchoring groups (e.g., -CN, —CO,H, -NC, —NH,,
and —SH) must have a strong binding affinity to the surface (noble metal) and no or low charge-
injection barrier. The charge-injection barrier!!®19%1% (hole transport) is the energy difference be-
tween the Fermi-level of the gold electrode and the transport level (HOMO or LUMO) of the im-
mobilized anchoring group. Whether, the hole transport goes through the HOMO or the LUMO
state of the anchoring group is determined by the smaller energy gap of one of these two states
with the Fermi-Level of the gold electrode. The sulfur (-SH) anchoring group was the first to be
investigated!'®11% and is still the most widely!"® "] used anchoring group for break junctions and
other techniques. For surface immobilization this anchoring has two main drawbacks (a) large var-
iability in S—Au binding geometries, which causes multiple or/and broadened conductance trac-
es;"? and (b) the oxidative disulfide formation, which causes polymerization in case of a bifunc-
tional molecule or dimerization in case of a monofunctional molecule.

Taniguchi et al.'7 found that selenium (0.9 eV) has a lower density of state than sulfur
(1.2 eV) and, consequently, they measured a lower injection barrier for selenium than for sulfur.
Selenium, however, is not the anchoring group of choice due to its toxicity. Moreover, they demon-
strated that tellur forms an oxide and is therefore not suitable as an anchoring group.

Non-covalent binding of sulfur to a gold surface will result in a density of state of approximate-
ly 0.5 eVI"3 and a covalent binding of 1.2 eV, as above-mentioned. The latter binding mode is
the major type of binding in sulfur-gold immobilization.

Tao and coworkers!!'l showed that the conductance of anchoring groups decreases in the fol-
lowing order: —=SH > —NH, > —CO,H. They attributed this outcome to the different electronic cou-

14 were stud-

pling efficiencies between the molecule and the electrode. Wandlowski and coworkers!
ying the binding efficiency of 4,4'-disubstituted OPE (p-(X)-C¢H~HCCH-CsHs-p-(X)) derivatives
bearing different anchoring groups (-SH, -NH,, ~CN, and —Py) by performing conductance experi-
ments using MCBJs and STM-BJs techniques. The authors found the following tendency of de-
creasing stability: -Py > —SH > —NH, > —CN. The charge transport through the -CN and —Py
anchoring groups occurs primarily through the LUMO!*!6 and for —-SH and —~NH, groups through
the HOMO.M7118119 Additionally, the length of the molecule'?'?! (dithiol-alkane, oligothiophene,
etc.), the conjugation (OPV)[!2U vs. oligo(p-phenylene ethynylene) (OPE)!22); the topological con-
nection!"?! (ortho, meta, and para) of the molecule, and the torsion angle!**'*] (e.g., in biphenyl
systems) have an influence on the conductance.

To conclude, the sulfur anchoring group is the most suitable one for the covalent binding of an

anchoring group to gold and, thus, the most widely used one for conductance experiments.
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1.5 Photoswitchable Phanes as Molecular Switches

The aim of this chapter is to provide an insight into the research topic of molecular switches
and, therefore, the term is first explained. In a second step, two examples of photochromic molecu-
lar switches, namely, stilbene and azobenzene are described in detail. Therefore, the history, the
synthesis, the properties, the isomerization mechanism, and their successful integration into various
highly-strained phanes are described. The chapter is closed by the brief introduction of a third

class of photochromic molecular switches, namely, dithienylethene.

In general, a molecular switch is a molecule that can exist in two or more different states and
can be reversible switched between these states as a response to external stimulus, such as biologi-
cal impulse, pH, electrical current, light, or temperature. The class of molecular switches can be
further divided into subclasses based on the nature of their switching mechanism. The main sub-
classes are host—guest molecular switches (e.g., crown ether switchesl!26:127:128129.130)) " mechanically
interlocked switches!'®!l (e.g., Vogtle’s!® photoswitchable catenane or Kaifer and Stoddart’s!'
molecular shuttle), nanoparticle switches (e.g., Zheludev’s bistable Ga nanoparticles or
Barth’s!'"¥ porphyrin switch, which is the smallest possible atomistic switching unit to date), and
photochromic molecular switches. The latter class (Figure 32) can bear the following motifs (a)

diarylethene (stilbene), (b) diphenyldiazene (azobenzene), (c) dithienylethene, and (d) spiropyran,

to name a few.

c)
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Figure 32 Four examples of photochromic molecular switches.

a)

b)

The first two examples in Figure 32 can exist as (E)- or as (Z)-isomer. In these systems, the
E — 7 isomerization process can be achieved upon irradiation with UV light and the reverse pro-
cess (Z — E) either by irradiation with visible light or thermally in the dark. For a potential pho-
tochromic molecular switch to be useful, certain criteria must be fulfilled:

(a) the two states must have different properties

(b) the conversion between the two stats must be efficient and selective upon irradiation with

monochromatic light
(¢) a high conversion must be obtained during a very short irradiation time

(d) the molecule must have a fast response time
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(e) the molecule should not show thermal isomerization between the two states and, therefore,
allowing long-term storage of information

(f) the switching process between the two states must be reversible over many cycles

(g) upon irradiation of the switching unit with UV light the molecular backbone must be

chemical inert

1.5.1 History, Properties, and Isomerization Process Mechanisms of Stilbene

The name stilbene is derived from the Greek word stilbos, which means shining. Stilbene be-
longs to the class of diarylethene, which has two aromatic moieties connected to each other by a
C=C bond, and exists (Figure 33) in the form of two isomers, (FE)-1,2-diphenylethylene (E)-40,
also referred to as (E)-stilbene, and (Z)-1,2-diphenylethylene (Z2)-40, also referred to as (Z)-
stilbene. It is remarkable how the change of geometry influences the physical properties of the two
isomers. The (E)-isomer is planar, sterically not hindered, and can, as a consequence, interact with
itself or other molecules via n—7 interactions. The (Z)-isomer, on the contrary, has an angular ge-
ometry and, as a result, is less stable. The decreased stability is reflected in the much lower melt-
ing point of (Z)-stilbene (5-6 °C)I* compared to the high melting point of (FE)-stilbene (123
125 °C).37 The name 1,2-diphenylethylene as well as stilbene are valid and are fully accepted in
the scientific community. The stilbene motifl'*¥ can be found in various molecules for applications,
such as industrial dyes, optical brighteners, dye lasers, or even in plants as stilbenoids. In 1865,
Mircker!™ succeeded in the synthesis of (E)-40 and in 1095, Straus!'® reported the successful
synthesis of (Z)-40 by the reduction of 2-phenylethynylbenzene with a copper—zinc couple. The

first photochemical E — Z isomerization process was accomplished by Stroemer'*!l in 1909.

(E)-40 (2)-40
Figure 33 Two isomers of stilbene, (F)-40 and (Z)-40.

The intensity of the transition band maximum[*? of (FE)-40 at 294 nm is generally higher than
that of the transition band maximum!* of (Z)-40 at 276 nm. The lower intensity of the transition
band maximum in (Z)-40 can be ascribed to steric hindrance of the ortho sites of the phenyl moie-
ties and, as a consequence, the phenyl rings are slightly twisted out of the coplanarity. The F — Z
isomerization process has a conversion of 54%, whereas the Z — F isomerization process has a con-

4] Tn general, the photochemical isomeri-

version of 35%, but it is more troublesome to accomplish.!
zation process happens normally with moderate conversion, meaning the system reaches its equilib-
rium, also referred to as photostationary state (PSS), which is dependent on (a) the photosensitiz-

er,l™ (b) the presence of molecular oxygen,!'" and (c) the geometry of the molecular back-
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bone.l"18 The Z — E isomerization process is more efficient with a triplet photosensitizer (e.g.,
acetophenone, benzophenone, benzil, to name a few) than upon direct UV light irradiation. A pho-
tosensitizer is a molecule, which can initiate a photochemical reaction upon (a) a fast excitation;
(b) a subsequent ISC transition to a triplet state; (c¢) a following collision of the triplet-state pho-
tosensitizer with a substrate molecule and, thereby, transfer the exothermic energy and exchange
spins; and (d) the photosensitizer finally returns to its ground state and, simultaneously, a triplet
state substrate molecule is generated. A triplet photosensitizer is often mandatory because the
short-lived singlet-state stilbene has a high probability to return directly back to the ground state
without a geometry transformation, whereas the long-lived triplet-state stilbene has more time and,
therefore, a higher probability to convert its geometry from Z — E. Additionally, the singlet state
is high in energy and can initiate side reactions. To prevent these side reactions, a photosensitizer
(which has a large Sy — T, excitation energy) can be used because it absorbs at longer wave-
lengths. In conclusion, the photochemical Z — E isomerization of stilbene can either be achieved
upon direct irradiation with UV light at the 1 — n* transition band wavelength at 294 nm for (Z2)-
40 or by the use of a triplet photosensitizer.

Hochstrasser et al.'*! postulated an energy diagram, as illustrated in Figure 34, for the photo-
chemical Z — F isomerization process and the possible side reactions which can occur on the basis

of the direct excitation into the S; state in the gas phase.

~ N W hAO
COOOOO0

ENERGY {kcal/moile) —»

Figure 34 Energy diagram for the photochemical Z — E isomerization reaction and the occuring side reactions.

Reprinted with permission from Hochstrasser et al.l"*4

The most important findings of the energy diagram in Figure 34 are summarized in the follow-
ing list:
(a) The energy barrier (43 kcal/mol) of the photoexcited state must be overcome. Thermal en-
ergy in form of heating for the isomerization would require temperatures above 200 °C and
the molecule will most probably decompose at this elevated temperature.

(b) (Z)-40 is 6 kcal/mol less stable than (E)-40.
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(c)

From the (E)-S; state only 70% of the molecules can relax to the lower-energy twisted Sy
state, which is the transition sate. This implies a maximum PSS of 35% for the isomeriza-
tion of (Z)-40.

The remaining 30% will undergo a reversible intramolecular 6mn-electrocyclization reaction
(Scheme 5) to form an isomeric mixture of 4a,4b-dihydrophenantrene (DHP) 41 in the S,
state. Molecules occupying this state either relax to the ground state of DHP (34% of 30%)
or the reverse reaction to (2)-40 (66% of 30%) takes place.

The isomeric mixture of 4a,4b-dihydrophenantrene in the S; state (Scheme 5) can also be
converted slowly but irreversible, through a photooxidative reaction in the presence of an
oxidant (such as oxygen or iodine) and a subsequent relaxation (Scheme 5) to the ground-
state phenanthrene 42. Generally, the maximum quantum yield of the photocyclization of
(F)-40 to give 42 is 10%. The yield of this reaction is strongly concentration dependent:
low concentration (< 102M) will disfavor the photodimerization reaction and in the pres-
ence of an oxidant 42 can be obtained in high yields.

The last but very slow reaction is the formation of the stereoisomeric mixture of stilbene
dimer, namely, 1,2,3 4-tetraphenylcyclobutane 43a and 43b (Scheme 5). 43a and 43b are
formed by a bimolecular reaction between (E)-40 or (Z)-40 in the electronically excited
state S and (E)-40 or (Z)-40 in the ground state Sp. The yield of this photodimerization
reaction is even at high concentration (< 10" M) inefficient because it competes with the

7 — E photoisomerization reaction.!"7

_ by @ _
=+

hv (E)-40 (2)-40
~35% ~35%
H Q hv
4

o QO Qo
"', S
SO U

43b

Scheme 5 The side reaction during the photochemical Z — E isomerization process.

The two most important mechanisms for the geometric E — Z isomerization process (Figure

35) are well described in literature.['3$149.190.151.152153,154] ( F))_40 has to rotate around the C=C bond

(colored in brown), also referred to as one-bond-flip®>*¢ (OBF) mechanism (Figure 35a), to adapt

the (Z)-conformation. In 1985, Liu and Asato*" reported a volume-conserving mechanism, namely,
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the hula-twist (HT).'*$%7 The HT mechanism (Figure 35b) occurs in a constrained environment
and consists of a concerted rotation of a small C-H moiety (colored in red) about the double bond
and an adjacent single bond (both colored in brown). The HT mechanism is disfavored in an un-

constrained environment and most probably the OBF mechanism occurs.

(a) - ¥
H.,H H:H
SR Sl l~ i Bl
(b) - P
RHH - R ’ RHR
X R P
Vo T O e

Figure 35 Schematic illustration of the two photochemical Z — F isomerization mechanisms in stilbene: (a) the
OBF mechanism involves a rotation around a C=C bond (colored in brown), and (b) the HT mechanism consists of
a concerted rotation of a small C-H moiety (colored in red) about the double bond and an adjacent single bond

(both colored in brown).

A third isomerization mechanism is possible in polyenes, also referred to as bicycle-
pedall®100161 (BP) mechanism. In 1976, Warshel'®!l reported his work on the BP mechanism. The
HT mechanism, however, seems to be more likely to occur than the BP mechanism in the pho-
toisomerization process of biologically important polyenes like calciferol'® and rhodopsin.!'%! The
BP mechanism does not occur in stilbene moieties and, as a consequence, this mechanism will not

be further discussed within this doctoral thesis.

1.5.2 Stilbene Motifs in Highly-Strained Phanes

For the syntheses of stilbene derivatives, the most important methods for the C=C bond for-

mations are:

a) Aldol-type condensation!®

b

Barton-Kellogg-Staudinger reaction!'64165166]

¢) Cross-metathesis (CM) with Grubbs’ catalyst!'677l
d) Heck reaction/!6%169170)

e) Negishi-Stille coupling!'717

g) Perkin reaction!!717)

h) Reduction of triple bonds!'"

Wittigl'™"1™l reaction

(
(
(
(
(
(f) McMurry reaction*™117)
(
(
(i
(

)
j) Horner-Wadsworth-Emmons!™ 130181 (HWE) reaction
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Although, there are a lot of synthetic protocols available to create a C=C bond in stilbene de-
rivatives via C=C bond formation, there are only a few examples in literature, where researchers
were able to integrate the stilbene motif into a photoswitchable stilbenophane. In 1981, Wenner-
strom et al.l™ synthesized (F)-[2.2](4,4")stilbenophane 44 (Scheme 6) via an intermolecular
McMurry reaction of two equivalents of 4,4'-(ethane-1,2-diyl)dibenzaldehyde (45) with low-valent
titanium species. They were also able to synthesize (Z)-[2.2](4,4")stilbenophane 44 by using the
same protocol. Furthermore, they studied the photochemical E — Z isomerization process!'®? in
(E)-44, but not the intramolecular photodimerization, which is a competing side reaction. The
group of Wennerstrom also succeeded in the integration of multiple stilbene motifs into macromo-
lecular structures, such as (a) 6 stilbene units in case of [2¢]paracyclophene,!'8*1341%5] (1) 4 stilbene
units in case of [24]paracyclophene,™ and (c) 3 stilbene units in case of [23]paracyclophene.!'s”
Additionally, they were able to vary the arene moiety from naphthalene in case of

188

[2.2.2.2]paracyclophanetetraenel™ to biphenyl in case of [2.2.2.2.2.2]paracyclophanetetraene,'® to

name a few examples.

o TiCly, Zn powder OQ
Os O THF, pyridine. 0 °C to 70 °C, 16 h OQ

45 44

Scheme 6 Synthesis of (E)-[2.2](4,4")stilbenophane 44 via an intermolecular McMurry reaction of 4,4'-(ethane-1,2-
diyl)dibenzaldehyde (45) in 23% yield.

In 2005, Tobita et al.'*" synthesized, among others, (E,E)-1 (Scheme 7) via an intermolecular
McMurry reaction of the bisaldehyde 46. Subsequently, they irradiated a nuclear magnetic reso-
nance (NMR) sample with light above 360 nm, which contained a 1.17 mM solution of (E,E)-1 in
deuterated benzene (CsDs) and benzophenone as photosensitizer.

O
1O oS aYats

|
TiCly, Zn powder

THF,0°Cto 70 °C, 24 h
/ISi C yel ,IS] O / O \

46 (E,E)1

Scheme 7 Synthesis of (E,E)-1 via an intermolecular McMurry reaction of 46 in 14% yield.

After the irradiation for 1 h, they monitored by ‘H-NMR spectroscopy, as seen in Scheme 8§,
the transformation of (E,E)-1 into two new states. The photostationary state consisted of mixture
of (E,E)-1/(E,Z)-1/(Z,Z)-1 in a 1:1:1 ratio. The intramolecular dimerization product was prevent-

ed due to the use of a photosensitizer.
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Scheme 8 The triplet-sensitized photochemical isomerization reaction of (E,E)-1 to yield a PSS mixture of (E,E)-
1/(E,Z)-1/(Z,Z)-1 in a 1:1:1 ratio. This was achieved by the irradiation of (E,FE)-1 with light above 360 nm for 1 h.

In addition, they demonstrated (Scheme 9) that all strained (Z)-stilbenophanes 47a—c (with
ortho, meta, or para substitution pattern on the stilbene benzene rings) did not show any conver-
sion towards the (F)-isomer 47a—c. They were, however, able to photocyclize them to their corre-

sponding phenanthrenophane derivatives 48a—c.

|
=Si NS
S
® hv (>280 nm) £ UL hv(>280 nm)
A= N - (/e | Q
QA benzophenone, Ar
NG AT o

CeHe
47a (ortho) 47a (ortho) 48a (ortho)
47b (meta) 47b (meta) 48b (meta)
47c (para) 47c (para) 48c (para)

Scheme 9 Unsuccessful attempts of the photoisomerization reaction of strained (Z)-stilbenophanes 47a-c to obtain
(E)-stilbenophanes 47a—c. However, they were able to obtain the phenanthrenophane derivatives 48a-c in all three

cases (48a: 12%; 48b: 43%; 48c: 43%).

Over the years, different research groups like Medarde et al.'"! or Darabi et al.l'"!l were able to
assemble stilbenophanes. The group of Medarde reported the successful synthesis of a stil-
benophane analogue of deoxycombretastatin A-4 (Figure 36a) via a McMurry reaction as the final
step. Moreover, they also tried to apply a RCM reaction as the final cyclization reaction, but it did

not lead to the desired product.
(a) — (b)
MeO O @
O OMe O
o/

Figure 36 Two examples of stilbenophanes from literature: (a) stilbenophane from Medarde et al., and (b) host

guest system from Sukwattanasinitt et al. Reprinted with permission from Sukwattanasinitt et al.l'*?

The group of Darabi accomplished the synthesis of a cup-shaped (E)-stilbenophane by a final
intramolecular McMurry reaction. The cup-shaped stilbenophane showed the ability to complex a

silver cation, as a result of the m-acceptor interaction of the alkene groups with the silver cation.
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Sukwattanasinitt et al.'? demonstrated (Figure 36b) the encapsulation of an electron-deficient
guest, namely, nitromethane inside the (Z)-isomer of a stilbene-bridged calix[4]arene system, on
account of favorable interactions of the guest with the electron-rich cavity of the host. Upon UV
light irradiation nitrobenzene was released from the (E)-isomer. Additionally, they were able to
synthesize derivatives with all four possible substitution patterns (a) ortho: 10% yield; (b) meta:
85% yield; and (c) para: 51% yield.

All the described stilbenophanes were exclusively prepared by an intermolecular McMurry reac-
tion or Wittig reaction in case of Wennerstrém’s stilbenophanes as the final step of the synthetic
approach. So far, no examples employing stilbenophanes as the switching unit for molecular elec-

tronics are known.

1.5.3 History, Properties, and Isomerization Process Mechanisms of Azobenzene

Another member of the class of photochromic molecular switches is azobenzene.'¥ The term

194 570ben-

azo is derived from the French word azote, which means nitrogen. The IUPAC defines!
zene as diphenyldiazene but the term azobenzene is still widely used and fully accepted in the
chemical community. Diphenyldiazenes are dyes and their derivatives have an orange, red, or yel-
low color due to the m-extended delocalized system. Nowadays, diphenyldiazene dyes represent
approximately 60% of the world production of industrial dyes and are used in all kind of areas,
such as food coloring, paints, paper printing, textile dyeing, or as acid-base indicators.[%>:1%]

In 1834, Mitscherlich!"" described the successful synthesis of (E)-diphenyldiazene, also referred
to as (FE)-28, by reacting nitrobenzene in an ethanolic KOH solution. One century later, Hartley!'*!
discovered the photochemical F — Z isomerization process to afford (Z)-diphenyldiazene, also re-
ferred to as (Z)-28, by irradiation with light. Two years later, Robertson!"! confirmed both struc-

tures by X-ray diffraction analysis.

] Q N=N
4 3o
(E)-49 (2)-49

Figure 37 Two isomers, (F)-49 and (Z)-49, of azobenzene.

The ultraviolet/visible (UV/Vis) absorption spectra (Figure 38) of (F)-49 and (Z)-49 possess
two characteristic absorption bands: an intense m — 7* and a much weaker n — 7 transition
band. The © — 7* transition band of (E)-49 is more intense, compared to the m — 7* transition
band of (Z)-49. Whereas, the n — ©* transition band of (Z)-49 is more intense, compared to the
n — ¥ transition band of (E)-49, which is almost not detectable. The © — n* transition band is
attributed to the azo unit and generally appears in the near UV region (314 nm for (FE)-49 and
280 nm for (Z)-49). The intensity of the © — n* transition band is significantly weaker for (Z2)-49
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than for (E)-49, which is ascribed to the non-planar geometry of (Z)-49. The n — n* transition
band is also attributed to the azo motif (originated form the lone pair of the nitrogen atom) and is
observed in the visible region (400 nm for (£)-49 and 430 nm for (Z)-49). The intensity varies a
lot because this transition is symmetry-forbidden for (E)-49 and symmetry-allowed for (Z)-49,
which results in an increased intensity in case of (Z)-49.

0.45

i n — 7 transition band
0.40 +

0.35

1
o
w
S
1

Absorbance [a.u.
o o o
- N N
(9] o (4]
1 1 1

0104 n — n* transition band
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0.00 ——
200 250 300 350 400 450 500 550

Wavelength [nm]

Figure 38 Absorption spectra of (Z)-49 (red line) and (E)-49 (blue line) were recorded in ethanol (EtOH).
Adapted from De Maria et al.?%

Similarly to stilbene, the F — Z isomerization process of azobenzene can be achieved upon ir-
radiation with UV light at the m — n* transition-band wavelength, and the reverse process
(Z — E) either by irradiation with visible light at the n — n* transition-band wavelength or ther-
mally in the dark. The energy barrier of the isomerization process is around 23 kcal/mol?" and a
maximum PSS of 85% for (Z)-49 can be obtained due to the close proximity of the two nm — n*
transition bands. This narrow gap causes slow reisomerization of (2)-49 to (E)-49. The steady
state depends on the wavelength and the temperature, employed during the irradiation process.?’?
The E — Z isomerization process occurs usually in the picosecond scale, while the thermal Z — F
back reaction (see Chapter 1.5.4) occurs in the millisecond to days timescale, sometimes years. The
energy gap between the 1 — n* and n — n* transition bands depends on the substituents in the 4
and 4' positions of the azo motif. In this respect, there are three different types,?%324 as illustrated
in Figure 39, of azo motifs:

(a) Azobenzene type (Ph—-N=N-Ph, 49): This type is the simplest one and has the above de-

scribed transition bands. The color of this type of dye is yellow.

(b) 4-Aminobenzene type (o- or p-(X)-CsHsi~N=N-Ph, 50): X corresponds to an EDG in ortho

or para position. The 1 — n* and the n — #* transition bands are very close to each other
or overlap in the UV/Vis region leading to a shoulder. The color of such dyes is orange, as

a result of the red-shift of the two transition bands.
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(c) Pseudo-stilbene type (p-(X)-CsHs-N=N-CsHs—p-(Y), 51): X corresponds to an EDG and Y
corresponds to an EWG. This configuration results in a push—pull system. The 1 — n* and
the n — 7* transition bands appear inversed compared to type 1 meaning the n — 7* caus-

es the red color of these dyes.

Q NH, NH
NN NN NN
O
49 50 51

Figure 39 Three different types of azobenzenes 49-51.

As a consequence of the conformational difference between the (E)- and the (Z)-isomer, their
chemical and physical properties change dramatically, which can be illustrated by an example of
(E)-49 and (2)-49:

(a) (E)-49 is ~12 kcal/mol more stable than (2)-49.2

(b) The length of the C-N bond is negligibly shorter (1.41 A) in (E)-49, compared to (Z)-49
(1.45 A).19)

(c) The geometry changes from flat in case of (E)-49 to angular in case of (Z)-49, because one
of the two phenyl rings twists out of the plane to minimize steric repulsion. Therefore, the
distance between the two carbon atoms in the positions 4 and 4’ of the aromatic rings de-
creases from 10.0 A in case of (E)-49 to 5.9 A in case of (2)-49 (Figure 40).[204

(d) The dipole moment D (D corresponds to Debye) increases from 0.0 D in the case of (F)-4
to 3.0 D in the case of (Z)-49.2

(e) The proton signals of the aromatic AB system are upfield shifted in (Z2)-49, compared to
(E)-49. This occurs as a consequence of the anisotropic effect of the m-cloud of the twisted

aromatic system.

100A© @ @
@ hv' orAE 59A :

——
(E)-49 (2)-49

Figure 40 The chemical structure of (E)-49 and (Z2)-49.

(193, 206] a5 discussed in Chapter 1.5.1, the exact

Compared to the isomerization of stilbene motifs,
mechanism of the photochemical isomerization process of azo moieties is still not fully understood
and is therefore subject of debate, 201207 206,208,209.210.211.212] The main issue is the presence of the va-

lence electron pair at each nitrogen atom, which has an impact on the mechanistic pathway. Over

42 |page



Introduction

the time, two major pathways, as seen in Figure 41, for the photochemical E — Z isomerization
process have been proposed and are established. One is the rotation mechanism (Figure 41; top)
and the other one is the inversion mechanism (Figure 41; bottom). The rotation mechanism, also
referred to as OBF mechanism, is similar to the one in stilbene, and involves a T — w* (So — S2)

transition leading to a rotation around the N=N bond.

g}@g@-

L o QN:ND
ggj% < rotation @ @

Q U
(E)-49 A=) (2)-49

O

inversion

1
]
+

heat or hv

Figure 41 Two possible pathways, rotation (top) and inversion (bottom), for the E — Z isomerization process.

The inversion isomerization mechanism involves the lone pairs of both nitrogen atoms and may
lead to one n — w* (Sp — Si) transition with an inversion at the nitrogen atom (around the N=N-
C bond angle). Several parameters, such as the nature of the substituent?’6:2213 at the aromatic

2062101 of the structure determine, which

ring, polarity2%l of the solvent and the steric hindrance!
pathway will be favored. The temperature does not influence the efficiency of the £ — Z isomeri-
zation, but significantly decreases the isomerization quantum yield of the reverse reaction, which is
0 at ~110 K.? The thermal Z — E isomerization reaction occurs via the inversion mechanism

2] and by Tamaoki and coworkers,?¥ by studying

which was demonstrated by Rau and Liiddeckel
this mechanism in their strained azobenzenophanes which cannot rotate (see Chapter 1.5.4).
Recently, Diaul®"”! proposed a new, so-called concerted inversion, photochemical isomerization

mechanism, which consists of the simultaneous bend of both C-N=N bond angles (Scheme 10).

+

QNJEQ—> OO — 0 |— B O
(E)-49 (2)-49

Scheme 10 The third mechanism, namely, the concerted inversion mechanism illustrated in (E)-49.

The fatigue resistance factor is for azo compounds high, meaning that the F — Z photoisomeri-

zation reaction and the reverse Z — FE isomerization process can occur umpteen times.
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1.5.4 Azobenzene Motfis in Highly Strained Phanes

For the syntheses of azobenzene derivatives the most important methods for the N=N bond
formations are:

(a) Electrophilic aromatic substitution reaction of diazonium salts (azo coupling reaction)?'%l

(b) Mills reaction (condensation of nitrosobenzene with, e.g., aniline)?7:218219]

(c) Oxidative azocoupling (KOBu in BuOH/Dimethyl sulfoxide (DMSO) and O,
Pb(OAc); and NEt3??! or NaOC1).2l

(d) Reductive azocoupling (LiAlH, in THF;??2214223 Zn /NaOH;?*! or D /L-glucose in NaOH???’!

(e) Pd-catalyzed three-step procedure (1) a Hartwig-Buchwald cross-coupling reaction of an
aryl halide with a N-Boc protected hydrazine using Cu- or Pd-catalyst, (2) intermolecular
Pd-catalyzed cross-coupling reaction yielding a N-Boc diaryl hydrazine, and (3) oxidative

cleavage of the protective group with a Cu(I) source to yield the desired azobenzenel??0227:22

(f) Schiff base condensation?*!

Another drawback of azobenzene systems besides the photostationary state is the low stability
of the (Z)-isomer, which easily isomerizes back to the (E)-isomer even at room temperature in the
dark. To implement azo motifs as photoswitching unit in macromolecular structures for photo-
chromic molecular switches, several approaches are available to face this problematic issue:

(a) Stabilization of the (Z)-isomer:

(1) By the introduction of multiple azo units or introducing strain into the structure (see
examples are discussed below).[230.231,232.253]
(2) By the introduction of fluorine atoms in positions ortho to the azo moiety.?*!
(b) Destabilization of the (Z)-isomer:

(1) By the introduction of a hydroxyl functionality in the position ortho to the azo mo-

tif.[234

As mentioned in Chapter 1.1.1, there are several strategies to deal with the final intramolecular
or intermolecular macrocyclization step either by using the template effect or the high-dilution
principle. An additional criterion, which can be taken in account during the final cyclization step,
is whether the final target structure bears heteroatoms in the bridging chain or not. If heteroatoms
are present in the desired azobenzenophane, one can cyclize two building blocks via a Williamson-
type substitution reaction or a condensation reaction, wherein the azo motif is already present in
one of the two building blocks. As a result, one building block has to bear a nucleophile and the
other one has to bear an electrophile. Benzylic bromidel® is the electrophile of choice and, as the

235]

nucleophile, amine or thiol?* can be used. Examples where a hydroxyl motif is used as nucleophile

has not yet been reported in literature.
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The first azobenzenophane, as displayed in Scheme 11, was prepared by Rau and Liiddeckel*"]
in 1982 by the intermolecular dimerization of 4,4'-di(bromomethyl)azobenzene (52) with NasS to
yield (E)-2,19-dithia[3.3](4,4’)-diphenyldiazeno(2)phane (53) in 40% yield.

S
: i
(@ i P Nass Ny Q)
[
PhMe/EtOH NN
{ o Sy

S

52 53
40%

Scheme 11 Synthesis of (E)-2,19-dithia[3.3](4,4')-diphenyldiazeno(2)phane (53) by Rau and Liiddecke.

In their work, Rau et al. demonstrated the conversion of (FE,FE)-53 through a photoisomeriza-
tion process to (Z,7)-53 via (Z,E)-53 and observed a half-life time of 5 days in the dark?¢2!1 for
(Z,2)-53. The aim to prolong the half-life time of the thermally unstable (Z,2)-53, resulted in the
synthesis of a sterically more hindered azobenzenophane 54, as seen in Figure 42, which has an

237 Therefore, this molecule is considered as the first example of

improved half-life time of 400 days.!
an azobenzenophane, where the (Z,Z)-isomer is thermodynamically more stable than the (E,E)-
isomer and, consequently, this azobenzenophane represents a thermally bistable system. Rau’s
molecule fulfills most of the above-mentioned requirements to be used as an optical storage device,

however, it has two drawbacks, namely, the long irradiation time for the photoisomerization pro-

cess and the instability of both isomers at 313 nm.
CO,Et

s

S\Q

Figure 42 Three different azobenzenophanes 54-56.

Introduction of strain into a macromolecular structure should in principle help to stabilize the
unfavored isomer, but Tamaoki et al. proved the opposite. The authors succeeded in the synthesis
of [2.2]parazobenzophanel'*?3:2%] 55 as illustrated in Figure 42, in 0.30% yield and of [1.1]metazo-
benzophanel!*241222] 56, as seen in Figure 42, in 0.13% yield. The half-life time in the dark of 55 is
the same as the one of 49, namely, 2.6 days.?'¥ Compared to the half-life time of 56 with a very
high value of 19.7 days.?l. The prolonged half-life time of 56 is attributed to its lower rigidity
compared to 55. [0.0]Metazobenzenophane 57 (Figure 43), also referred to as (FE,E)-57, was first
synthesized by Cho et al.,?* however, the photochromic properties have not been reported.

Tamaoki and coworkers?4

I used this highly strained molecule in their studies and observed a half-
life time of 20 daysP?*! for (Z,Z)-57. Therefore, this molecule represents the second example, where

the (Z,Z)-isomer is the thermally most stable species. The long half-life times of the azobenzenoph-
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anes 54 and 57, both systems can be considered as bistable systems, are caused by the highly dis-
torted (Z,E)-isomer and the highly strained (Z,Z)-isomer. Within such a system, it is almost im-
possible to isomerize back to the (F,FE)-isomer due to the high energy barrier. By changing the
biphenyl moiety to a xanthene motif, as seen in (Z,7)-58 (Figure 43), they were able to beat their

own record and increased the half-life time to 6.43 years.[24220]

Ni N — N\\ N A 7 7 ™
N N N N
uv, A
0
(Z,2)-57 (E,E)-57 (IETE)-58 (Z,2)-58

Figure 43 Two examples of azobenzenophanes with very high half-life times for the (Z,Z)-isomer.

In contrast to stilbene motifs, azo motifs have found many applications and are used, for ex-

ample, for the specific ion recognition?® (Figure 44), as a molecular hinge,?”! as a molecular

lift,?*% as a molecular pedal,?"?%! or as a nanovehicle.?4250]
)
1% o o™y
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Figure 44 (FE)-59 is not able to complex a cesium cation. This behavior changes upon UV light irradiation and
isomerization to (Z)-59, which complex the cesium cation in a sandwich-like structure, and releases it upon irradia-

tion with visible light. The ability of (Z)-59 to remove cations form the aqueous solution decreases in the following
order: Cs™ > Rb™ > K* > Na*.

A molecular lift is another example of a molecular switch and, therefore, it can be considered

as a photooptical storage device.

II
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Figure 45 Schematic overview of the experimental setup with different distances between the SAM and the Hg-

drop electrode. The experimental setup with the (E)-isomer is displayed on the left and with the (Z)-isomer on the

right. Reprinted with permission from Rampi et al.?*!
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Rampi and coworkers® deposited (E)-4'-([1,1-biphenyl]-4-yldiazenyl)-[1,1"-biphenyl]-4-thiol on
a gold surface with the thiol head covalently bond to the Au(111) substrate (Figure 45) and,
thereby, forming a self-assembled monolayer (SAM). The distance between the substrate (SAMa,o)
and a mercury drop electrode was subsequently lowered via a photochemical process (E — Z) upon
irradiation with UV light at 370 nm and, vice versa, increased upon irradiation with visible light at
450 nm. The difference in height between the (E)- and (Z)-isomer is 7 A, which corresponds to the
difference in length between the two geometries. The highly reversible switching mechanism was

performed with a 94-100% efficiency.

1.5.5 Dithienylethene—A Third Class of Photochromic Molecular Switches

A third class of photochromic molecular switches is the dithienylethene motif, first reported by
Irie et al. This class is considered to be the ideal structure for optoelectronic devices such as optical
memories and switches.?"%? In general, a dithienylethene motif 60, as seen in Figure 46, consists
of two thiophene rings, which are bridged with an ethene unit in the positions 3 and 3'. The two
carbons of the ethene bridge are fused, for example, to a 5- or 6-membered ring with various sub-
stitution patterns, to lock the (Z) geometry. The positions 4 and 5 of the thiophene moiety can
bear a fused aromatic (hetero)cycle or simple aliphatic chains, or even a different molecular back-
bone. Stability against oxidation is gained by the introduction of methyl groups in the positions 2
and 2' of thiophene and the color in the closed form rises from the extended delocalized m-system of
the molecular backbone. The chemical, optical, and physical properties of the two isomers, namely,
open form-61 (which is colorless) and closed form-61 (which is colored), are very different (Figure
46). The switching mechanism is induced, similarly to the azo and stilbene moiety, with UV light

and the reverse reaction is achieved with visible light (4 > 600 nm).

a) b)

RF RF
F F hv' F
4 F F —_—
BDAR
R R, BEB A>600 nm 3
15 ? 2 R1 g~ W g Rz R1 §'s R2
60 open form-61 closed form-61

Figure 46 A schematic illustration of: (a) a general chemical structure of a dithienylethene moiety 60; and (b) an
electron transfer is only possible in the closed form-61 (throughout red), whereas it is impossible in the open form-
61 (indicated by two different colors: the red color corresponds to an possible electron transfer and the blue color

to an impossible electron transfer).

The full conjugation can additionally lead to an electron transfer through the molecule, there-
fore such a system can be, for example, deposited on a gold surface, as demonstrated by Feringa et
al.,l?l or integrated into a MCBJ setup as reported by Feringa and coworkers?*. Dithienylethene-

containing structures exhibit, likewise to azo compounds, a high fatigue resistance factor.?”
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However, there is no example known in literature of a dithienylethene-containing phane. There-
fore, this subclass of photochromic molecular switch will not be explained in more detail, and for

further reading, refer to the literature. 2252251256257

To conclude, owing to the profound research in the field of molecular electronics, fundamental
questions and quantum phenomena have been investigated and improved our knowledge on, among
others, charge transfers, but still many questions are remain to be answered. Basic applications
demonstrated the potential of photochromic molecular switches and, consequently, more research is

necessary in this area.
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2 Aim of the Work

The work described in this doctoral thesis addresses three objectives. Common themes of all
objectives are (a) the backbone of the molecules of interest consists of a chemically inert NDI mo-
tif; and (b) upon irradiation a part of the molecule undergoes a transformation, which leads to a
reversible change of the molecular geometry. The photoinduced process is studied (1) by fluores-
cence and transient-absorption spectroscopies, (2) in a break junction setup, or (3) by 'H-NMR

spectroscopy.

Objective 1

To investigate (Figure 47) the influence of the reduced motional freedom of the core substitu-
ents in the positions 2 and 6 (IUPAC nomenclature: positions 4 and 9) in a NDI-phane with two
fixed bridges on the photoinduced charge-transfer process. The goal is therefore (a) the design of a
collection of three different NDI-phanes, (b) the development of an efficient synthesis of all the
members, (c) the investigation of the optical properties of all the members, and (d) the measure-

ment of transient-absorption spectra of all the members.

Figure 47 Concept picture of the first objective illustrating the structure of a molecular figure-of-eight.
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Objective 2

To probe the photoinduced charge transfer in a linear ¢cNDI integrated into a squeezable break
junction setup (Figure 48) and to observe for the first time conductance enhancement on a single-

molecule level.

Figure 48 Concept picture of the second objective illustrating the integration of a ¢cNDI into a squeezable break

junction setup. R is a short alkyl amino substituent.

The goal is therefore (a) the design of a linear ¢cNDI suitable for this kind of measurements, (b)
the development of an efficient synthesis of such a linear ¢NDI, (c) the investigation of the optical
properties of such a linear ¢cNDI, and (d) the conductance measurements of such a linear ¢cNDI in a

SBJ setup.

Objective 3

To investigate photoswitchable NDI-phanes (Figure 49) as potential molecular switches. The
goal is therefore (a) the design of a photoswitchable NDI-phane, (b) the development of an efficient
synthesis of such a NDI-phane, (c¢) the investigation of the optical properties of such a NDI-phane,
(d) the investigation of the photoinduced F — Z and Z — FE isomerization processes in such a
NDI-phane, and (e) the deposition of such a NDI-phane on a metallic surface and probe the

switching process upon external stimulus.

Figure 49 Concept picture of the third objective illustrating a photoswitchable NDI-phane deposited on a surface
and its switching process. In this figure, (E)-NDI-azobenzenophane (left) is deposited on a silver surface and irradi-
ated with UV light at 395 nm to initiate a photoinduced isomerization process to obtain (Z)-NDI-azobenzenophane

(right). The reverse reaction occurs in the dark. The two processes are reversible.
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3 Synthesis and Properties of Molecular 8 Derivatives

The first objective was to investigate the influence of the reduced motional freedom of the core
substituents in the positions 2 and 6 (IUPAC nomenclature: positions 4 and 9) in a NDI-phane
(Figure 50a) with two fixed bridged on the photoinduced charge transfer. Therefore, a symmetrical
NDI-phane, also referred to as in full molecular figure-of-eight and in short molecular 8, was de-
signed. In such a NDI derivative by using the IUPAC nomenclature, the phenylsulfanyl substituent
in position 4 is bridged with the phenyl substituent in position 7 and the phenylsulfanyl substitu-
ent in position 9 is bridged with the phenyl substituent in position 2 and, thereby, forming two
loops around the central NDI core. This structure is reminiscent of a figure of eight. The length of
the two bridges is designed in such a way that conformational motions are restricted and, thus,
leading to a rigid structure.

R4 NDI

(b)

e

Figure 50 (a) Schematic illustration of a molecular 8 with two fixed bridges and sulfur core substituents in the

positions 2 and 6 of the naphthyl core; (b) structures of the model compounds investigated by Pugliesi et al.

This objective is originated from the previous work of Puglisi et al., who reported the first
time-resolved study of the rate of charge transfer from sulfanyl core substituents to the NDI motif.
In particular, the authors investigated the fluorescence quenching behavior of three symmetrical
cNDIs 37-39 bearing different core substituents, as illustrated in Figure 50b (see Chapter 1.3.3),
by transient-absorption spectroscopy. In case of a phenylsulfanyl core substituent, they detected an
ultrafast fluorescence quenching process. However, in case of a benzylic phenylsulfanyl core sub-
stituent, they detect a slower rate of charge transfer and, as a consequence, fluorescence was de-
tected. The quenching process is attributed to conformational changes of the core substituent lead-
ing to an electron transfer process. They further supported their proposed mechanism with the

help of ab initio calculations.
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3.1 General Synthetic Strategy

3.1.1 Molecular Design of Molecular 8 Derivatives

To further probe the postulated quenching mechanism by Pugliesi et al., a collection of NDI-
phanes, in which the two phenylsulfanyl substituents are exchanged for phenylamino and phenoxy
substituents, were designed. In contrast to the previously studied structures, the phenylsulfanyl
core substituent and the phenyl substituent on the imide functionality (Figure 50a) are connected
to each other by an aliphatic bridge. As a result, the rotation around the S—C bond of the NDI
core substituent in the full-CT state should be restricted. The deceleration of the conformational
motion of the core substituent in the full-CT state from a planar orientation to a twisting out of
the NDI plane should decrease the fluorescence quenching process and, thereby, an increased FQY
should be detected. For the comparison of the obtained FQYs of the molecular 8 derivatives their
unbridged derivatives, also referred to as reference compounds, are as well envisioned to be synthe-
sized. Three parameters were considered for the design (Figure 51) of the molecular 8 derivatives:

(a) The substitution pattern on the two bridged benzene moieties is chosen to be either me-

ta,meta, meta,para, para,meta, or para,para.

(b) The length of the aliphatic bridge is chosen between seven and nine CH, repeating units.

(¢) The core substituent heteroatom is chosen to be either oxygen, nitrogen, or sulfur.

[CHz] /[CHzlnE 6“ ]”; [C”ﬂ
OX X N N X O N
o) o) 0. 0 0
EEN x g“ 0 X N O O X
o X' P ? @ E O
[CHl7 CHolr [CHl5 [CHal5

meta,meta-1 meta,para-1 para,meta-1 para,para-1

Figure 51 Four possible substitution patterns of the molecular 8. X corresponds to S, NH, or O and n = 7-9.

After preliminary studies (Figure 52) a symmetrical meta,meta-substitution pattern, two eight-

membered aliphatic bridges, and sulfur heteroatoms are chosen.

Figure 52 Molecular design of S,S-molecular 8.

A molecular 8 with (a) phenylsulfanyl core substituents is called S,S-molecular 8, (b) phenyl-
amino core substituents is known as N,N-molecular 8, and (¢) phenoxy core substituents is denot-

ed by O,0O-molecular 8.
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3.1.2 Molecular Design of Reference Compounds

The molecular design of the unbridged derivatives 37, 62, and 63 is shown in Figure 53. The
core substituents and the imide substituents should have in positions 4 and 4', respectively, a tert-
butyl group to increase the solubility of the pigment. Additionally, at the para position the steric

influence of the tert-butyl group is negligible compared to the meta or ortho position.

37:X=8
62: X = NH
63: X=0

Figure 53 Molecular design of the reference compounds 37, 62, and 63. X corresponds to S, NH, or O.

3.1.3 Retrosynthetic Analysis of Molecular 8 Derivatives

Retrosynthetically, an isomeric mixture of molecular 8 64a and 64b (Scheme 12) can be ob-
tained from an intramolecular nucleophilic aromatic substitution (SnAr) reaction of linear NDI

derivative 65.

~ACHsly.,

G/, )
/@'X ON’@: X ON’© SNAr reaction cl O N/©[\CH2]J;)\XH
(CHy], © O@ o[CHeln . O 0 I m—— . o 2o
N e AL
(o] = , or
X=0,
X=9 or

64a 64b 65

ﬂ removal of PGs
R 2 L
O c O o condensation reaction cl O N [CH,l, xPC
0 vt O X € PESNCTNG o< o
© cl e cl
(0] 0]

|SAnea

67 14 66

Scheme 12 Retrosynthetic analysis of the synthesis of the isomeric mixture of molecular 8 64a and 64b.

In contrast to isomer 64a, the aliphatic chain in isomer 64b is in close proximity to the hydro-
gen atom of the naphthyl core, which is illustrated by the red up—down arrow in Scheme 12. The
linear NDI derivative 65 can be obtained after the cleavage of the protective groups (PGs) in
structure 66 and a previous condensation reaction of NDA 14 with the key building block 67. The
asymmetrical key building block 67 containing a protected alcohol motif or a sulfanyl motif can be

obtained after applying reductive conditions (Scheme 13) on structure 68. At this stage, retrosyn-
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thetic analysis revealed that there are several methods available (Scheme 13) to afford structure
68. Structure 68 can be obtained from (a) a Sonogashira cross-coupling reaction route, (b) a Heck
cross-coupling reaction type route, (c) a one-pot Wittig reaction pathway, or (d) a stepwise Wittig
reaction pathway, to name a few. Here, only the stepwise Wittig reaction (red route) pathway and
the one pot Wittig reaction (blue route) pathway are described. The Sonogashira cross-coupling
reaction route and the Heck cross-coupling reaction type route are not considered on the basis of
the longer linear sequence compared to the routes (c) and (d). The longer linear sequence of each

route will ultimately result in a lower overall yield.

PG’YNHz

7
reduction
Y=0,or
Y=8
0 Wittig reaction 5
PG’ O X oY No, —————> PG \©/*O + By ~NPPNIB oy@
NO,
68 69 70 72
Wititg reaction introduction of PG
Z=0,o0r X =Br, or SN2 reaction
Z=8 X=1
.Z N X N HY: N
PG O/\O + BrPh3P\WﬁNOZ O/\O or \©/\O Br/\/\/\/Br
76 75 73 74 71

1. SN2 reaction
2. Wititg reaction
BrPhyP "~ Br + O\\/QNO

77 72

HSNZ reaction

Brr N SNACBY
71

2

Scheme 13 Retrosynthetic analysis of the synthesis of key building block 67.

In the one-pot Wittig reaction pathway, the protected benzaldehyde 69, the corresponding
double Wittig ylide 70 of 1,6-dibromohexane (71), and 3-nitrobenzaldehyde (72) are required. The
stepwise Wittig reaction pathway is more selective compared to the one-pot Wittig reaction path-
way and, thus, a higher overall yield can be expected. The protected benzaldehyde 69 can be ob-
tained from the successful introduction of an appropriate protective group in structure 73 or 74.

In contrast to that, when a stepwise Wittig approach is applied, structure 68 can be obtained from
a single Wittig reaction of Wittig ylide 75 with a protected benzaldehyde 76. The Wittig ylide 75

can be obtained after a Wittig reaction of mono Wittig ylide 77 with 72 and the subsequent trans-
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formation of the Wittig product with triphenylphosphine to the Wittig ylide 75. The mono Wittig
ylide 77 can be obtained after treating 71 with triphenylphosphine.

Retrosynthetically, the monoprotected bisamine 78 (Scheme 14) can be obtained by several
synthetic methods. However, hereafter only two pathways (blue route and green route) are pre-
sented. Similar to the approach towards the sulfur and oxygen nucleophiles, the monoprotected
bisamine 78 can be obtained by reduction (green route) of structure 79 or by protection (blue
route) of an amine functionality in bisamine 80. Bisamine 80 (blue route) can be obtained by re-
duction of compound 81 and a previous one-pot double Wittig reaction of 70 with 72. In the sec-
ond route, the monoprotected bisamine 78 (green route) can be obtained by the reduction of struc-

ture 79, and a prior asymmetrical double Wittig reaction of a protected benzaldehyde 81 with 70,

PG'HNHZ introduction of PG H2NNH2
78 80
ﬂreduction ﬂreduction
PG’HNOz OzNN02
79 81
ﬂWittig reaction ﬂWittig reaction
H

O,N O,N
PG-N©AO +  BrPhyp ~~PPhBr 2 @Ao BrPhsp~"~~PPhsBr 4 =2 @Ao

81 70 72 70 72

and 72.

Scheme 14 Retrosynthetic analysis of the synthesis of the monoprotected bisamine 78.

3.1.4 Retrosynthetic Analysis of Reference Compounds

Retrosynthetically, the unbridged reference compounds 37, 62, and 63 (Scheme 15) can be ob-
tained by a final SyAr reaction of the key building block 82 with the appropriate nucleophile.

Structure 82 can be obtained from a condensation reaction of NDA 14 with tert-butylaniline (83).

37. X=8 82 14 83
62: X =NH
63: X=0

Scheme 15 Retrosynthetic analysis of the synthesis of the unbridged reference compounds 37, 62, and 63.
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3.2 Results and Discussion

3.2.1 Choice of the Protective Group

From the synthetic point of view, the protective groups (PGs) for the hydroxyl and thiol mo-
tifs must be stable against (a) moderate acidic conditions (pKa=4.75), (b) heat (130 °C), (c)
moderate basic conditions (pKa~20), and (d) hydrogenation using a Pd catalyst. The PGs have to
be at the same time labile against (1) strong basic conditions (pKg < 0.00), and (2) acidic condi-
tions (pKa =0.00) to obtain the free nucleophile in the penultimate step for the final intramolecu-
lar ring-closing reaction. In case of a PG for the amine functionality, the PG should be stable un-
der moderate acidic conditions (pKx =4.75) as well as against heat (130 °C) and at the same time
labile against strong acidic and basic conditions, respectively. After consulting the literature, a
series of different possible PGs were on the shortlist. The advantages and disadvantages of these
PGs were crucial for the decision, which protecting group had to be utilized in the synthesis of
each derivative. Out of this list, the following PGs (Figure 54) were chosen and subsequently in-
vestigated (a) the tert-butyl (‘Bu) PG for the thiol nucleophile; (b) the tert-butyloxycarbonyl (Boc)
PG, carbobenzyloxy (Chz) PG, and the 9-fluorenylmethyloxycarbonyl (Fmoc) PG for the amine
nucleophile; and (c¢) the B-methoxyethoxymethyl (MEM) PG for the hydroxyl nucleophile.

HN O .O 'OAO/\’O\

'sk HNJLOJ< HN o’\©

~By —Boc —Cbz —Fmoc -MEM

Figure 54 Protective groups used in the synthesis of molecular 8 derivatives.

The synthesis of the unbridged reference compounds 37, 62, and 63 did not require the usage

of PGs because there was no need to protect the nucleophile as described in Chapter 3.2.5.

3.2.2 Synthesis of S5,S5-Molecular 8

The synthesis of S,S~molecular 8 84 (Scheme 16) started with the preparation of 3-(tert-butyl-
thio)benzaldehyde (85). Initially, 85 was synthesized similar to Mayor et al.?* by (1) the protec-
tion of the aldehyde functionality of 3-fluorobenzaldehyde in the presence of 4-methylbenzene-
sulfonic acid with ethane-1,2-diol, (2) the introduction of the sulfanyl functionality with a ‘Bu PG
using NaSBu, and (3) the final cleavage of the acetal PG under mild acidic conditions (HCI 1 M).
The overall yield of this reactions sequence was only 13%. A more attractive route due to the high-
er overall yield, less steps, and more reliable synthetic procedure was the use of the synthetic pro-
tocol developed by Hartwig et al.?® starting from commercially available 2-methylpropane-2-thiol
(86) and 3-bromobenzaldehyde (87) which were converted into 85 via a thioetherification reaction

in an excellent yield of 90%. The first approach to synthesize tert-butyl-(3-(-8-(3-nitrophenyl)octa-
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1,7-dien-1-yl)phenyl)sulfane (88) included a stepwise Wittig reaction pathway. However, this route

was very soon dismissed because of the low overall yield (14%) and the long linear sequence.

BrNNANCBY
71

)
Lo * Do 2~ Sk, Tlo + Bibhpr~~~PPRBT 0A©N°2 ) . ﬁ\SNoz

86 87 85 70 72 88
90% 86% 28%

:
¥ o ek
>Ls T oo AL g

:
Q)
cl ON 0 S g S ON O
)OLS r 9, oNOo

91 84
87% 47%

Scheme 16 Synthesis of S,5-molecular 8 84 applying: a) Pd(OAc)2, CyPF-tBu -> 0.005 mol-%, Cs2COs, DME,
110 °C, 20 h; b) PPhs, DMF, 175 °C, 14 h; ¢) KO'Bu, THF, 1t, 72 h; d) Pd/C (10 %), Hs, 12 bar, EtOAc/EtOH
1:1, 14 h, rt; e) AcOH, 120 °C, 35 min; f) BBr3 (1 M in CH2Cly), AcCl, PhMe, 0 °C to rt, 3.5 h; g) KOH, DMF,
55 °C, 16 h.

To overcome these drawbacks, the one-pot Wittig reaction route, as displayed in Scheme 16,
was designed and started with the transformation®® of 1,6-dibromohexane (71) to the Wittig
ylide, namely, hexa-P-phenyl- P, P~octanediyl-bis-phosphonium bromide (70), in 86% yield. After
screening various conditions for the Wittig reaction, tetrahydrofuran (THF) and KO'Bu turned out
to be the best solvent and base, respectively. As a result, the asymmetrical, double Wittig reaction
was carried out by using 3-nitrobenzaldehyde (72), 70, and 85 in a 1:1:1 ratio. The desired Wittig
product 88 was obtained in a good yield of 28% and as a mixture of all four possible isomers,
namely, (E,E)-88, (Z,E)-88, (F,Z)-88, and (Z,7)-88, as proven by 'H-NMR analysis. The signals in
the "H-NMR spectrum (Figure 55) between 8.20 and 8.08 ppm correspond to the protons at the
aromatic ring between the nitro group and the olefin of all four possible isomers. The configuration
of the four different isomers was determined by a Nuclear Overhauser effect spectroscopy
(NOESY) experiment. The NOE contacts between the aromatic protons next to the olefin and the
signals at 2.37 and 2.32 ppm, as seen in Figure 55, which were assigned as CH, groups next to

olefin in (FE)-position, indicated by a high-field chemical shift of the corresponding carbon shift of
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4.42 ppm compared to the carbon shift of the carbon connected to the proton at 2.25 ppm (CH,

group next to olefin in (F)-position).

ﬁ
__ J\Lﬁ_m___________ ol J‘uJMUV‘w \M«L e

O 210
X NO,
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HH H L 215
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NOE contact F2.20
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235
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245

-2.50

2.55

T T T T N T T T T T T T 2.60
8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 74 7.3 7.2 ppm

Figure 55 NOESY spectrum of 88 shows the NOE contacts of the aromatic proton with the CH> group next to
the double bond (indicated by the arrow). The NOESY spectrum was recorded in CD2Clz at room temperature on a
600 MHz instrument.

From their integrals, the ratio (Figure 56) of the four different isomers was determined:

(a) 8.10 ppm, 61%: (Z)-NOs, (Z)-S'Bu, NOE contacts of 2.32 to 8.10 and 7.58 (both signals of
the aromatic ring with the nitro group) and NOE contacts of 2.32 to 7.44 and 7.26 (both
signals of the aromatic ring with the thioether)

(b) 8.12 ppm, 7%: (Z)-NO,, (E)-SBu, NOE contacts of 2.37 to 8.12 and 7.61 (both signals of
the aromatic ring with the nitro group) and no contacts of 2.37 to the aromatic ring with
the thioether.

(c) 8.17 ppm, 28%: (E)-NO,, (2)-SBu, NOE contacts of 2.37 to 7.47 and 7.28 (both signals of
the aromatic ring with the thioether) and no contacts of 2.37 with aromatic ring with the
nitro group.

(d) 8.19 ppm, 4%: (E)-NO,, (E)-S'Bu, only possible isomer left.

After applying reductive conditions on structure 88 to transform the two double bonds into
two single bonds and the nitro functionality into an amine functionality using catalytic amounts of
Pd/C under a H, atmosphere in one step, the desired key building block 3-(8-(3-(tert-butylthio)-
phenyl)octyl)aniline (89) was isolated in 97%. The condensation reaction of 14 with 89 under
acidic conditions yielded N,N-di-3'-(8'-(3'-(tert-butylthio)phenyl)octyl)phenyl-2,6-dichloro-1,4,5,8-
naphthalenetetracarboxylic acid diimide (90) as a yellow solid in 27% yield. Treatment of 90 with

an excess of BBr3 (1 M in dichloromethane (CH2Cly)) in a mixture of toluene and acetyl chloride
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(AcCl) led to the transprotection:202 of the Bu groups into Ac groups, and afforded N,N-di-3'-
(8'-(3"-(acetylthio)phenyl)octyl)phenyl-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide

(91) in 87% yield. o e e o - ® S
>rSNo2 _ - O o X

(E,E)-88 (Z,E)-88

P e e

\ T T \ \ T T T
8.24 8.22 8.20 8. 18 8. 16 8.12 8.10 8. 08 8.06 8.04 8.02 8.00 7.98 ppm

T

Figure 56 Integration of the signals corresponds to the ratio of the four isomers. 'H-NMR, spectrum was recorded

in CD2Cls at room temperature on a 600 MHz instrument.

The protective groups were subsequently cleaved under basic conditions and, simultaneously, a
twofold final intramolecular nucleophilic aromatic substitution reaction occurred to yield the de-
sired S,S-~molecular 8 84, its correct name being 1((3,3',3",3")-2,7-diphenyl-4,9-bis(phenylthio)-
benzo|[lmn][3,8]phenanthroline-1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"'|heptadecanodane, as an in-

tense red solid in 47%.
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Figure 57 The two possible bridged isomers of 84 (left and right), which can be formed during the final step.
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The last reaction step yielded exclusively one of the two possible isomers, as illustrated in Fig-
ure 57, because only one signal for the two hydrogen atoms of the naphthyl core was found in the
course of the 'H-NMR analysis. Three NOE contacts, as illustrated in Figure 58a, were found in
the NOESY spectrum and the only reasonable explanation is a through space contact of the hy-
drogen atoms of the aliphatic chain (signals at 1.14, 1.25, and 1.67 ppm) to the hydrogen atom of
the naphthyl core (signal at 8.15 ppm) indicated by the red arrows in Figure 58b and, therefore,
pointing as well towards the formation of the shown isomer.

(@) ~ (b) g % £

b

"V)v’\).\v’.-‘_
| 4 -

85

(SN —
83 82 81 80 ppm

Figure 58 (a) The NOE contacts in the NOESY spectrum of 84 are highlighted in the red box. The NOESY spec-
trum was recorded in CDCls at room temperature on a 600 MHz instrument; (b) illustration of the three observed

NOE contacts in the crystal structure of 84.

Finally, the proposed structure, as seen in Figure 58b, was confirmed by means of X-ray dif-
fraction analysis. Single crystals suitable for X-ray diffraction analysis were obtained by the use of
the solvent diffusion technique in a mixture of CH,Cly/hexane and these crystals crystallized in the

triclinic space-group P-1 (2).
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Figure 59 Crystal structure of 84 illustrated in a dimeric arrangement.
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The space-group P-1 (2) (P stands for primitive) features only a center of inversion. S,5-
molecular 8 84 showed the common 90° twist of the phenyl moiety on the N-terminus at the imide
functionality out of the NDI plane. Additionally, one aliphatic chain is located above and the other
one beneath the NDI core (Figure 59). This specific conformation of the aliphatic chains is neces-
sary to form densely packed arrangements and is indicated by the dotted lines in Figure 59. The
distance between the two planar NDI cores is 6.44 A (vertical distance from N1 atom at the top to
the N1 atom at the bottom) and they are shifted 9.11 A (horizontal distance from N1 atom at the

top to N1 atom at the bottom) apart from each other.

3.2.3 Synthesis of N,N'-Molecular 8

The assembly of N,N-molecular 8 92a and 92b was initiated with a symmetrical double Wit-
tig reaction of 70 with 72, using the same solvent and the same base, THF and KO'Bu, respective-
ly, like for S,S-molecular 8, and yielded 1,8-bis(3-nitrophenyl)octa-1,7-diene (93) as an isomeric

mixture of all four possible isomers in 77% (Scheme 17).

BrPh;P/\/\/\’PPh3Br \\Q —> O,N MNOZ —» HZN‘/\/\/\/\/‘NHZ

70
77% 98%

Scheme 17 Synthesis of 80 applying: a) KOBu, THF, rt, 14 h; b) Pd/C (10 %), Hs, 46 bar, EtOAc/EtOH 1:1,
16 h, rt.

However, in this case the ratio of the four possible isomers was not determined and 93 was in a
next step exposed to reductive conditions using catalytic amounts of Pd/C and a H, atmosphere to
obtain 3,3'-(octane-1,8-diyl)dianiline (80) as colorless solid in 98% yield. The introduction of differ-
ent PGs in 80 to afford the monoprotected bisamine was in all cases straight forward. In case of
the Boc PG, 80 was added to di-tert-butyl dicarbonate (Boc;O) in a 1:1 mixture. The mono-Boc-
protected bisamine 94 was isolated after this statistical reaction in an excellent yield of 49%. In
case of the Fmoc and Cbz PGs, the activated reagents, namely, N-(9-fluorenylmethoxycarbonyl-
oxy)succinimide (Fmoc-OSu) and N-(benzyloxycarbonyloxy)succinimide (Cbz-OSu), had to be
used. Structures 95 and 96 (Scheme 18) were obtained in 45 and 32% yield, respectively.

HzNNH2 M» HZNHJ?\O_R1

80 94: R, = Boc: 49%
95: Ry = Fmoc: 45%
96: Ry = Cbz: 32%
Scheme 18 Synthesis of different monoprotected bisamines 94-96 applying: a) Boc:O, THF, 25 °C, 16 h; b)

Fmoc-OSu, DIPEA, CH:Cly, rt, 16 h; ¢) Cbz-OSu, DIPEA, CH2Cly, rt, 16 h.

In general, all attempts to isolate the pure product of the condensation reaction of 80 with 94,

95, or 96 under standard conditions (AcOH, 135 °C, and 35 min) failed. The condensation reac-
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tion (Scheme 19) of 14 with 94 yielded a compound which was attempted to purify by column
chromatography with various eluents and different kind of stationary phases, such as (a) silica gel,
(b) aluminum oxide (alox), and (c) reversed-phase silica gel (C8), but all attempts failed to get a
clean 'H-NMR spectrum and a mass spectrum (electrospray ionization (ESI) and matrix assisted
laser desorption ionization time of flight (MALDI-TOF)). The condensation reaction of 14 with 95
yielded the desired linear NDI 97 (Scheme 19) but unfortunately the removal of the PGs with
DMF /piperidine 5:1,%! resulted in the simultaneous nucleophilic attack of piperidine to exchange
the chlorine atoms of the NDI motif and, as a result, cNDI 98 was isolated according to MALDI-
TOF-MS analysis. The condensation reaction of 14 with 96 yielded the desired linear NDI 99
(Scheme 19) according to MALDI-TOF-MS analysis, but all attempts to subsequently remove the
two PGs failed. The cleavage of the PGs was attempted under acidic and reductive conditions,
such as (1) (pH = 1)2%4; (2) Pd/C (10%), H, (10 bar)2%); and (3) Pd/C (10%)/Pd(OH), (20%) 1:1,
H, (5 bar).l%

0 0 H
N N..O.

o cl 5 4 OCI 1R,
HzNHJLO-R1 +Oo — R1\OJ(J)\N O O@ Clo O

N
0 H 0 0

94: R4 = Boc 14 97: R4 =Fmoc
95: R = Fmoc 99: Ry =Cbz
96: R1 =Cbz

)

98
Scheme 19 Failed attempts towards the synthesis of N,N-molecular 8 92a and 92b applying: a) AcOH, 135 °C,

35 min; b) DMF /piperidine 5:1, rt, 2 h.

The approach of using PGs was tried to overcome by a new synthetic approach, namely, a two-
fold condensation reaction and, simultaneously, a twofold nucleophilic aromatic substitution reac-
tion to yield the target structure N,N-molecular 8 in one step. Therefore, 80 (2 equiv) and 14
(1 equiv) were heated in DMF at 124 °C for 18 h. The outcome of this reaction (Scheme 20a) was
the formation of the mono-bridged compound 100 in traces but no formation of 92a and 92b was
observed according to thin-layer chromatography (TLC) analysis. The main spots on the TLC on
silica gel were not migrating with the eluent and, as a result, indicated polymerization or decompo-
sition of the starting material. In 1974, Bonnet et al.? reported the synthesis of N, N'-di-4'-(amino-
phenyl)-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide by refluxing 1,4-diamino-
benzene and 14 in AcOH at 120 °C for 2 h. Inspired by their success, similar conditions were ap-
plied to our system and the reaction time for the condensation reaction was in a next step investi-

gated. Thus, a mixture of 14 and 80 in AcOH was heated at 125 °C for (a) 4 h, and (b) 35 min. In
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both cases, the solvent was evaporated under reduced pressure after the indicated reaction time,

the residue diluted with DMF (equal concentration), and finally stirred at 120 °C for 14 h.

CI
H2N\‘/\/\/\/\/‘NH2 &o —> tII‘NH
80 14
CI
80

& c&@

Scheme 20 Approaches to synthesize N,N-molecular 8 92a and 92b applying: a) DMF, 124 °C, 18 h; b) AcOH,
125 °C, 4 h, then DMF, 120 °C, 14 h; ¢) AcOH, 125 °C, 35 min, then DMF, 120 °C, 14 h.

In contrast to case (a) where only the formation of 100 (Scheme 20b) was observed, in case (b)
traces of the monobridged ¢cNDI 101 and N,N-molecular 8 92a and 92b were detected. After im-
proving all the reaction conditions and purification methods, the NDI with two free amines 102
was prepared, as illustrated in Scheme 21, by stirring a mixture of 80 and 14 in AcOH at 135 °C
for 35 min. After the purification of the crude product by column chromatography on silica gel,
102 was isolated as a purple solid. No yield is indicated for this reaction step, because the product
was not completely pure. Additionally, it must be emphasized that the molecular mass of 102 was
only detectable by direct analysis at real time mass spectroscopy (DART-MS) and not with all the
other common mass spectrometer, such as ESI-MS and MALDI-TOF-MS. The crude free amine
102 was finally added with a syringe pump over 3 h to preheated DMF (120 °C), and the reaction
mixture was stirred at 120 °C for 14 h after the complete addition. The purification (Figure 60,
top) of the blue residue afforded 1((3,3',3",3"")-2,7-diphenyl-4,9-bis(phenylamino)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"']heptadecanodane, also referred to as N,N-

molecular 8, as an isomeric mixture, 92a and 92b.
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80 14 102

92a 92b
2% 2%

Scheme 21 Synthesis of N,N-molecular 8 92a and 92b applying: a) AcOH, 135 °C, 35 min; b) DMF, 130 °C,
14 h.

In the 'H-NMR spectrum, the isomeric mixture has two signals with the same multiplicity for
the hydrogen atoms (Figure 60, middle and bottom) of the naphthyl core (framed in the blue box)
and two signals with the same multiplicity for the hydrogen atoms attached to the amine function-
ality (framed in the red box). The separation of this isomeric mixture was achieved by preparative
normal-phase high-performance liquid chromatography (NP HPLC) and yielded each isomer in an

overall yield of 2% over two steps.

before purification: 0
isomeric mixture 1A J\ N

after purification:

N,N'-molecular 8 92a JL JLA

N,N"-molecular 8 92b J{

1‘1.8 ‘ 1‘1.6‘ 1‘1.4‘ 1‘1.2‘ 1‘1.0 ‘ 1(1).8‘ 1(‘].6‘ 1(1).4‘ 1[1).2‘ 16.0 ‘ 9‘.8 ‘ 9‘.6 ‘ 9‘.4 ‘ 9‘.2 ‘ 9‘.0 ‘ 8‘.8 ‘
f1 (ppm)
Figure 60 'H-NMR spectra were recorded before (top) and after purification (middle and bottom) by preparative
NP-HPLC to yield the two isomers 92a and 92b. All spectra were in CDCls at room temperature on a 400 MHz

instrument
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The NOE contacts in the NOESY experiment of the hydrogen atom of the naphthyl core (sig-
nal at 8.82 ppm) to the hydrogen atoms of the aliphatic chain (signals between 1.75-1.27 ppm)
strongly indicated the formation of the shown structure in case of 92a (Figure 61a) and, vice ver-

sa, in case of 92b (Figure 61b) with missing NOE contacts.
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Figure 61 (a) The observed NOE contacts are highlighted in the NOESY spectrum of 92a and illustrated by red
arrows in the chemical structure of 92a; (b) no NOE contacts in the NOESY spectrum of 92b were observed. Both

spectra were recorded in CDCIl3 at room temperature on a 600 MHz instrument.

High-resolution mass spectroscopy confirmed for both isomers the calculated molecular mass. In
92a by using the IUPAC nomenclature, the substituents in the positions 2 and 9, and the substit-
uents in the positions 4 and 9 are bridged to each other. In case of 92b, the substituents in the
positions 2 and 4 and the substituents in positions 7 and 9 are bridged to each other. As a result,

92a and 92b are structural isomers.

3.2.4 Synthesis of O,0-Molecular 8

The first step of the synthetic approach to synthesize O,0-molecular 8 103 (Scheme 22) was
the preparation of the protected benzaldehyde, namely, 3-((2-methoxyethoxy)methoxy)benzalde-
hyde (104).2% The preparation was achieved by dissolving 3-hydroxybenzaldehyde (105) and
N, N-diisopropylethylamine (DIPEA) in CH,Cl,, and followed by the dropwise addition of MEM-CI
to the reaction mixture. The desired product was obtained as a yellow liquid in 86% yield. A sub-
sequent Wittig reaction of 104, 70, and 72 in a 1:1:1 ratio using the same reaction conditions
(base, solvent, and temperature) as in the previous two cases, afforded 1-((2-
methoxyethoxy)methoxy)-3-(8-(3-nitrophenyl)octa-1,7-dien-1-yl)benzene (106) in 26% yield. The
isolated olefin 106 consisted of four different isomers and once more the ratio was not determined
by 'H-NMR spectroscopy. 106 was subsequently exposed to reductive conditions using catalytic
amounts of Pd/C and a H, atmosphere to obtain 3-(8-(3-((2-methoxyethoxy)methoxy)phenyl)-
octyl)aniline (107) as a yellow oil in 85% yield. The condensation reaction of 107 with 14 under
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standard conditions afforded the double MEM-protected NDI 108, namely, N,N-di-3'-(8'"-(3"-((2'-
methoxyethoxy)methoxy)phenyl)octyl)phenyl-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic  acid
diimide, the mono MEM-protected NDI, and the double deprotected NDI 109. The mixture was

purified by preparative gel permeation chromatography (GPC) to yield 108 as a red solid in 12%.

HO a)  MEMO b) @
\©/\\0 —_— ©/\\0 + Brphsp/\/\/\/PthiBr + OﬁNO —— 3 MEMO O N \ NO,
2

105 104 70 72 106
26%

r

108 107
12% 85%

:
o g
OH ® NO !

109 103
quant. 1%

Scheme 22 Synthesis of O,0'-molecular 8 103 applying: a) DIPEA, MEM-CI, CH:Cls, 0 °C to rt; b) KOBu, THF,
rt, 74 h; ¢) Pd/C (10%), Ha (10 bar), EtOAc/EtOH, rt, 14 h; d) AcOH, 120 °C, 35 min; e) TFA/ CH:Cls 4:1, rt,
4 h, and f) KOH, DMF, 80 °C, 14 h.

The cleavage of the two protective groups in 108 was subsequently investigated (Table 1), and
the progress of the deprotection reaction was monitored by MALDI-TOF-MS analysis. Applying
the deprotecting reagents listed in entries 1 and 2 of Table 1 did not lead to the desired result. The
removal of the two protective groups was only achieved by stirring the starting material in a 3:1

mixture of TFA/CH,Cl; at room temperature for 5 h.

Entry Reagent Solvent Temp. Time MALDI-TOF-MS
1 CeCls - TH,OP2% MeCN 90°C 2h only starting material
2 HCI (4 M in 1,4-dioxane)?™ none rt 2h only starting material
3 TFA /CH:Cl; 3:1 none rt 5h only product

Table 1 Three different deprotection reaction conditions were investigated for the cleavage of the protective

groups in 108 to obtain 109.

In a next step, the crude product 109 of the deprotection reaction was dissolved in DMF and
added dropwise to a hot solution (85 °C) of KOH in DMF. The reaction mixture was stirred at the
indicated temperature for 14 h, and after purification the desired product 1((3,3',3",3")-2,7-
diphenyl-4,9-bis(phenoxy)benzo[lmn][3,8] phenanthroline-1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"|hep-
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tadecanodane (103), also referred to as O,0-molecular 8, was isolated as a yellow solid in 1% yield

over two steps. The unsatisfying low yield of the final cyclization reaction led to the investigation

of the reaction conditions and, as a consequence, different parameters were investigated:

a) the nature of the base (KOH, KOBu, Cs,COs, KoCOj;, and NaH)

b) the equivalents of base (3.9-18.0 equiv)

c) the influence of additives (proton sponge® and 18-crown-6-ether)

e) the amount of solvent (15-220 mL)

f) the concentration of the starting material (SM; 2.4-38.3 mM)

(
(
(
(d) the choice of solvent (DMSO and DMF)
(
(
(

g) the addition time of the starting material (no addition time to addition over 1440 min)

Entry SM Conc. Additive Base Solvent Temp Addition time MALDI-TOF-MS
[mM] [equiv] [equiv] [mL] [°C] [min]
1 5.5 none KOH DMF 85 40 product
(15)  (15)
2 8.1 none K2COs DMF 80 120 no product
(10) (20)
3 11.6 none KOH DMF 80 120 product
(10) (20)
4 17.3 none KOH DMF 80 960 no product
(8.3) (40)
5 44.1 none NaH DMF 70 240 product
(10) (200)
6 12.9 8-crown-6-ether KOH DMF 94C 0 no product
(0.5) (3.9 (100)
7 3.0 none NaH DMF 91 1080 no product
(4.5) (200)
8 5.4 none KOH DMF 94 120 no product
(5.1) (230)
9 7.3 none KOH DMF 94 120 no product
(4.3) (230)
10 3.3 none NaH DMF 90 120 no product
(15) (200)
11 14 none NaH DMF 90 60 monocycle
(18) (15) (841 m/z)
12 2.9 proton-sponge® none DMF 90 100 traces of product
(8.1) (200)
13 2.5 proton-sponge® none DMF 90 100 no product
(8.1) (200)
14 2.3 none KOH DMF 85 100 no product
(8.2) (220)
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15 38.3 none KOH DMF 85 120 no product
(9.3) (20)

16 4.7 none KOH DMF 85 120 no product
1w0) @)

17 2.4 none KOH DMF 80 120 no product
(9.7) (40)

18 12.7 none KOH DMF 80 200 monocycle

(10) (40) (841 m/z)

19 8.4 none NaH DMF 80 100 no product
(10)  (40)

20 7.1 none KOBu DMF 80 500 (854 m/z)
(5.0) (40)

21 3.3 none KOH DMF 80 360 no product
(7.6) (60)

22 6.33 none NaH DMF 70 480 no product
(6.3) (60)

23 5.3 none KOH DMF 80 720 no product
(5.4) (100)

24 9.2 none NaH DMF 60 1440 no product
(5.0) (40)

25 8.4 none Cs2C03 DMF 80 720 no product
(5.1) (40)

26 4.5 none Cs2C03 DMF 140 1080 no product
(12.5) (40)

27 7.5 none KOH DMF 85 50 no product
(4.5) (40)

28 5.2 Cu(I) K2COs DMSO 90 430 no product

(0.50) (11.1) (200) (798 m/2)

Table 2 A series of investigated reaction conditions for the intramolecular cyclization reaction of 109 to yield 103.

The synthesis of 103 was twice achieved with KOH as base and DMF as solvent (Table 2; en-
tries 1 and 3), but all further attempts to resynthesize the target structure under the same or simi-
lar conditions (Table 2; entries 4, 8, 9, 14-18, 21, 23, and 27) failed. Additionally, 103 was once
synthesized with NaH as base and DMF as solvent (Table 2; entry 5), here as well all further ap-
proaches to resynthesize 103 with the same or similar conditions (Table 2; entries 7, 10-12, 19 and
24) were not successful. A possible explanation why KOH and NaH were not the best choice is
their ability to substitute the two chloride atoms of the naphthyl moiety nucleophilically by at-
tacking with the hydroxyl and the hydride functionality, respectively. In entries 11 and 18 of Table
2 an orange solid was isolated for which a molecular mass of 841 m/z was found by MALDI-TOF
MS analysis. This particular mass, as shown in Figure 62, might correspond to the mono-closed
0,0"-molecular 8 with a hydroxyl group attached to the naphthyl core. As a result, other non-

271,272

nucleophilic bases,! I such as proton sponge®, KOBu, and alkali metal carbonate salts (Nay,COs3,
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K>CO;, and Cs,CO3) were investigated. In 1968, Alder and coworkers?™ reported the synthesis of
1,8-bis(ethylamino)naphthalene, also referred to as proton sponge®, and attributed a remarkable

high basicity to this molecule. 27427276

(e}

Intens. [a.u.]
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400

300+

OH

s weses7  Chemical Formula: Cs4HsoN207
Exact Mass: 840.3775

5}

108
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Figure 62 An overlay of the MALDI-TOF-MS spectrum of the isolated orange compound in entries 11 and 18

with a mass of 840 m/z and the possible chemical structure.

Indeed, the conjugated acid of proton sponge® has a pK, of 12.34 and, therefore, proton
sponge® is known to be one of the strongest amine bases available (e.g., conjugated acid of NEt;
has a pK, of 10.2%™). The ability of proton sponge® to act as a suitable base for the final reaction
was investigated and the desired product could be obtained in traces (Table 2; entry 12). However,
when the same experimental conditions were applied again in entry 13, no product was detected
according to TLC analysis. A second investigated additive was 18-crown-6-ether. It is litera-
tureP?™ known that 18-crown-6-ether is able to complex potassium cations with a high efficiency
and, therefore, this additive (Table 2; entry 6) was investigated. Unfortunately, the target struc-
ture was not formed according to TLC analysis. The last class on the list of non-nucleophilic bases
were the alkali metal carbonates, such as KoCOs and Cs,COj;. All approaches (Table 2; entries 25,
26, and 28) to obtain the desired product failed in these cases. Moreover, the solvent was changed
from DMF to DMSO (Table 2; entry 28) and the base to KOBu (Table 2; entry 20) but still no
product could be isolated.

To conclude, all attempts failed to reproduce the successful synthesis of 103. Nevertheless,
enough substance was available to (a) do mass analysis of O,0-~molecular 8; (b) measure 2D NMR
spectra and prove the structure of O,0-molecular 8; and (c) investigate the optical properties of

0,O"-molecular 8.
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In the 'H-NMR spectrum only one signal was found for the hydrogen atom of the naphthyl
core (Figure 63a) and, as a result, the formation of only one isomer can be assumed like in the case
of 84. Additionally, a NOESY experiment strongly indicated the formation of the structure drawn
in Figure 60b, which was the only logical explanation for the NOE contacts of the hydrogen atoms
of the aliphatic chain (signals between 1.58 and 1.22 ppm) to the hydrogen atom of the naphthyl
core (signal at 8.39 ppm) as indicated by the red arrows.

(a) ‘| (b)

1 .\M
L}

I
83 82 81 B0 ppm

Figure 63 (a) NOESY spectrum of O,0-molecular 8 with three NOE contacts; (b) the NOE contacts in O,0*-
molecular 8 are indicated by red arrows. NOESY spectrum was recorded in CDCl; at room temperature on a

600 MHz instrument.

In general, an increase of the atomic size goes along with an increase of nucleophilicity and,
simultaneously, the nucleophilicity increases across a row from right to left in the periodic table.
Therefore, a very reasonable explanation for the difficulties to obtain N,N-molecular 8 and O,0O"-
molecular 8 can be attributed to the low nucleophilicities of nitrogen and oxygen, respectively, if
compared to sulfur. This observation is reflected in the very low yields in the formation of both

derivatives.

3.2.5 Synthesis of Reference Compounds

The synthesis of the three unbridged derivatives, as illustrated in Scheme 23, was initiated with
the preparation of the literature knownP™ key building block, N,N-di-(4-tert-butylphenyl)-2,6-
dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide (82) and was accomplished by heating 14
and 83 in AcOH at 120 °C for 30 min in a good yield of 56%. The conversion of 82 to N,N-di-(4'-
tert-butylphenyl)-2,6-di-(4-tert-butylphenylsulfanyl)-1,4,5,8-naphthalenetetracarboxylic acid diimi-
de (37) was achieved by heating a mixture of 82, 4-tert-butylthiophenol (156), and KyCOs in
DMTF at 60 °C for 1 h. This synthetic protocol was first reported by Mayor et al. ™ and afforded
37 as an intense red solid in 68% yield. The second reference compound, namely, N,N-di-(4'-tert-

butylphenyl)-2,6-di(4-tert-butylphenylamino)-1,4,5,8-naphthalenetetracarboxylic acid diimide (62),
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was obtained by heating a mixture of 82, 83, and K»,CO3 in DMF at 130 °C for 14 h and yielded
the target structure as a blue solid in 83%. The last reference compound, N,N-di-(4-tert-butyl-
phenyl)-2,6-di-(4-tert-butylphenoxy)-1,4,5,8-naphthalenetetracarboxylic acid diimide (63), was
afforded after heating a mixture of 82, 4-tert-butylphenol (157), and K,CO; in DMF at 70 °C for

16 h. The desired product was obtained as a yellow solid in 30% yield.

o o]

¢ 0 ©)< a) cl N©)< b), ¢), or d) $ Q ©)<

R )
(0]

14 83 82 37: X =S:68%
56% 62: X = NH: 83%
63: X =0: 30%

Scheme 23 Synthesis of three unbridged reference compounds 37, 62, and 64 applying: a) AcOH, 120 °C, 30 min;
b) 156, K2COs, DMF, 60 °C, 1 h; ¢) 83, K2COs, DMF, 130 °C, 14 h; d) 157, K2COs, DMF, 70 °C, 16 h.

Only in case of 37 single crystals, as shown in Figure 64b, suitable for X-ray diffraction analy-
sis were obtained. The crystals crystallized in the monoclinic space-group P 1 21/n 1 and not in
the triclinic space-group P-1 (2) (Figure 64a) as reported by Pugliesi et al.?®”) The monoclinic
space-group P 1 21/n 1 is a centrosymmetric point group with a mirror plane perpendicular to the

twofold rotation axis.
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Figure 64 Two different crystal structures of 37 with two different space-groups: (a) crystal structure (triclinic P-

1 (2)) from the literaturel™; and (b) the obtained crystal (monoclinic P 1 21/n 1).

The triclinic space group P-1 (2) features, as described in Chapter 3.2.2, only a point of inver-
sion. The origin for the two different space-groups can be ascribed to the different solvents used for

the growth of the crystals.
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3.2.6 Overlay of Two Crystal Structures

The overlay of the crystal structures of 37 and 84, as shown in Figure 65, revealed that in the
crystal structure of 84 (carbon atoms are colored in orange) the phenyl substituent at the N-
terminus of each imide functionality is slightly twisted compared to the phenyl substituent at the
N-terminus of each imide functionality of 37 (carbon atoms are colored in green), which is
perfectly perpendicular. This twist is attributed to the eight-membered aliphatic bridge in 84,
which causes to a certain extent rigidity in the structure. However, the aliphatic bridge did not

create a very constrained environment.

Figure 65 Overlay of the crystal structure of 37 and 84.

3.2.7 Optical Properties of Molecular 8

The absorption and fluorescence spectra, as well as the fluorescence quantum yields, for all mo-
lecular 8 derivatives and the reference compounds were measured and analyzed.

The ground-state optical absorption spectra (Figure 66) of 37 (blue line) and 84 (red line),
recorded in CHCI3, show absorption bands between 340 and 400 nm, which were attributed to the
n — ¥ transition of the NDI chromophore, as well as transitions at a lower energy (450-550 nm),
which were attributed to the intramolecular charge transfer from the electron-rich phenylsulfanyl
substituents to the NDI core. These absorption profiles are in excellent agreement with those of the
previously describedP” ™7l naphthalene diimide derivatives. The absorption band maximum of the
charge-transfer transition in 84 is at 516 nm and is slightly hypsochromically shifted compared to
that of 37 (522 nm). Apart from this difference, both absorption spectra (Figure 66) have almost

identical profiles at almost the same concentration.
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Comparison of the Absorption Spectra of 37 and 84
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Figure 66 Absorption spectra of the unbridged derivative 37 (blue line; ¢ = 7.41 pM) and S,S-~molecular 8 84 (red
line; ¢ = 7.89 nM) recorded in CHCls at room temperature.

The emission spectra of 84 (excitation at 359 and 374 nm) are shown in Figure 67. The weak
emission band at 544 nm is caused by the phenylsulfanyl core substituent. Upon excitation at
516 nm, the emission of the core substituent at 548 nm was observed. In all three cases, the excita-

tion led to a very week fluorescence signal as shown in Figure 67.
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Figure 67 Absorption (black line; ¢ = 13.4 pM) and fluorescence (colored lines: excitation at 359 (blue line), 374

(green line), 516 nm (red line)) spectra of 84 recorded in CHCl3 at room temperature.

The fluorescence quantum yields (FQYs) for compounds 37 and 84 were measured in CHCl;
and determined to be below 1% (@n < 0.01) in each case. As a result, it was not necessary to show
the emission spectra of 37 and compare it with the emission spectra of 84. In addition, the low
values of the FQY did not allow it to verify the proposed hypothesis at this stage of the study.

The absorption spectra of the three NDI derivatives 62, 92a, and 92b bearing phenylamino
core substituents are shown in Figure 68. All three spectra show the two absorption bands between

340 and 400 nm, which were ascribed to m — * transitions of the NDI chromophore. By compari-
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son of the three absorption spectra, it becomes evident that a less resolved broad absorption band
in the range 340-400 nm is found in the case of 92b, compared to 92a and 62 (Figure 68). Gabut-
ti et al.,l™™ who studied a 2,6-dipiperidinyl-core-substituted NDI derivative (Figure 23c), observed
a similar broad band in their absorption spectrum but did not describe the origin of this band.
Two other amino-core-substituted NDI derivatives, as descripted in Chapter 4.2.4, that were also
studied do not exhibit such broadening effect. It is known in the literature®! that steric hindrance
of substituents can cause broadening of the absorption bands. In this respect, the broadening of the
absorption band in the case of 92b (Figure 61b) can be most probably ascribed to the steric effects
of the core substituent that are negligible in the case of 92a (Figure 61a) and 62. An almost iden-
tical shape for the absorption spectra of 62 (blue line; ¢ = 13.4 uM) and 92a (red line;
¢ = 21.8 pyM) at different concentrations, as shown in Figure 68, was found.
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Figure 68 Absorption spectra of the unbridged derivative 62 (blue line; ¢ = 13.4 uM), and the isomeric N,N™-
molecular 8 92a (red line; ¢ = 21.8 pM) and 92b (green line; ¢ = 52.8 uM). All spectra were recorded in CHCls at

room temperature.

In the emission spectrum of 92a (Figure 69; red solid line) upon excitation at 617 nm, an emis-
sion band with a maximum at 668 nm was observed. In case of 92b, upon excitation at 648 nm
(Figure 69; red dashed line), the emission of the core substituent at 716 nm was detected. Howev-
er, the fluorescence band signal was weaker than the one of 92a. The excitation spectra of 92a-b
were as well recorded. In this operating mode, the variations in fluorescence intensity (emission
intensity) are recorded at a fixed emission wavelength, while varying the excitation wavelength. In
general, the fixed emission wavelength corresponds to the longest wavelength band maximum in
the emission spectrum. This set-up minimizes possible decomposition of the measured sample
caused by high-energy (short wavelength) irradiation.”*? Only if one fluorescent compound is pre-
sent, the excitation spectrum is identical to the shape of the absorption spectrum. If there is more
than one light-absorbing species present, the absorption and the excitation spectra are not super-

imposable. The excitation spectra for 92a (blue solid line) and 92b (blue dashed line) measured at
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668 and 716 nm, respectively, are shown in Figure 69. Both excitation spectra are superimposable
with their absorption spectrum and, therefore, indicated the presence of one light-absorbing spe-
cies. The peak at 358 nm in the excitation spectrum of 92b was ascribed to Rayleigh scattering
(half of the value of the emission wavelength). The fluorescence quantum yields for compounds 62,
92a, and 92b were determined in CHCl; and the obtained values are below 1% (@x < 0.01) for 62
and 92b. For compound 92a, a FQY of 1.2% (@ = 0.012) was measured.

Comparison of the Absorption and Fluorescence Spectra of 92a and 92b
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Figure 69 Absorption (92a: black solid line; 92b: black dotted line) and fluorescence spectra (92a: colored solid
lines for excitation at 617 nm (red solid line) and emission at 668 nm (blue solid line); 92b: colored dashed lines for
excitation at 648 nm (red dashed line) and emission at 716 nm (blue dashed line)) recorded in CHCl; at room tem-

perature.

The absorption spectra, as displayed in Figure 70, of 63 (blue line; ¢ = 13.1 pM) and 103 (red
line; ¢ = 40.3 pM) have the same profile, observation similar to the comparison of the phenylamino
derivatives 62 and 92a.
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Figure 70 Absorption spectra of 63 (blue line; ¢ = 13.1 uM,) and 103 (red line; ¢ = 40.3 uM) recorded in CHCI3

at room temperature.
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Both structures have absorption bands between 300 and 400 nm, which were attributed to the
n — m*transition of the NDI chromophore. The presence of an oxygen core substituent causes a
significant blue shift of the absorption band (400-500 nm) compared to a phenylamino or a
phenylsulfanyl core substituent. The emission spectrum of 103 (excitation at 459 nm), emission
band with a maximum at 529 nm was observed. The excitation spectrum at 529 nm was also
measured and is shown in Figure 71. The excitation spectrum is superimposable with the absorp-

tion spectrum, an observation, which indicates that only one light-absorbing component is present.
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Figure 71 Absorption (black line; ¢ = 40.3 uM) and fluorescence (colored lines; emission at 529 nm (blue line),

and excitation at 459 nm (red line)) spectra of 103 recorded in CHCls at room temperature.

The FQYs for compounds 103 and 63 were determined in CHCI; and the values are below 1%
(@1 < 0.01) and 1% (@n = 0.01) for 63 and 103, respectively.

As discussed in Chapter 1.3.1, the core substituent can significantly change the absorption
band maximum.

o045 Absorption Spectra of the three molecular 8 derivatives
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Figure 72 Absorption spectra of 84 (red line; ¢ = 7.89 uM), 92a (blue line; ¢ = 21.8 uM), 92b (green line;
¢ = 52.8 pM), and 103 (black line; ¢ = 40.3 pM) recorded in CHCl; at room temperature.
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A bathochromic shift of the charge-transfer band, as displayed in Figure 72, was observed when
the phenylsulfanyl core substituent (red line; 450-550 nm) was exchanged for the phenylamino core
substituent (blue and green lines; 500-750 nm). Whereas, the introduction of a phenoxy core sub-
stituent (black line; 400-500 nm) led to a hypsochromic shift of the charge-transfer band. Table 3

gives an overview of the optical properties of the NDIs presented in this section.

Name Aws [DM]  &max [mol!' - dm?®-cm™]  Aew [nm]  FQY [%] Stokes Shift [nm)]

37 357 10017

373 10947

522 16626 605 <1 83
84 359 9886

374 10554

516 18635 548 <1 32
62 352 7769

371 7552

621 10811 707 <1 86
92a 320 11877

371 4390

617 6697 668 1.2 51
92b 325 5700

625 1155 716 <1 51
63 356 9387

461 9651 536 <1 5
103 348 2944

363 2892

459 2943 529 1.0 70

Table 3 Optical properties of 37, 62, 63, 84, 92a, 92b, and 103 recorded in CHCI3 at room temperature.
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3.2.8 Transient-Absorption Spectra

All molecular 8 derivatives displayed FQY values of around 1% or below 1%. S,5-Molecular 8
84 was investigated in more detailed in collaboration with Dr. Igor Pugliesi from the research
group of Prof. Dr. Eberhard Riedle at the LMU. Time-resolved absorption spectra after excitation
at 522 nm of 37 (Figure 73; left) and 84 (Figure 73; right) were measured and lifetimes of the full-
CT state of 6.50 and 8.39 ps, respectively, were found using the model function for stable fits as
described in Equation 2. By the comparison of the transient-absorption spectra of 37 and 84, it
becomes evident that 84 features an extended lifetime of the full-CT state. The transient-
absorption spectra of 84 collected after 0.3 ps (red lines) and 1.0 ps (black line) have almost iden-
tical profiles, whereas in the case of 37, the decay still progresses after 1 ps, which is indicated by
the different shapes of the absorption band maximum at 684 nm. The transient-absorption spec-
trum of 84 collected after 5 ps (purple line) has still a small absorption band maximum at 648 nm.
Such a small absorption band maximum is not observed in the transient-absorption spectrum of 37
and is therefore an indication of the progressed decay of the full-CT state in the case of 37.
Transient Spectrum of Ph-NDI-Ph 37 Transient Spectrum of S,S-Molecular 8 84
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Figure 73 Transient-absorption (excitation at 522 nm) spectra of 37 (left) and 84 (right). After 5 ps a small peak
(purple line at 684 nm) was still visible in case of 84, whereas, in 37 such a peak shape was not detectable. There-

fore, this indicated an extended lifetime of the full CT state.

The measured value of 8.39 ps indicates that bridging of the core substituents has an influence
on the full-CT rate and, thus, proves the proposed hypothesis. Unfortunately, the effect is not as

distinct as expected but the observed tendency points in the right direction.
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4 Synthesis and Properties of Linear cNDIs

The second objective of this thesis was (a) to design and synthesize two core-substituted NDIs
with a protected sulfur anchoring group and short alkylamino substituents, (b) to study a next
step the optical properties of these two linear ¢cNDIs, and (c¢) to attach these linear ¢NDIs to two
gold electrodes in a SBJ setup and measure for the first time conductance enhancement on the
single molecule level. The origin of the enhancement effect should arise from the excitation of elec-

trons from the HOMO to the LUMO state of the cNDI by irradiation with a laser beam.
4.1 General Synthetic Strategy

4.1.1 Molecular Design

For the purposes of our investigation, cNDIs must have the following characteristics:

(a) Absorb visible light above 530 nm to prevent light absorption by gold electrodes.

(b) Possess small HOMO-LUMO band gap of approximately 2 eV. A band gap larger than
2 eV will require the use of energetically stronger light sources and, consequently, the use of
shorter wavelength, which will ultimately lead to absorption of light by gold electrodes.

(c) Be conductive by an order of magnitude higher compared to no molecule in the gap. If this
requirement is fulfilled, the electronic device limitation, also referred to as amplification
limitation, can be excluded and reliable data are obtained.

(d) Be equipped with two anchoring groups, which can bind covalently to the two gold elec-
trodes in the SBJ setup.

To fulfill the first three requirements, cNDIs (Figure 74) with short aliphatic amine-core-
substituents, namely, ethylamine (110) and dimethylamine (111), were chosen for the investiga-
tion.

s
% I
)?\S@ RO

110: Ry = NHEt
111: Ry = N(Me),

Figure 74 Structure of cNDIs 110 and 111.

cNDIs 110 and 111 absorb red light at around 620-650 nm and possess a small HOMO-
LUMO band gap of about 2 eV. As described in Chapter 1.4.3, a thiol substituent is the anchoring
group of choice in molecular junctions. The thiol group is usually introduced as thioester, which

can be easily cleaved to obtain the free thiol.[?s’)
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4.1.2 Retrosynthetic Analysis

Retrosynthetically, the acetyl-protected ¢cNDIs 110 and 111, as illustrated in Scheme 24, can
be obtained in the final step by a transprotection reaction of cNDI 112. Structure 112 can be ob-
tained from a SyAr reaction of 113, which introduces the aliphatic amine (dimethylamine and
ethylamine) on the NDI core. The key building block 113 can be obtained by a condensation reac-
tion of the protected amine 114 with compound 14. Last but not least, the thiol-protected amine

114 must be synthesized using a suitable protocol.

9 @ S 9 @S'PG
R1 O N O transprotection reaction Ry O N
O, 0 [ :) O, 0

o N O R R4 = NHEt, or N O R
)Ls/(j o} ' PG.S/© o} '

R4 = N(Me),
110-111 112

SNAT reaction

R4 = NHEt, or
R1 = N(Me)z
o o @S'PG
cl ; ; Cl
S. (o] condensation reaction N
@ PG , o O o < ] o, O o
HoN o) O - N O cl
o] PG.S/© o]
114 14 113

Scheme 24 Retrosynthetic analysis of the synthesis of cNDIs 110 and 111.

4.2 Results and Discussion

4.2.1 Synthesis of Linear cNDIs

The synthetic approach to assemble 4-((2-(trimethylsilyl)ethyl)thio)aniline (115) started with
the introduction (Scheme 25) of the 2-(trimethylsilyl)ethyl (TMSE) protective group in 4-bromo-
thiophenol (116) via a radical reaction® to obtain 2-((4-bromophenyl)thio)ethyltrimethylsilane
(117) as a colorless liquid in 91% yield. The following two steps of the synthetic approach were
developed by Reinders? in our research group. The first step included a copper(I)-mediated in-
troduction of phthalimide into 117 to yield N-((4-(2-(trimethylsilyl)ethyl)thio)phenyl)-phthalimide
(118) as a yellow solid in 85%. A subsequent work-up by the Ing-Manske procedure with hydra-
zine afforded 115 as a colorless liquid in 94% yield. The condensation reaction of 118 with 14 in
AcOH at 124 °C afforded the key building block, N, N-di-((4'"-(2'-trimethylsilyl)ethyl)thio)phenyl)-
2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide (119), as a yellow solid in 21% yield.
The key building block 119 was on the one hand converted to N,N-di-((4'-(2'-trimethylsilyl)ethyl)-
thio)phenyl)-2,6-bis(ethylamino)-1,4,5,8-naphthalenetetracarboxylic acid diimide (120) in 54%
yield and on the other hand to N,N-di-((4-(2"-trimethylsilyl)ethyl)thio)phenyl)-2,6-bis(dimethyl-
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amino)-1,4,5,8-naphthalenetetracarboxylic acid diimide (121) in 63% yield. Both compounds were

isolated as blue solids.

(o}

o} cl
B a) B b) ) NH, LR
—_— —_— N —_— + O 0
Hs TMS ~g TMS ~g O
TMS ~g o} o} -
o}

15 14

o) e o S Tis o S Tis

R4 O N/@ o] g) or h) R4 O N@ e)orf) cl O N©/
O O e

)OLS@ L TMS\/\S@ g w TMS\/\S@ r—c

Ry: 110 = NHEt Ry: 120 = NHEt 119
111 = NMe, 121 = NMe,

116 117 118 1

Scheme 25 Synthesis of ¢cNDIs 110 and 111 applying: a) vinyltrimethylsilane, cat. DTBP, 105 °C, 24 h; b)
phthalimide, Cu20, 2,4,6-colliddine, 175 °C, 60 h; ¢) HaNNH: - H.O, CH2Clo/THF/MeOH 6:1:1, 50 °C, 30 min; d)
AcOH, 124 °C, 35 min; ¢) EtNH, (2 M in THF), DMF, 125 °C, 12 h; f) NH(Me): (2 M in THF), DMF, 125 °C,
11 h; g) 1) 120, TBAF (1 M in THF), THF, rt, 1.2 h, 2) AcCl, 0 °C, 20 min to yield 110; h) 121, AgBF4, AcCl,
CH2Cl, rt, 15 h to yield 111.

The transprotection reaction of 120 to afford N,N-di-(4'-(acetylsulfanyl)phenyl)-2,6-bis(ethyl-
amino)-1,4,5,8-naphthalenetetracarboxylic acid diimide (110) was successfully performed by stir-
ring 120 in a solution of tetra-n-butylammonium fluoride (TBAF; 1 M in THF) and THFI?%6257 at,
room temperature for 1.2 h, before AcCl was added. After several chromatographic purification
steps, 110 was obtained as a blue solid in 51% yield. The transprotection reaction yielded as side
product the dealkylated structure 122 (Figure 75), which was proved by ESI-MS analysis. Both
compounds, 110 and 122, were successfully separated by column chromatography on silica gel. A
further drawback of this transprotection reaction was the decreasing yield with increasing reaction
scale and, therefore, the transprotection reagent was changed to AgBF, in CH>Cl,.?%?% Unfortu-

nately, this approach did not lead to the desired success and only starting material was reisolated.

DY
ESS e

S
3,00

122
Figure 75 The dealkylated side product 122 of the transprotection reaction of 120.

The transprotection reaction of 121 to yield N,N-di-(4-(acetylsulfanyl)phenyl)-2,6-bis(di-
methylamino)-1,4,5,8-naphthalenetetracarboxylic acid diimide (111) was accomplished by using
AgBF, in CH,Cl, and afforded the pure product as a blue solid in 79% yield.
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4.2.2 Investigation of the Cleavage of the Protective Groups

The cleavage of the o thioester PGs in 111 was investigated with four different deprotection

reagents (Table 4).

Entry Reagent Solvent Temp. Time MALDI-TOF-MS
1 MeOH, AcCl CH,Cl> 0°C tort 2.5h only starting material
2 KOH CH:Cl:and MeOH 45 °C 2h cleavage of PG
3 NEt; TFA/CH:Cl 3:1 rt 5h only starting material
4 TBAH (40% in H:0) THF rt 16 h only product

Table 4 Different investigated deprotection reagents to cleave the thioester PGs in 111.

Entry 1 in Table 4 is a deacetylation method developed by Teweri et al.?” using acetyl chloride in
methanol to create in-situ HCI which initiate the cleavage of the protective groups. In our case,
however, this approach did not lead to the desired success. In entry 2 of Table 4, the starting ma-
terial was added to a mixture of KOH, CH.Cl;, and MeOH. This solution was stirred at 45 °C for
2 h and subsequently neutralized with HC1 (1 M). After the work-up, the crude reaction mixture
was analyzed by MALDI-TOF MS. The signal for the molecular mass of the starting material dis-
appeared, but no signal corresponding to the desired product was observed. Therefore, decomposi-
tion of the starting material can be assumed. Hummelen et al.?® investigated the formation of
high-quality SAMs with the help of no base, triethylamine, tetrabutylammonium hydroxide
(TBAH), KOH, and pyrrolidine as deprotection reagent. They reported the best results with tri-
ethylamine and good results with BuuNOH. In the latter case, the quality of the SAMs had a con-
centration dependency. These two deprotection reagents were subsequently investigated for the
removal of the PGs in 111. The successful cleavage of the PGs was only achieved with TBAH
(Table 4; entry 4) and not with NEt; (Table 4; entry 3) as deprotection reagent.
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4.2.3 Origin of the High Efficiency of the TMSE Protective Group Cleavage

The high efficiency of the cleavage (Scheme 26) of the TMSE-PG from the thiol moiety via a
B-elimination with a fluorine source is as a result of (a) the rapid attack of the hard nucleophilic
fluorine anion, (b) the formation of the strong Si-F bond, and (c) the B-effect.

The length of the C-Si bond (1.89 A) is longer than the one of the C~C bond (1.53 A) and,

212l Moreover, the electronegativity value of

therefore, the attack of the nucleophile is facilitated.!
silicon (1.9 ¢") is lower than the one for carbon (2.6 x") and, as a consequence, the C-Si bond is
polarized. This makes the silicon atom more accessible to be attacked by the nucleophile®" and,
thus, this marks the first driving force of the efficient deprotection reaction.

The strength of a homonuclear Si-Si bond (226 kJ/mol) is lower than the one of a homonuclear
C—C bond (346 kJ/mol). The opposite is the case of heteronuclear bonds, namely, the strength of a
Si-O bond (466 kJ/mol) is higher than the one of the C-O o-bond (359 kJ/mol).?) The same
tendency is observed when the strength of a Si-F bond (582 kJ/mol) and a C-F bond
(485 kJ/mol) are compared. The formation of the strong Si-F bond, which is more stable
(97 kJ/mol) than the C-F bond, marks the second driving force of this reaction.

The third driving force, namely, the B-effect, arises from the stabilization of the positive charge
of a carbocation in B-position to silicon by donation of electron density from the filled c-orbital of
silicon to the empty p-orbital of carbon, also referred to as Si—C hyperconjugation.?” The maxi-
mum overlap of the two orbitals occurs only if the empty p-orbital and the filled c-orbital are in
the same plane, which is more likely in case of acyclic systems and, consequently, its efficiency
decreases from acyclic to cyclic systems.

Mechanistically, the B-elimination reaction (Scheme 26) starts with the nucleophilic attack of a
fluorine anion (e.g. from a fluorine source like TBAF) to form a pentavalent silicon center. As a
result of the B-elimination, Si(CHs)sF, ethene, and the TBAF salt are formed. The TBAF salt can
be in-situ (a) converted to the thioester (transprotection) by the addition of AcCl, or (b) trans-

formed to the free thiol (deprotection) with a strong acid such as TFA.

Bu
Bu~N-Bu
F@ Bu @)
%)
Fo C
Me.\? BAF Moy 7% ac s>= ©
MeSN\_ g —=—= MeMe'T —_—
© b —H,C=CH, Q
R4 b
®) 17ea
{{ —H,c=cH,
HS,

Q

Scheme 26 Main mechanism of the TMSE PG cleavage and the subsequent trapping of the TBAF salt with (a)
AcCl to perform a transprotection reaction (upper pathway), or (b) TFA to conduct a deprotection reaction (lower

pathway).
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4.2.4 Optical Properties

A comparison of the absorption spectra of 2,6-bis(ethylamino)-cNDI 110 (Figure 76; blue line;
¢ =115 pM) and 2,6-bis(dimethylamino)-cNDI 111 (Figure 76; red line; ¢ = 10.8 pM) shows a
red-shift of the core-substituent transition band (620 nm) and a blue-shift of the 7 — n* transition
bands (363 nm and 346 nm) of the NDI chromophore in the case of 110 compared to 111 (608 nm,

368 nm, and 352 nm, respectively).

055 Comparison of the Absorption Spectra of 110 and 111
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Figure 76 Absorption spectra of 110 (blue line; ¢ = 11.5 uM) and 111 (red line; ¢ = 10.8 pM) recorded in CHCI3

at room temperature.

Other than these two shifts, both spectra have almost identical profile. Both compounds have
similar molar absorption coefficients. The FQYs of both compounds were determined. A high FQY
of 45% (@n = 0.45) was observed in case of 110. For 111, a FQY of less than 1% (@ < 0.01) was
measured. This finding can be clearly attributed to the fact that there is no hydrogen atom availa-
ble at the amine functionality of structure 111, which can be used for hydrogen bonding with the
oxygen atom of the carbonyl functionality (see Chapter 1.3.1).

Table 5 gives an overview of the optical properties of 110 and 111.

Name  Aabs [nm] &max (Mol - dm®-cm™]  Aem [nm] FQY [%)] Stokes shift [nm)]
110 346 11013
363 12979
620 19604 644 45 24
111 352 14379
368 16565
608 21210 636 <1 28

Table 5 Optical properties of 110, and 111 recorded in CHCls at room temperature.
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4.2.5 Physical Properties

Each synthesized ¢NDI fulfills the requirement (a) to have the core-substituent absorption
band maximum above 530 nm, and (b) to bear sulfur protected anchoring groups. The cleavage of
the protecting groups was successfully probed and squeezable break junction measurements of
these ¢cNDIs were thus performed in collaboration with the research group of Dr. Selzer at the Tel
Aviv University (TAU; carried out by Michal Vadai). In the SBJ setup base-line conductance
(Figure 77) of 0.40 m Gy was measured for 110 without illuminating the sample with light. There-
fore, the two requirements (c) and (d) described in Chapter 4.1.1 were fulfilled.

180 — Conductance Histogram of 110
160—-
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Figure 77 The measured conductance histogram of ¢cNDI 110 in a SBJ setup with a conductance maximum of

0.40 m Go. The measurement was performed without illuminating the sample with light.

Conductance measurements of 110 and 111 (Figure 78) in the SBJ setup upon laser illumina-

tion were cumbersome because heat formation occurred as a side effect.

Figure 78 Schematic drawing of ¢cNDI 110 attached to two gold electrodes in a SBJ setup and being illuminated

with a laser beam.

This side effect caused expansion of the metallic electrodes and, as a consequence, the meas-
ured conductivities were higher. There were also issues with detecting small electrical signals dur-

ing the measurements and, therefore, more data cannot be provided in this doctoral thesis.
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5 Synthesis and Properties of Photoswitchable NDI-Phanes

The third objective of this thesis was (a) to design and synthesize two rigid NDI-phanes con-
taining either a stilbene or an azobenzene moiety; (b) to study in a next step the photoinduced
E — Z isomerization process as well as the reverse (Z — E) isomerization reaction in both systems;
(c) to deposit such NDI-phanes on a metallic surface upon electrospray ionization; and (f) to inves-
tigate the isomerization processes upon external stimuli, such as application of current or irradia-

tion with light.
5.1 General Synthetic Strategy

5.1.1 Molecular Design

The following requirements were considered during the design of photoswitchable NDI-phanes
to allow for their immobilization on a metallic surface:

(a) Be stable against thermal evaporation under ultrahigh vacuum (UHV) or be ionizable with
electrospray ionization (ESI) to immobilize the photoswitchable NDI-phane on a silver sur-
face.

(b) Possess a photoswitchable moiety, which can undergo photoinduced £ — Z and Z — FE
isomerization processes.

(¢) Be equipped with a platform, which can be deposited on a metallic surface.

(d) Interlinking of the platform and the photoswitchable unit is necessary to (1) create strain
into the molecule and, thus, disfavor the reverse Z — E isomerization reaction; and (2) de-
couple the photoswitchable unit from the metallic surface and, thereby, avoid quenching of
the excited state by the metallic surface.

To fulfill the requirements (b—d), a phane-like structure with a NDI platform and a stilbene or
an azobenzene unit as photoswitchable moiety (Figure 79a; X corresponds to carbon atom in case
of stilbene, or X corresponds to nitrogen atom in case of azobenzene) is preferred. A NDI platform
is envisioned to be used on the basis of its ability to self-assemble on metallic surfaces as shown by
Mayor et al.?l The self-assembly process is caused by (a) the planarity of the NDI core, and (b)

intermolecular hydrogen bondings.

(a) (b) (c)
° s ¢ @’\s

X
Sr@(;—x oN):> : Jiz]n:> r@ )
N~—N O o [éHzl @ O
o

Figure 79 Fulfilment of the above-described requirements results in a structure as shown in (¢). X corresponds

either to carbon atom in case of a stilbene moiety or to nitrogen atom in case of an azobenzene moiety.

Stilbene and azobenzene moieties are chosen because of (1) their accessibility via established

synthetic methods, and (2) the various examples of their successful integration into molecular
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switches as descripted in Chapter 1.5. The interlinking (Figure 79b) of the two moieties can be
achieved by a bridge. To keep the molecular structure of the bridge as simple as possible, an alkyl
chain is chosen to connect the NDI platform to the switching moiety. For this purpose, the short-

est commercially available amine—(CH,),~thiol, 2-aminoethanethiol, is selected (Figure 79c).

5.1.2 First Generation Retrosynthetic Analysis of a NDI-Stilbenophane

Retrosynthetically, NDI-stilbenophane 123 (Scheme 27) can be obtained by a ring-closing me-
tathesis (RCM) reaction of vinylic NDI 124. The vinylic NDI 124 can be obtained from a conden-
sation reaction of 1,4,5,8-naphthalenetetracarboxylic dianhydride (125) with 2-((4-vinylbenzyl)-
thio)ethan-1-amine (126). Compound 126 can be obtained by a bimolecular nucleophilic substitu-
tion (Sx2) reaction of 1-(chloromethyl)-4-vinylbenzene (127) with 2-aminoethanethiol (128).

@ S (0] A5
RCM reaction O N’\/SV©/\
d o O N  — 0

\/NO \/@AS/\,NO
o A (e]

123 124
condensation
reaction
o]
Sn2 o
X
HNSH CIJ@/\: HN’\/S\/©/\ + O % 0
reaction 2 o)
o]
128 127

Scheme 27 Retrosynthetic analysis of the 15° generation synthesis of stilbenophane 123.

5.1.3 Second Generation Retrosynthetic Analysis of a NDI-Stilbenophane

Retrosynthetically, NDI-stilbenophane 123 (Scheme 28) can obtained by a Sx2 reaction of (E)-
1,2-bis(4-(bromomethyl)phenyl)ethane (129) with the bisthiol NDI 130.

O 4 SN2 O ON/\/SH
(s f‘ G5
NN T reactlon HS’\’

(0]
123 130

ﬂremoval of PG
0o
O 0 condensation N~Spg
PG.g~NH, + O, o IR C— O
0. O reaction PG.g~N O
0o

o}
132 125 131

ﬂintroduction of PG
HS/\,NHZ

128
Scheme 28 Retrosynthetic analysis of the 2"! generation synthesis of stilbenophane 123.
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The bisthiol 130 can obtained from the removal of the protective groups in NDI 131 and a
prior condensation reaction of NDA 125 with a S-protected 2-aminoethanethiol 132. Structure
132 can be obtained after the introduction of an appropriate PG into structure 128. The second
building block (Scheme 29) 129 can be obtained (a) by radical bromination of (FE)-1,2-di-p-
tolylethene (133) and a prior cross metathesis (CM) reaction of 4-vinyltoluene (134) with an ap-
propriate Grubbs catalyst, or (b) by bromination of (F)-(ethene-1,2-diylbis(4,1-phenylene))di-
methanol (135) and a previous reduction of dimethyl 4,4'-(ethene-1,2-diyl)(E)-dibenzoate (136).

Br radical CHs
O
O ——————
Br bromination HaC O

129 133

ﬂbromination HRCM reaction
OH GH,
/@J
Ho M2 e
135

134

reduction

D —

o]

o/
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136

%
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Scheme 29 Retrosynthetic analysis of the synthesis of 129 revealed two possible routes.

5.1.4 Retrosynthetic Analysis of NDI-Azobenzenophane

Retrosynthetically, NDI-azobenzenophane 137 (Scheme 30) can be obtained from a Sx2 reac-
tion of (E)-1,2-bis(4-(bromomethyl)phenyl)diazene (52) with the bisthiol 130. The retrosynthetic
analysis of the bisthiol 130 corresponds to the one discussed in Chapter 5.1.3. The key building
block 52 can be obtained after radical bromination of (E)-1,2-di-p-tolyl-diazene (138).

N s o 4
r@—N' o ) SN2 ® NSH radical
ooy, /—— o

O o) + NN NEN
N N_E T O reaction Hs™~N bromination
0 (0]

Br
137 130 52 138

ﬂMills reaction
oxidation jNHZ
'

H,N ON
139 140 139

Scheme 30 Retrosynthetic analysis of the synthesis of azonbenzenophane 137.

Compound 138 is afforded after a Mills reaction of 4-aminotoluene (139) with the correspond-

ing nitroso derivative of 139. The nitroso derivative 140 can be obtained by oxidation of 139.
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5.2 Results and Discussion

5.2.1 First Generation Synthesis of a NDI-Stilbenophane

The initial reaction (Scheme 31) of the first generation approach was the preparation! of 126
by stirring 127 and 128 under basic conditions at room temperature for 16 h and was accom-
plished in a yield of 86%. The following microwave-assisted condensation reaction of 125 with 126
in DMF at 120 °C afforded N,N-di-(2-((4-vinylbenzyl)thio)ethyl)-1,4,5,8-naphthalenetetracarbo-

xylic acid diimide (124) as a yellow solid in 82% yield.

R Rymos LI
S,
o} N
: . : s
HS\/\NHZ + \/©/\C| —)> \/©/\S/\/ 2 4 O O 0 _)> O, 0
0. O \/©/\S/\’N O
O S

(e}

128 127 126 125 124
86% 82%

Scheme 31 Towards the synthesis of NDI-Stilbenophane 123 applying: a) KOH, H:O/MeOH, 0 °C to rt, 16 h; b)
DMF, MW, 120 °C, 4 h.

Subsequently, different reaction conditions for the RCM reaction were investigated, such as (a)
solvent (CHCls, EDC, and PhMe); (b) reaction temperature (40 °C, 60 °C, and 105 °C); (c) cata-
lyst (first generation Grubbs catalyst and second generation Grubbs catalyst); and (d) concentra-
tion (2 to 100 mM). In all cases, however, no product formation was observed. Beside the reisola-
tion of the starting material the side product 141, as displayed in Figure 80, was isolated as well,

which was confirmed by HR-ESI-TOF-MS analysis and 'H-NMR spectroscopy.

T

(o}

141
Chemical Formula: C34H2gN2,04S,

Figure 80 Structure of the side product 141 of the RCM reaction of 124 obtained under various conditions.

5.2.2 Second Generation Synthesis of a NDI-Stilbenophane

Two synthetic protocols for the preparation of 129 were literature known. The first approach
(Scheme 32) to synthesize 129 started with a CM reaction® of 134 to yield 133 and was
achieved in 49% yield using second generation Grubbs catalyst. The subsequent radical bromina-
tion* of 133 to yield 129 as a white solid was carried out by using CCl, as solvent and azobi-
sisobutyronitrile (AIBN) as radical initiator. The separation of the product from the over bromin-
ated side product and starting material was performed by repeated column chromatography on
silica gel and not by recrystallization because the purity of the desired product after recrystalliza-
tion was not sufficient. A milder method, which should prevent over-bromination of the starting

material, is the use of a halogen lamp (500 W) as energy source and methyl formate as solvent. By

89 |page



Synthesis and Properties of Photoswitchable NDI-Phanes

using this method, however, no conversion towards 129 was observed according to TLC analysis,
and mainly starting material was reisolated after the purification by column chromatography on

silica gel. In conclusion, all attempts to increase the yield above 11% (lit.?*7 17%) were unsuccess-

ful.
mi.ﬂ,&&

134 133 129
49% 11%

Scheme 32 1% approach of the synthesis of 129 applying: a) 2" generation Grubbs catalyst, CH2Cls, 50 °C, 17 h;
b) NBS, AIBN, CCl, 85 °C, 16 h.

The problem of the low overall yield and the difficult purification procedure was overcome by
changing the synthetic strategy (Scheme 33). Initially, 136 was reduced® with LiAlH, in THF to
135 in 99% yield and, subsequently, converted®@ to the key building block 129 with N-bromo-
succinimide (NBS) and PPhs in THF in 45% yield.

_>-1.

136 135 129
quant. 45%

Scheme 33 2" approach of the synthesis of 129 applying: a) LiAlHs, THF, 0 °C to rt, 20 h; b) NBS, PPhs, THF,
rt, 36 h.

The assembly (Scheme 34) of the second building block, N,N-di-(2"-thiolethyl)-1,4,5,8-naphtha-
lenetetracarboxylic acid diimide (130), started with the introduction®® of the TMSE PG into 128
by heating 158 and benzophenone in a 15:1 mixture of THF/H,O for 20 h with a halogen lamp
(500 W). The product of this reaction, 2-((2-(trimethylsilyl)ethyl)thio)ethan-1-amine (142), was
obtained as a yellow liquid after fractional distillation. The subsequent condensation reaction of
142 with 125 in DMF was carried out in a microwave reactor and yielded the desired product,
namely, N,N-di-(2"-((2-(trimethylsilyl)ethyl)thio)ethyl)-1,4,5,8-naphthalenetetracarboxylic acid di-
imide (143) as yellow solid in 95%.

(o]
a) O ) O NS~ Tms
HZN/\,SH + =\_|_MS - HzN/\,S\/\TMS + O O 0 —> o) O o
0. TMS\/\S/\,N
(0]
128 158 142 125 143
59% 95%

Scheme 34 Synthesis of 143 applying: a) Ph.CO, THF/H.0, 500 W, 20 h; b) DMF, MW, 120 °C, 4 h.

The cleavage of the protective groups in 143 to afford 130 under highly acidic conditions
(standard deprotection conditions), such as trifluoroacetic acid (TFA), could unfortunately not be
achieved. Therefore, two other protective groups were investigated, namely, PMB and MOM. The
synthesis (Scheme 35) of N,N-di-(2'-((4"-methoxybenzyl)thio)ethyl)-1,4,5,8-naphthalenetetracarbo-
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xylic acid diimide (144) started with the preparation of 2-((4-methoxybenzyl)thio)ethan-1-amine
(146) and the synthesis of N,N-di-(2"-((methoxymethyl)thio)ethyl)-1,4,5,8-naphthalenetetracarbo-
xylic acid diimide (145) with the preparation of 2-((methoxymethyl)thio)ethan-1-amine (147).

29 by stirring a mixture of LiOH, 2-aminoethanethiol hydrochloride (148),

146 was synthesized!
and 4-methoxybenzylchloride (149) in a 4:1 solution of EtOH/H>O at 35 °C for 2 h and yielded
the pure product as a white solid in 39%. A following condensation reaction of 125 with 146 in
DMF at 130 °C was carried out in a microwave reactor and afforded 144 as a yellow solid in a
moderate yield of 19%. After stirring a mixture of 148 and dimethoxymethane (150) at room
temperature for 4 h, 147 was afforded®” as a colorless solid in 62% yield. The subsequent conden-
sation reaction of 147 with 125 in DMF at 125 °C for 4 h in a microwave reactor yielded 146 as a
white solid in a high yield of 89%. Having both target structure in hand, the removal of the PMP
PGs in 145 and the MOM PGs in 146 under highly acidic conditions (TFA) was investigated, but

in each case no cleavage of the PGs was detected by MALDI-TOF-MS analysis.

/\/S
o_a) N s oy
Hs~NHICl & 2 o /@A + O O 0 ——» o O o
(o) o
0. @/\S/\,N
O ~o O

148 149 146 125 144

39% 19%

(o} (o}

C) O o) d) O N/\/Svo\
HS/\,NH3CI + _O0_0 —>» \O/\S/\,NHZ + O O 0 ——> O, O 0

0. \OAS/\,N
e} (e}

148 150 147 125 145

62% 89%

Scheme 35 Synthesis of 144 and 145 applying: a) LiOH, EtOH/H-0, 35 °C, 2 h; b) DMF, MW, 130 °C, 2.5 h; ¢)
rt, 4 h; d) DMF, MW, 125 °C, 4 h.

Moreover, the cleavage of the TMSE PG in 143 was attempted by using the two other stand-
ard conditions, namely, (a) AgBF; in CH,Cly, and (b) TBAF (1 M) in THF, but no product for-
mation was detected in both cases according to MALDI-TOF-MS analysis. It is known in the lit-

301,302

erature! I that the removal of the alkyl TMSE protective group is cumbersome and it can be

301393 Tn their synthetic approach, they

overcome by using the method developed by Fuchs et al.l
first added dimethyl(methylthio)sulfonium tetrafluoroborate ([Me3S:]BF4) to the TMSE protected
starting material in the presence of an excess of dimethyl disulfide (Me,S,). The resulting reaction
mixture was stirred at room temperature over night to yield the desired disulfide in a high yield. In
a second step, the authors reduced the disulfide moiety with tributylphosphane to the free thiol in
a quantitative yield. Consequently, the same synthetic method (Scheme 36) was applied on 143.
The transprotection reaction in THF as solvent to obtain N,N-di-(2'-(methyldithio)ethyl)-1,4,5,8-

naph-thalenetetracarboxylic acid diimide (151) was accomplished in a moderate yield of 12%.
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Compared to the use of THF as solvent, a mixture of CH,Cly/THF or pure CH>Cl,, did not afford

the desired product in acceptable yields.

N/\’S\/\TMS N/\,S.S/
Nreana BETNTGY
TMS\/\S/\,N O /S~S/\,N O
143 151
12%

Scheme 36 Synthesis of 151 applying: a) [MesS2]BF4, Me2S2, THF, rt, 16 h.

The purification of the transprotection reaction turned out to be challenging for mainly two
reasons (a) the substance is not detectable with a UV lamp, and (b) no functional groups are pre-
sent in the molecule that can be stained with a TLC staining solution. Therefore, the yellow resi-
due was first purified by a so-called column-chromatographic filtration over a plug of silica gel to
isolate 151 and the monotransprotected side product 152 as a mixture. This mixture was subse-

quently separated by GPC (Figure 81) to obtain 151 purely as a yellow solid.
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Figure 81 Successful isolation of 151 by GPC: (a) the UV/Vis absorption (top) spectrum at 250 (black line) and
360 nm (red line) of the purification run shows the successful separation of the 151 and 152. The 1% fraction con-
tained 152 and the 2™ fraction contained 151; and (b) MALDI-TOF-MS analysis of both fractions was performed

and verified the mass of 152 (left) and 151 (right) as displayed in the recorded mass spectra.

It was tried to improve the yield of this reaction sequence and, therefore, a second approach
(Scheme 37) of the synthesis of 151 was developed. The synthesis started with the assembly of 2-

(methyldisulfanyl)ethan-1-amine (153), which was prepared by stirring 128, dimethyl disulfide,
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and NEt; at 105 °C in a pressure vial. The literature known proceduret* yielded 153 as a colorless

liquid in 60% yield.

o o
0 N/\,S.s/
i~ e s 2 LR, . o O
o, 00
o o
128 153 125 151
60% 6%

Scheme 37 Synthesis of 151 applying: a) MesS2, NEt3, 105 °C, 15 h; b) DMF, 120 °C, 13 h.

The condensation reaction of 125 with 151 in DMF at 120 °C afforded 151 in low yield of 6%
after using the same purification procedure as in the previous approach. Unfortunately, an im-
provement of the yield was not achieved and, consequently, this synthetic route was no longer
considered. The reduction (Scheme 38) of the disulfide moiety in 151 was performed similar to
Fuchs et al.?"3%] with tributylphosphane in a 1:1 mixture of MeOH/THF to yield 130. The pro-
gress of the reaction was monitored by MALDI-TOF-MS analysis and showed complete conversion
after stirring the reaction mixture at room temperature for 2 h. The crude product was used with-

out further purification in the final cyclization reaction.

(0]
(0]
s. N/\,SH
o. O N:)\/ s i» C QO (]
/S-S’\rN O HSNNO
(o]
151 130

quant.

Scheme 38 Synthesis of 130 applying: a) PBus, MeOH/THF, rt 2 h.

The first approach to perform the final cyclization reaction (Scheme 39) consisted of the addi-
tion of 129 in DMF to a solution of DMF, 130, and K,COs; applying the so-called pseudo-high-
dilution principle. Unfortunately, no product was isolated neither by using a fresh bottle of dry
DMF nor by changing the base to Cs;COs. In each case, only 129 was reisolated, whereas 130 was
not reisolated most likely due to decomposition of 130 in the course of the reaction or work-up.

0 SV
/\CiN OO N;\/SH + BrBr —
Hs ™My NO
130 129 123

Scheme 39 Unsuccessful synthesis of 123 applying: K2COs, DMF.

Generally, the rate r of an Sx2 reaction (Figure 82) is increased in polar aprotic solvents com-
pared to polar protic solvents. Polar protic solvents, such as MeOH, will form hydrogen bondings
to nucleophile and, as a result, lower its reactivity. Whereas, in case of polar aprotic solvents only
weak interactions between the solvent molecules and the nucleophile occur and, thus, the nucleo-

phile is more reactive. This effect is illustrated in Figure 82 by the comparison of the relative rate
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of the Sx2 reaction in a polar protic solvent (MeOH) and different polar aprotic solvents, such as

methanamide, DMF, and N, N-dimethylacetamide (DMA).

o] 1 o
MeOH HJLNHZ N )L'?‘/
Iel = 1 1310" 1.210° 7.4-10°
Figure 82 Comparison of the relative rate of the Sx2 reaction in different solvents. The lowest relative reaction

rate was detected in case of MeOH (is set to 1) and the highest in case of DMA.[3%]

The lowest relative reaction rate was detected in case of MeOH (is set to 1) and the highest in
case of DMA. An even more increased reaction rate compared to DMA should be observed in 1,3-
dimethyl-2-imidazolidinone (DMI) according to Figure 82. Thus, DMI was investigated as solvent
of choice and, indeed, the application of the same reaction conditions resulted in the isolation of
123. In detail, KsCO3 and 130 in deoxygenated DMI (Scheme 40) were heated at 60 °C, and 129
was added in one portion to the reaction mixture. This mixture was stirred at 60 °C for 17 h, be-
fore the crude product was purified by column chromatography on silica gel and GPC to yield (E)-
1((2,7)-benzo[lmn][3,8]phenanthroline-1,3,6,8(2 H,7 H)-tetraona)-6((4,4')-1,2-diphenylethena)-4,8-di-

thiadecanodane (123), also referred to as NDI-stilbenophane, as an orange solid in a yield of 9%.

(o] @ S
~~-SH 4
0. O \ + Br . / . \ —_—
Hs™~N J° O > S\SO
(o] (¢]

130 129 123
9%

Scheme 40 Successful synthesis of 123 applying: K2COs, DMI, 60 °C, 17 h.

By considering the low solubility of 129 and the low probability of a cyclization reaction to yield a
monomeric structure like 123 instead of dimeric or even oligmeric structures, the yield was consid-

ered as good.
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5.2.3 Synthesis of a NDI-Azobenzenophane

The assembly (Scheme 41) of 52 was accomplished by using the synthetic method developed
by Feringa et al.?!”) The first step of the synthetic strategy was the oxidation of 139 with Oxone®
in a 3:1 mixture of CH,Cly/H,0 to afford 1-methyl-4-nitrosobenzene (140) as a green solid in 59%
yield. Oxone® and Caroat® are the trade names for a mild and stable oxidizing agent, which is the
triple salt with the formula “2KHSO; - KHSO, - K»S0,;”. KHSOs; is the potassium salt of peroxy-
monosulfuric acid (H2SO5), also referred to as Caro’s acid, which is not only one of the strongest
oxidants known (E° = 1.81 V), but also highly explosive. In a second step, 139 and 140 were con-
verted via a Mills reaction to 138 and the pure product was isolated as an orange solid in 84%.
The third and last step of the synthetic procedure was the radical bromination by stirring a mix-
ture of 138, NBS, and AIBN in CCly at 85 °C for 16 h. The purification of the crude product was
cumbersome because the recrystallization, as described in literature, did not yield the pure product.
Instead, repeated purification by column chromatography on silica gel was performed to separate
the over-brominated side product from 52. Finally, the pure product was afforded as an orange

solid in 43% yield.

139 140 139 138
38% 84%

Ja

- ?
,@NI'N o ) d) /@/\Br O N/\/SH
s O N - N_.N + Q. O o)
\/N @ 0 Br; HS/\,N
e} e}
137 52 130
17% 43%

Scheme 41 Synthesis of NDI-azobenzenophane 137 applying: a) Oxone®, CH2Cla/H20 3:1, rt, 40 min; b) AcOH,
rt, 14 b; ¢) NBS, AIBN, CCly, 85 °C, 16 h; d) K2COs, DMF, 75 °C, 16 .

The last step of the synthetic approach, namely, the cyclization reaction, was done by using
DMF as solvent, KoCOj; as base, and applying a pseudo-high-dilution principle. In detail, K2COj
and 130 in deoxygenated DMF (319 nM solution) were heated at 75 °C, and 52 in deoxygenated
DMF (8.0 mM solution) was added to the reaction mixture via a syringe pump over 1 h. After the
complete addition, the solution was stirred at 75 °C for 16 h. The purification was accomplished by
column chromatography on silica gel and GPC to yield (E)-1((2,7)-benzo[lmn|[3,8]phenanthroline-
1,3,6,8(2H,7 H)-tetraona)-6((4,4')-1,2-diphenyldiazena)-4,8-dithiadecanodane (137), also referred to

as NDI-azobenzenophane, as an orange solid in 17% yield.
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5.2.4 Optical Properties

After the successful assembly of both NDI-phanes, the absorption spectra of 123 (Figure 83;
blue line; ¢ = 9.57 uM) and 137 (Figure 83; red line; ¢ = 10.5 pM) were recorded. The absorption
spectrum of NDI-stilbenophane 123 possessed more defined absorption bands compared to NDI-
azobenzenophane 137. The absorption spectrum of 123 featured a maximum transition band at
331 nm and two shoulders at 317 and 349 nm. Additionally, a big absorption band maximum was
found at 234 nm and small absorption band maximum at 381 nm. In contrast to that the absorp-
tion spectrum of NDI-azobenzenophane 137 possessed one major broad peak from 238 to 390 nm

with a shoulder at 348 nm.

Comparison of the Absorption Spectra of 123 and 137
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Figure 83 Comparison of the absorption spectra of 123 (blue line; 9.57 uM) and 137 (red line; 10.5 uM) showed
refined absorption bands in 123 and one broad band in 137. Both spectra were recorded in CH2Cl> and room tem-

perature.

Table 6 gives an overview of the optical properties of NDI-stilbenophane 123 and NDI-

azobenzenophane 137.

Name  Auwbs [nm]  &max [mol™ - dm?® - cm’]
123 235 27244
330 32500
382 8414
137 350 39721

Table 6 Optical properties of 123 and 137 recorded in CH2Cl: at room temperature.
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5.2.5 UV /Vis Study of Isomerization

The photoinduced E — Z isomerization process of 123 was first probed (Figure 84; left,
¢ = 24.3 uM) by UV/Vis spectroscopy. Upon irradiation at 382 nm for 2 min (red line) of a solu-
tion of 123 in CH,Cl,, a decrease of intensity of the absorption band at 331 nm and an increase of
intensity of the absorption bands at 234 and and 382 nm were observed, indicating that the con-
version of the (E)- to the (Z)-isomer occurred. After irradiating the same sample for 7 min (blue
line), no further change in the shape of the absorption bands could be observed, suggesting that
the isomerization process was completed. The same sample was then left in the dark and absorp-
tion spectra were measured after 3 min (pink line) and 12 min (green line) but, again, no further
change in the shape of the absorption bands could be observed. The irradiation at 331 nm resulted
in a similar behavior compared with irradiation at 382 nm, however, the decrease of intensity of
the absorption band at 331 nm and the increase of intensity of the absorption bands at 234 and
382 nm were not as distinct as in the previous case, meaning that the wavelength of 382 nm is
better suited for the isomerization process than 331 nm. In addition, the photoisomerization study
revealed that the overlapped set of absorption spectra of 123 possessed three isosbestic points
(black circles) at 291, 356, and 386 nm. An isosbestic point is defined® “as the wavelength at
which the total absorbance of a sample does not change during a chemical reaction. [..|The exist-
ence of an isosbestic point only indicates that the stoichiometry of the reaction remains unchanged
during the chemical reaction, and that no secondary reactions occur during the considered time
range”. This finding did not come as a surprise and can be attributed to the single £ — Z isomeri-
zation process without dimer or phenanthrenophane formation as these side reactions are normally

favored in more concentrated solution (Chapter 1.5.1).

UV/Vis Study of Isomerization of 123 UV/Vis Study of Isomerization of 137 - One Switching Cycle
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Figure 84 Absorption spectra of NDI-stilbenophane 123 (left; ¢ = 24.3 mM) and NDI-azobenzenophane 137
(right; ¢ = 16.1 mM) at different stages of the photoinduced processes upon irradiation with UV light. All spectra

were recorded in CH2Clz at room temperature.
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The photoinduced isomerization study was also probed by 'H-NMR spectroscopy experiments
as descripted in Chapter 5.2.6. The UV /Vis study of the photoinduced Z — FE isomerization pro-
cess with or without a triplet photosensitizer, however, was not done yet because of limited time.
It will be done in near future.

In case of NDI-azobenzenophane 137, the photoisomerization study revealed that the over-
lapped set of absorption spectra of 137 possessed three isosbestic points (black circles) at 298, 380,
and 418 nm. The wavelengths used for the F — Z and Z — F isomerization processes were 395 and
450 nm, respectively. The absorption spectra (Figure 84; right) of a diluted solution of 137 in
CH:Cl; (c = 16.1 nM) were measured (a) before irradiation (black line), (b) after irradiation of the
same sample at 395 nm (red line) for 15 min, and (c) after irradiation of the same sample at
450 nm (blue line) for 15 min. After irradiation at 395 nm for 15 min, a significant decrease of
intensity of the broad absorption band at 320 nm was observed, indicating that the conversion of
the (E)- to the (Z)-isomer occurred, and no further decrease upon extended irradiation at this
wavelength was observed. Then, the same sample was irradiated at 450 nm for 15 min and the
intensity of the broad absorption band at 320 nm increased, but did not reach the initial absorp-
tion band shape even after 30 min of irradiation. This indicated that the reverse reaction occurred,
but not with a full conversion. This observation suggests that the photoinduced isomerization pro-
cesses B — Z and Z — FE are not 100% reversible. This hypothesis was further supported by the
performed "H-NMR study as discussed in Chapter 5.2.6.

5.2.6 'H-NMR Study of Isomerization

In the studies of the photoinduced F — Z and the reverse Z — F isomerization processes, a
monochromator, as described in Chapter 7.2.19, with an optical fiber, which was dipped into a

NMR sample containing 123 or 137 in CDyCl,, was used.

Black film \

tical fi
NMR spectrometer \K \ Optical fiber

NMR tube N|
Monochromator
NMR sample in CD,Cl, ’ N h
M v

Figure 85 Schematic drawing of the experimental setup for measuring the photoinduced £ — Z and Z — E isom-

erization processes of 123 and 137 by 'H-NMR spectroscopy.
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The NMR sample and the optical fiber were enwrapped with Parafilm® and placed, as shown in

Figure 85, into an NMR spectrometer. The top of the shim system was covered with a black film

to prevent interferences arising from the ambient light, and the sample was subsequently irradiated

at a specific wavelength.

To investigate the efficiency of the photoinduced E — Z isomerization process of NDI-

stilbenophane 123, the singlet signal, which belongs to the two core hydrogen atoms of the NDI

moiety, as illustrated in Figure 86, was followed. This signal appears at 8.57 ppm (red dot) in the

case of (E)-123 and at 8.65 ppm (blue dot) in the case of (Z)-123. The ratio of these two singlet

signals, obtained by the integration of the two signals, represents the ratio of (E)-123 and (Z2)-

123 in the mixture.

Pascal H, Stilbene in CD2Cl2, 154 uM, 298K, no irr, QCI
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Figure 86 Different PSSs were obtained for the photoinduced F — Z isomerization process of 123 at different

concentrations. The maximum PSS was obtained in the case when a 154 pM solution of (E)-123 in CD2Cl: was

used. The 'H-NMR spectrum on the top was recorded before irradiation and the 'H-NMR spectra below after irra-

diation. All "H-NMR spectra were recorded in CD2Clz at room temperature on a 600 MHz instrument.
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Firstly, the wavelength dependency of the photoinduced F — Z isomerization process was in-
vestigated (Figure 86) on irradiation at 382 nm of a 442 pM solution of (E)-123 in CD,Cl, and
irradiation at 330 nm of a 154 pM solution of (£)-123 in CD,Cl,. In the former case, a PSS of 34%
was found after 60 min of irradiation, and in the latter case, a PSS of 26% after 54 min of irradia-
tion. By extending the time of irradiation at 330 nm to 5 h, decomposition of both (E)-123 and
(Z)-123 was observed.

Secondly, the concentration dependency of the photoinduced E — Z isomerization process was
probed (Figure 86) on irradiation at 382 nm of a 154 pM solution of (£)-123 in CD,Cl,. Compared
to the 442 pM solution with a PSS of 26%, the diluted sample showed an increased PSS of 51%.
The higher efficiency of the isomerization process in the diluted samples can be ascribed to a deep-
er penetration of the UV light into the solution. As mentioned in Chapter 1.5.1, a maximum PSS
of 54% for the E — Z isomerization process can be obtained and, therefore, the observed PSS of
51% almost reached its maximum. In Figure 87, the initial '"H-NMR spectrum of (E)-123 before
irradiation is compared with the 'H-NMR spectrum after irradiation at 382 nm for 60 min at its
PSS state. For each proton signal present in the spectrum measured before irradiation, a second
signal with the same multiplicity appeared and, therefore, these signals were attributed to (Z2)-123

and not to the products of decomposition of (E)-123.
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Figure 87 'H-NMR Spectra of (E)-123 before (top) and after (bottom) irradiation at 382 nm for 60 min, a period,
after which the process reached its steady state. In the steady state, a pair of signals for each proton was present in
the spectrum, which indicates the formation of a mixture of (F)-123 and (Z2)-123. All *H-NMR spectra were rec-

orded in CD2Cls at room temperature on a 600 MHz instrument.

Unfortunately, the decay of the PSS via a reverse Z — FE isomerization process could not be

observed, not even after 120 min in the dark. The 'H-NMR study of the photoinduced Z — F
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isomerization process with or without a triplet photosensitizer was not done yet because of limited
time. It will be done in near future.

To investigate the efficiency of the photoinduced E — Z isomerization process of NDI-
azobenzenophane 137, the singlet signal, which belongs to the two core hydrogen atoms of the NDI
moiety, as seen in Figure 88, was followed. This signal appears at 8.53 pm in the case of (E)-137
(red dot) and at 8.73 ppm in the case of (Z)-137 (blue dot). The ratio of these two singlet signals,
obtained by integration of the two signals, represents the ratio of (F)-137 and (Z)-137 in the mix-
ture. As described in Chapter 5.2.5, the wavelengths used for the F — Z and Z — F isomerization
processes were 395 and 450 nm, respectively.

Firstly, the temperature dependency of the photoinduced F — Z isomerization process was in-
vestigated on irradiation at 395 nm of a solution of (F)-137 in CD,Cl; at 298 K and 278 K. How-

ever, no dependency on the temperature was found.
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Figure 88 A maximum PSS was obtained in the case when 56 pM solution of (E)-137 in CD:Cl: was used. The

H-NMR spectrum on the top was recorded before irradiation and the three 'H-NMR spectra below after different

irradiation times. All 'H-NMR spectra were recorded in CD2Clz at room temperature on a 700 MHz instrument.
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Secondly, the concentration dependency of the photoinduced E — Z isomerization process was
probed on irradiation at 395 nm of a 56 pM solution of (FE)-137 in CDyCl,. Compared to the
472 pM solution with a PSS of 13%, the diluted sample showed an increased PSS of 28%. The
higher efficiency of the isomerization process in the diluted samples can be ascribed to a deeper
penetration of the UV light into the solution. This finding was similar to the 'H-NMR study of
isomerization of NDI-stilbenophane 123. As displayed in Figure 88, the initial 'H-NMR spectrum
of (E)-137 before irradiation is compared with the "H-NMR spectrum after irradiation at 395 nm
for 1, 3, and 6 min. After 6 min the system reached its PSS state as clearly seen in Figure 88 and

Figure 89.
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Figure 89 The data of this graph are taken from Figure 88 and the concentration of (Z)-137 in a 56 pM solution

of (E)-137 in CD:Cl: is plotted as a function of time. After 6 min the photostationary state is reached.

Thirdly, the reversibility of the photoinduced F — Z and Z — FE isomerization processes, as il-
lustrated in Figure 90, was investigated on irradiation at 395 nm of a 56 pM solution of (E)-137 in
CD,Cl; for 5 min to obtain a PSS of 28%. This sample was subsequently irradiated at 450 nm for
1 min to induce the Z — E isomerization process, and a 9:91 mixture of (Z)-137/(E)-137 was cal-
culated. This indicated that the reverse reaction occurred, but not with a full conversion. There-
fore, the irradiation time at 450 min was extended to 5 min. Instead of a decreased ratio of the
(2)-137/(E)-137 mixture, increased intensities of the signals at 8.74 and 8.57 ppm were detected.
These signals were attributed to decomposition of 137. The same sample was exposed to a second
photoinduced switching cycle (bottom) and after the final Z — E isomerization process, the signals
at 8.74 and 8.57 ppm were increased compared to the first switching cycle. This indicated that
again the reverse reaction occurred, however, the signals of decomposition of 137 increased simul-
taneously. Thereby, this study supported the UV/Vis study and it can be concluded that the pho-
toinduced Z — F isomerization process of (Z)-137 upon irradiation at 450 nm led not only to the

formation of (E)-137 but also to decomposition of 137.
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Figure 90 'H-NMR spectrum on the top was recorded before irradiation of a 56 nM solution of (FE)-137 and the
'H-NMR spectra below after irradiations at 395 or 450 nm. An increasing decomposition was observed after each
cycle and, as a consequence, indicated the inefficiency of the photoinduced reverse Z — FE isomerization reaction
upon irradiation at 450 nm. All 'H-NMR spectra were recorded in CD2Cly at room temperature on a 700 MHz in-

strument.

Fourthly, the reversibility of the photoinduced £ — Z and Z — F isomerization processes, as

displayed Figure 91, was investigated on the thermal reverse reaction in the dark. Therefore, at
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different stages of the process 'H-NMR spectra of a 56 nM solution of (E)-137 in CD,Cl, were
measured (a) before irradiation (top), (b) after irradiation of the sample at 395 nm for 6 min at

the PSS of 137 (middle), and (c) after leaving the same sample in the dark for 261 min (bottom).
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Figure 91 Prove of the reversible photoinduced F — Z isomerization reaction and the thermal reverse Z — F
isomerization reaction in the dark: (a) 'H-NMR spectrum on the top was recorded before irradiation, (b) *H-NMR
spectrum in the middle was recorded at its PSS, and (c¢) 'H-NMR spectrum at the bottom was recorded after the
thermal back reaction in the dark. All 'H-NMR spectra were recorded in CD:Cl; at room temperature on a

700 MHz instrument.

As shown in Figure 91, the initial 'H-NMR spectrum of (F)-137 before irradiation (top) is
compared with the 'H-NMR spectrum after irradiation at 395 nm at its PSS state (middle). For
each proton signal present in the spectrum measure before irradiation, a second signal with the
same multiplicity appeared and, therefore, these signals were attributed to (Z)-137. After leaving
the same sample in the dark for 261 min, a '"H-NMR spectrum was recorded and the signals of (2)-
137 disappeared almost 100%. Therefore, it indicated that the reverse Z — E isomerization reac-
tion occurred thermally in the dark without any decomposition.

Last but not least, the lifetime of (2)-137 (Figure 92) in the dark was probed by first irradia-
tion at 395 nm of a 56 pM solution of (E)-137 in CDyCl, for 6 min to reach its PSS. Subsequently,
this sample was left in the NMR instrument and the top of the shim system was covered with a
black film to prevent interferences arising from the ambient light. Over 261 min five 'H-NMR spec-

tra were measured. The investigation revealed by applying an interpolation on the recorded data

104 |page



Synthesis and Properties of Photoswitchable NDI-Phanes

that the reverse Z — E isomerization reaction to obtain (Z)-137 would be completed in the time-

scale of 354 min.

30 4 Lifetime of (Z)-137 in the Dark
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20 4 4 concentration of (2)-137
linear interpolated graph
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Time [min]
Figure 92 Lifetime of (Z)-137 was investigated by recording five "H-NMR spectra at different stages of the ther-
mal decay of (Z)-137 to obtain five data points (indicated by black squares). By applying a linear interpolation on
the graph (red line), a lifetime of 354 min was found for (Z)-137. All 'H-NMR spectra were recorded in CD:Cls at

room temperature on a 700 MHz instrument.
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5.2.7 Immobilization of NDI-Azobenzenophane on a Metallic Surface

NDI-azobenzenophane 137 fulfills the requirements (a) to be stable against thermal evapora-
tion and electrospray ionization (mass spectra of 137 were successfully measured by MALDI-TOF—
MS and ESI-MS), and (b) to possess a reversible switching process ('H-NMR study). Therefore,
137 was deposited under UHV on a Ag(111) surface and STM images were taken. This was per-
formed in close collaboration with the research group of Prof. Dr. Berndt in Kiel (carried out by
Katharina Scheil). As shown in Figure 93, the molecules formed ordered islands. The picture was
taken while measuring in the constant current mode and applying 600 mV and 57 pA. A constant
current STM image depends, as described in Chapter 1.4.1, on two major influences (1) the density
of state of the surface, which means the ability of electrons to tunnel from the metallic tip to the
sample surface, and (2) the topography of the surface. If a part of the molecule is closer to the
STM tip than the rest of the molecule, the STM tip is consequently retracted and, thereby, a
bright spot results. The combination of both influences results in the formation of a self-assembled
array as shown in Figure 93. The bright spots, highlighted with a black circle, correspond to a
deposited NDI-azobenzenophane which pulls back the STM tip and the dark spots corresponds to a
gap where no NDI-azobenzenophane is located. Additionally, the formation of such an array is
favored based on the fact that NDI-phanes are able to self-assemble on metallic surfaces as report-
ed by inter alia Mayor et al.?®! The high efficiency of this self-assembly process can be ascribed to
possible intermolecular hydrogen bondings between the NDI-phanes (the dotted lines are showing

possible hydrogen bondings).

bright

dark

Figure 93 STM picture of 137 deposited on a Ag(111) surface. The picture was taken at 600 mV and 57 pA.

It must be pointed out that such an arrangement was not proven by the time this doctoral the-
sis was written and, as a result, it represents only a hypothesis of the possible arrangement of 137
on the Ag(111) surface. In addition, the switching process upon applying current is still under in-

vestigation and, therefore, more data cannot be provided in this doctoral thesis.
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6 Summary and Outlook

All three proposed objectives of this doctoral thesis were successfully completed.

In the first project, the photoinduced processes in molecular figure-of-eight (8) NDI derivatives
were investigated, namely, charge transfer from the core substituent to the naphthyl moiety. In the
case of 2,6-diphenylsulfanyl-core-substituted NDI 37, an ultrafast fluorescence quenching upon
irradiation was observed. The applied approach to restrict the rotation around the S—C bond of the
NDI core substituent and, thus, prevent the fluorescence quenching, was successful. The rotation
around the S-C was suppressed by connecting the core substituent with the substituent at the N-
terminus of the imide moiety by an aliphatic bridge. The photophysical studies were carried out in
collaboration with Igor Pugliesi from the research group of Prof. Dr. Riedle at the LMU Munich.

Prior to performing the photophysical measurements, synthetic strategy towards the synthesis
of S,S-molecular 8 84 was developed. This compound was synthesized in seven steps and isolated
as a bright red solid. The tert-butyl group proved to be a versatile protective group for the thiol
functionality throughout the entire synthesis. Moreover, single crystals of 84 suitable for X-ray
diffraction analysis were grown and the obtained solid-state structure revealed that the
phenylsulfanyl core substituents were slightly twisted out of the NDI plane compared to the
phenylsulfanyl core substituents in an unbridged analogue 37, which indicated the rigid character
of 84. The optical properties, such as absorption, fluorescence, and the fluorescence quantum yield,
were almost identical for compounds 37 and 84. Therefore, transient-absorption spectra of 37 and
84 were measured at LMU. It was found that compound 84 had an extended lifetime (8.39 ps) of
the excited state compared to that (6.50 ps) of 37. This result proved that the proposed hypothesis
was correct, although the observed effect was not as distinct as expected. Additionally, two molec-
ular 8 derivatives, namely, N, N-molecular 8 92a and 92b, and O,O-molecular 8 103, were there-
fore synthesized and studied.

In the case of N,N'-molecular 8 derivatives, various protective groups (Boc, Cbz, and Fmoc) for
the amino functionality were tested, however, the desired product could not be isolated in all cases.
Finally, it was found that when no amino-protecting group was used, the desired product was
formed. The lower overall yield can be ascribed to the lower nucleophilicity of the nitrogen atom
compared to the sulfur atom. The final step of the synthesis of N,N'-molecular 8 92 yielded two
structural isomers, 92a and 92b, both as bright blue solids. Optical studies showed that in the
case of the more strained isomer 92b, the absorption band maximum was broader compared to
that of 92a. The optical properties of 92a were compared to those of the unbridged analogue 62
but no signification difference was observed. The transient-absorption spectra of the two isomers
are not yet measured, but the measurements will be conducted very soon in close collaboration

with our collaborators.
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The third molecular 8 derivative, O,0-molecular 8 103, was synthesized by employing the
same synthetic strategy as in the case of S,S-molecular 8 derivative. The MEM protecting group
proved to be a versatile oxygen-protecting group throughout the entire synthesis. All synthetic
steps, apart from the final aromatic nucleophilic substitution reaction, yielded the desired products
in good to excellent reproducible yields. The last step of the synthesis was performed reproducibly
three times to obtain O,0-molecular 8 103 as a yellow solid. The optical properties of 103 were
investigated and, similarly to the case of 92, the optical properties of 103 and the unbridged ana-
logue 63 were similar. Identical to the two N,N'-molecular 8 derivatives, here as well the transient-
absorption spectra are not yet recorded, but the measurements will be conducted very soon in close
collaboration with our collaborators.

The transient-absorption spectra of the last two molecular 8 derivatives must be measured to
further support the proposed hypothesis, which was already proved in case of 5,5" molecular 8. The
extension of the full-CT state could be achieved by shortening the aliphatic bridge from eight CH,
units to six or seven and, thereby, suppressing the rotational freedom around the S—C bond even
further. This would ultimately lead to a decreased decay of the full-CT state and a higher fluores-

cence quantum yield should be measured.

In the second project, the photoinduced charge-transfer process of a linear ¢cNDI placed in a
squeezable break junction setup was investigated, in collaboration with Dr. Yoram Selzer at the
Tel Aviv University. The aim was to observe for the first time conductance enhancement on a
single-molecule level. For this purpose, a series of symmetrical 2,6-amino-core-substituted NDIs
were designed and synthesized. The target ¢cNDI compounds featured a protected thiolphenol on
the imide functionality to allow for a linkage of the thiols to the gold electrodes in the squeezable
break junction setup, as well as ethylamino or dimethylamino core substituents. The synthesis of
the both ¢cNDIs employed the key building block 119. This key building block was then converted
either to the 2,6-diethylamino-core-substituted NDI 120 or to the 2,6-bisdimethylamino-core-
substituted NDI 121. The target cNDI was in each case isolated as a bright blue solid in six steps.
The optical properties of compounds 120 and 121 were completely different on account of the fact
that ¢cNDI 120 can form two intramolecular hydrogen bondings whereas ¢cNDI 121 cannot. As a
consequence of the hydrogen-bonding abilities, cNDI 120 is highly fluorescent while ¢cNDI 121 is
not. Because both target compounds fulfilled all requirements, namely, to have to core-substituent
absorption band maximum above 530 nm, and bearing a protected thiol moiety, they were investi-
gated in a squeezable break junction setup in collaboration with Michal Vadai from the research
group of Dr. Yoram Selzer at the Tel Aviv University.

Although the conductance of ¢cNDI 120 in this setup could be measured without illuminating

with light (base line conductance of 0.4 mGy), the conductance measurements upon irradiation
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with a laser beam were not successful yet. Attempts to observe the conductance enhancement on a

single-molecule level are ongoing.

In the third project, the switching process in photoswitchable NDI-phanes was first investigat-
ed in solution, possessing either a stilbene or an azobenzene moiety as the switching unit, before
depositing NDI-azobenzenophane on a Ag(111) surface to study the switching process by 'H-NMR
spectroscopy and UV/Vis absorption spectroscopy. For the synthesis of strained NDI-
stilbenophane 123 and a strained NDI-azobenzenophane 137, the precursors, namely, (E)-1,2-
bis(4-(bromomethyl)phenyl)ethene and (E)-1,2-bis(4-(bromomethyl)phenyl)diazene, were in each
case previously described in the literature. The main task was therefore to develop synthetic strat-
egy for the synthesis of the key building block 130, which was successfully accomplished. After the
isolation of pure NDI-stilbenophane 123 and NDI-azobenzenophane 137, the photoinduced £ — Z
isomerization process in these compounds was investigated.

Both NDI-phanes 123 and 137 were able to undergo a photoinduced £ — Z isomerization pho-
tostationary states of 51% and 28%, respectively, were obtained by means of "H-NMR spectrosco-
py. In the case of 123, the decay of the (Z)-isomer in the dark was not observed. In the case of
137, however, the almost 100% decay of the (Z)-isomer in the dark was observed after 4.4 h. Sub-
sequently, NDI-azobenzenophane 137 was deposited on a Ag(111) surface, which was done in col-
laboration with Katharina Scheil form the research group of Prof. Dr. Berndt at the Christian—
Albrechts—Universitdt zu Kiel. The switching process upon applying current is still under investi-
gation and, therefore, no further data are available at this time.

Future work will focus on increasing the yield for the preparation of 130, as well as yields for
compound 123 and 137. For this purpose, the reaction condition of each procedure must be inves-
tigated in more detail and subsequently optimized. Additionally, the real arrangement of the de-
posited NDI-azobenzenophane on the silver surface must be investigated, before the influence of an

external stimulus, such as current and UV light, on the isomerization process is probed.
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7 Experimental Section

7.1 General Information

7.1.1 Reagents and Solvents

All chemicals were used as received from ABCR GmbH & Co. KG (Karlsruhe, Germany),
Acros Organics™ (Basel, Switzerland), Alfa Aesar® (Karlsruhe. Germany), Fluka AG (Buchs, Swit-
zerland), fluorochem Ltd (Hadfield, United Kingdom), or Sigma-Aldrich® (Buchs, Switzerland)
unless stated otherwise. 2,3,6,7-Tetrabromo-1,4,5,8-naphthalenetetracarboxylic acid dianhydride
(206) and 2,6-dichloronaphthalene-1,4,5,8-tetracarboxylic acid dianhydride (14) were synthesized
by Mathias Fischer at Karlsruhe Institute of Technology (KIT). Dry solvents were purchased from

307

Fluka AG or were dried using standard proceduresi” and stored over 4 A molecular sieves. Tech-

nical-grade solvents used for extractions and chromatographies were distilled once before usage.

7.1.2 Sensitive Reactions

Air- and water-sensitive reactions were performed under a deoxygenated atmosphere using Ar-
gon 4.8 from PanGas AG (Damarsellen, Switzerland). For water-sensitive reactions, glassware was

heated (90 °C) and then cooled under argon before use.
7.2 Instrumentation

7.2.1 Elemental Analysis (EA)

Elemental analysis was measured on a Perkin-Elmer® Analysator 240 or a Vario Micro Cube
from Elementar and values are given in mass percentage (caled vs. measured abundance). In most
cases, the NMR pure product was purified by GPC and dried at 40 °C for several days before the

EA was measured.

7.2.2 Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR spectra were recorded on a Bruker Platinum ATR instrument. The compounds were
measured neat through an ATR attachment and the wavenumbers of transmission maxima are

reported in cm™.

7.2.3 Gel Permeation Chromatography (GPC)

GPC was recorded on a Shimadzu Prominence System with SDV preparative columns from

Polymer Standards Service (two columns in series, 60 cm each, operating range: 100-30000 g/mol)
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and measurements were performed at room temperature with CHCI; as eluent and a flow rate of

4 mL/min.

7.2.4 'H-Nuclear Magnetic Resonance (*H-NMR)

All 'H-NMR spectra were recorded on an Oxford NMR spectrometer operating at 400 MHz, a
Bruker Avance III with a BBFO* probe head spectrometer operating at 400 MHz, a Bruker BZH-
NMR with a QNP probe head spectrometer operating at 250 MHz, a Bruker Ultra Shield
Avance III with a BBO probe head spectrometer operating at 500 MHz, or on a Bruker Avance III
NMR spectrometer operating at 700 MHz equipped with a 'H-*C/N-*D TCI cryoprobe head
with zaxis pulsed field gradients. Chemical shifts () are reported in parts per million (ppm) rela-
tive to residual solvent signals or trimethylsilane (TMS), and coupling constants (.J) are reported
in Hertz (Hz). Deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc. (And-
over, MA, USA) or from Armar AG (Déttingen, Switzerland). The measurements were performed
at room temperature. The multiplicities are described as: s = singlet, d = doublet, t = triplet,
q = quartet, p = pentet, h = hextet, hept = heptet and m = multiplet. For multiplets, the range

of chemical shifts (ppm) of the signal is reported.

7.2.5 13C-Nuclear Magnetic Resonance (*C-NMR)

All BC-NMR spectra were recorded on an Oxford NMR spectrometer operating at 101 MHz, a
Bruker Avance III 400 with a BBFO™ probe head spectrometer operating at 101 MHz, a Bruker
Ultra Shield Avance III spectrometer with a BBO probe head with z-gradients operating at
126 MHz, or a Bruker Avance III HD NMR spectrometer operating at 151 MHz equipped with a
5 mm 'H/¥F-13C/PN-D QCI cryoprobe head with zaxis pulsed field gradients. Chemical shifts (3)
are reported in parts per million (ppm) relative to residual solvent signals. Deuterated solvents
were obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA) or from Armar AG
(Dottingen, Switzerland). The measurements were performed at room temperature. All two-
dimensional NMR experiments required to assign the 'H- and '*C-signals, namely, 'H-'H-COSY,
H-BC-HMQC, 'H-*C-HMBC and 'H-'H-NOESY were recorded on a Bruker 500 MHz Ultra
Shield Avance III spectrometer equipped with a BBO probe head with zgradients at 500 and
126 MHz, respectively, a Bruker 600 MHz Ultra Shield Avance III spectrometer with a BBFO+
probe head at 600 and 151 MHz, respectively, a Bruker Avance III HD NMR spectrometer operat-
ing at 600 and 151 MHz, respectively, equipped with a 5 mm H/YF-3C/BN-D QCI cryoprobe
head with zaxis pulsed field gradients, or a Bruker Avance III NMR spectrometer operating at 700
and 176 MHz, respectively, equipped with a 'H-3C/*N-2D TCI cryoprobe head with zaxis pulsed

field gradients.
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7.2.6 Melting point (MP)

MPs were measured on a Will Wetzlar apparatus. The measured temperatures are not correct-

ed.

7.2.7 Microwave (MW) Reactions

All MW reactions were performed in a Biotage® Initiator 8.0 microwave reactor.

7.2.8 Direct Analysis at Real Time Mass Spectroscopy (DART-MS)

The DART-SVP source (IonSense®, MA, USA) was equipped with a Shimadzu LCMS-2020.
The distance between the source orifice and the ceramic transfer tube was approximately 10 mm.
The DART source was operated in either a positive or a negative mode with helium gas (5.0) and
the substances were desorbed from a glass capillary. The other parameters, including the gas tem-

perature, were optimized for the best performance in the experiments.

7.2.9 Gas Chromatography Mass Spectrometry (GC-MS)

A Shimadzu GCMS-QP2010 SE gas chromatography system with a ZB-5HT inferno column
(30 m x 0.25 mm x 0.25 mm) at 1 mL/min He-flow rate (split = 20:1) with a Shimadzu electron

ionization (EI 70 eV) mass detector was used to record the GC-MS spectra.
7.2.10 Electrospray Ionization Mass Spectrometry (ESI-MS)

All ESI-MS spectra were recorded on a Bruker amaZon™ X.

7.2.11 Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry
(MALDI-TOF-MS)

All MALDI-TOF mass spectra were recorded on a Bruker microflex™ using as calibrant Csl;
and (E)-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as matrix.
7.2.12 High-Resolution Mass Spectroscopy (HRMS)

High-resolution mass spectra were either recorded as HR-ESI-TOF-MS on a maXis™ 4G from
Bruker or as HR-ESI/MALDI-FTICR-MS on a Bruker solariXR™.

7.2.13 Column Chromatography (CC)

Silica gel 60 (40-63 pm) from Sigma Aldrich® or SilicaFlash P60 (40-63 pm) from Silicycle®

was used for CC.
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7.2.14 Preparative Thin-Layer Chromatography (PTLC)

Silica gel glass plates with a thickness of 2.0 mm from Merck KGaA were used for PTLC.

7.2.15 Thin-Layer Chromatography (TLC)

Silica gel 60 Fas4 glasses plates with a thickness of 0.25 mm from Merck KGaA or Polygram®
Alox N/UV254 aluminum oxide plates with a thickness of 0.2 mm from Macherey-Nagel were used
for TLC. The detection was carried out under a UV lamp at 253 nm, 302 nm or 366 nm. Com-

pounds were visualized by vanillin, KMnQO,, or ninhydrin in some cases.

7.2.16 High-Performance Liquid Chromatography (HPLC)

Analytical reversed-phase HPLC-ESI-MS measurements were performed on a Shimadzu LC-
20AD instrument using a Reprospher 100 C18-Aqua, 5 pm column (125 mm X 2 mm) from Maisch
GmbH. Furthermore, analytical normal-phase measurements were performed by using a Reprosil
100 Si, 5 pm column (240 mm x 4.6 mm) from Maisch GmbH on a Shimadzu LC-20AT instru-
ment. Finally, preparative normal-phase HPLC separations were performed on a Dionex P680
HPLC instrument using a Reprosil 100 Si, 5 pm column (250 mm x 40 mm) from Maisch GmbH
with solvent gradients specified in detail for the corresponding separation issues at a flow rate of

20 mL/min.

7.2.17 Fluorescence Spectroscopy and Fluorescence Quantum Yield (FQY)

The fluorescence spectra were recorded on a Horiba Scientific FluoroMax®-4 spectrofluorometer
using 1115F-QS Hellma® cuvettes (10 mm light path). All measurements were performed at room
temperature and in the presence of air. The wavelength of the absorption band maxima (Amax) are
reported in nm. FQY measurements were recorded on a Quantaurus-QY from Hamamatsu using

PLQY software and CHCl; as solvent.

7.2.18 Ultraviolet/Visible (UV/Vis) Absorption Spectroscopy

The UV/Vis spectra were recorded on a Shimadzu UV spectrophotometer UV-1800 using
1115F-QS Hellma® cuvettes (10 mm light path). All measurements were performed at room tem-

perature and the wavelength of the emission band maxima (Amax) are reported in nm.

7.2.19 Monochromator

Polychrome V device from TILL Photonics GmbH with a 150 W xenon high-stability lamp
(output power > 10 mW at 470 nm) and a half-power bandwidth of 14 nm was used to measure

the switching process of the photoswitchable NDI-phanes. The insulation of the optical fiber was
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removed at the rear part of the fiber. This part was subsequently dipped into the solution (deuter-
ated solvent and probe) to a depth of about 4 mm and finally the NMR tube was sealed with Par-
afilm®. For the switching experiments, the NMR samples were irradiated with monochromatic light
via an optical fiber (length 6 m) directly in a 5 mm 'H-¥C/"N-2D TCI cryoprobe head with zaxis
pulsed field gradients and operating at 700 MHz (Bruker Avance IIIT NMR spectrometer) The

measurements were performed at the indicated temperature.
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7.3 Synthesis of Molecular 8 Derivatives and Reference Compounds

7.3.1 3-(tert-Butylthio)benzaldehyde (85)

Reaction Scheme

Pd(OAc),, CyPF-Bu, Cs,CO3

Ov@B, + HSJ< > 0\\/©\SJ<
DME, 110 °C, 20 h

87 86 85
90%

Experimental Procedure

Preparation of the stock solution
Pd(OAc), (3.58 mg) and CyPF-Bu (4.22 mg) were dissolved in DME (1.0 mL) and the mix-

ture was stirred at room temperature for 1 min.

Coupling Conditions

To an oven-dried microwave vial were added 3-bromobenzaldehyde (87; 1.67 g, 8.75 mmol
1.0 equiv), Cs,CO3 (5.49 g, 16.7 mmol, 1.1 equiv), and DME (11 mL), followed by the addition of
the stock solution (50.0 pL, 0.005%) and 2-methylpropane-2-thiol (86; 1.00 mL, 8.80 mmol,
1.0 equiv). The microwave vial was sealed and heated at 110 °C for 20 h. The reaction mixture was
diluted with H,O (40 mL) and EtOAc (80 mL). The organic layer was separated and the aqueous
layer was extracted with EtOAc (2 x 50 mL). The combined organic layers were dried over
NaSOy, filtered, and the solvent was removed under reduced pressure. The residue was purified by
column chromatography (SiOs, cyclohexane/EtOAc 15:1 to 9:1) to yield the pure product (1.53 g,
7.86 mmol, 90%, 1it.?*] 90%) as a colorless liquid.

GC-MS (EI), m/z (% relative intensity, ion): 194.2 (10.2, [M]"), 137.2. (15.0, [M — C,Hy|").
IH-NMR (400 MHz, CDCls, 8): 10.02 (s, 1H), 8.02 (t, 3Jun = 1.7 Hz, 1H), 7.88 (dt, *Jim= 7.6 Hz,
Ui = 1.4 Hz, 1H), 7.79 (dt, *Jun = 7.6 Hz, *Jun = 1.6 Hz, 1H), 7.51 (¢, *Jin = 7.6 Hz, 1H), 1.31 (s,
OH).

1BC.NMR (101 MHz, CDCl;, 8): 191.9, 143.3, 138.7, 136.9, 134.6, 129.7, 129.3, 46.6, 31.1.

TLC (SiO,, cyclohexane/EtOAc 10:1, UV): R; = 0.31.

The characterization data are in agreement with the literature.?>!
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7.3.2 Hexa-P-phenyl- P, P'-octanediyl-bis-phosphonium bromide (70)

Reaction Scheme

PPh,
Br/\/\/\/Br —_— BrPh3P/\/\/\’PPh3Br
DMF, 1756 °C, 14 h

71 70
86%

Experimental Procedure

To a two-necked round-bottom flask were added triphenylphosphine (61.8 g, 236 mmol,
2.0 equiv), 1,6-dibromohexane (71; 18.0 mL, 116 mmol, 1.0 equiv), and DMF (100 mL). The reac-
tion mixture was stirred at 175 °C for 14 h, before it was cooled to room temperature. The super-
natant was filtered off and the residue was washed with acetone (100 mL) and Et,O (200 mL). The
precipitate was dried under high-vacuum to obtain the pure product (76.9 g, 100 mmol, 86%,
1it.2% 88%) as a white solid.

TH-NMR (400 MHz, CDCls, §): 7.85-7.62 (m, 30H), 3.80-3.68 (m, 4H), 1.86-1.73 (m, 4H), 1.71-
1.55 (m, 4H).

1BC-NMR. (101 MHz, CDCly, 8): 135.0 (d, “Jpc = 3.0 Hz), 133.7 (d, *Jpc = 10.0 Hz), 130.5 (d,
2Jpc= 12.5 Hz), 118.3 (d, 'Jec = 85.9 Hz), 29.1 (d, 2Jec = 17.0 Hz), 22.5 (d, "Jpc = 50.2 Hz), 22.3
(d, *Joc = 4.4 Hz).

The characterization data are in agreement with the literature.?!
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7.3.3 tert-Butyl-(3-(-8-(3-nitrophenyl)octa-1,7-dien-1-yl)phenyl)sulfane (88)

Reaction Scheme

s KO'Bu O
BrPh3F’/\/\/\’PPh3Br + >r ©/\O + 0o NO, —_— S O X AN NO,
THF, rt, 72 h
70 85 72 88

28%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 70 (3.84 g, 5.00 mmol, 1.0 equiv),
KOBu (1.45 g, 12.5 mmol, 2.6 equiv), and dry THF (230 mL). The orange solution was deoxygen-
ated with argon for 10 min and a solution of 85 (973 mg, 5.01 mmol, 1.0 equiv) and 3-
nitrobenzaldehyde (72; 759 mg, 5.02 mmol, 1.0 equiv) in dry THF (20 mL) was added. The color
changed immediately from orange to black after the addition. The resulting mixture was stirred at
room temperature for 72 h, before it was diluted with H,O (50 mL) and EtOAc (70 mL). The or-
ganic phase was separated and the aqueous phase was extracted with EtOAc (3 x 50 mL). The
combined organic layers were washed with brine (50 mL), dried over MgSOQy, filtered, and concen-
trated under reduced pressure. The residue was purified by column chromatography (SiOs, cyclo-
hexane/CH>Cly 2:1 to 1:1) to obtain the pure product (553 mg, 1.40 mmol, 28%) as bright yellow

oil.

EA (%): caled for CoyHoNO,S: C, 72.87; H, 7.39; N, 3.54;
found: C, 72.72; H, 7.23; N, 3.82.
GC-MS (EI), m/z (% relative intensity, ion): 395.4 (3.1, [M]"), 339.4 (5.5, [M — C4Hg|™).
HRMS (ESI): [M + Na]* caled for CyHNO,S: 418.1811; found: 418.1815.
IR (cm'): 2922 (w), 1526 (s), 1347 (s), 1162 (m), 903 (m), 800 (m).
'H-NMR and BC-NMR spectra contained a mixture of the four isomers: (F,FE)-88, (Z,E)-88,
(E,Z)-88, and (Z,7)-88 in ratio of 4:28:7:61 (see Chapter 3.2.2).

K o >
>r5\ \N02 \N02
ON
(E.E)-88 (ZE)-88 (E.2)-88 (2.2)-88
TH-NMR (400 MHz, CD:Cl,, 3): 8.24-7.99 (m, 2H), 7.67-7.24 (m, 6H), 6.52-6.38 (m, 2H), 5.93-
5.63 (m, 2H), 2.42-2.28 (m, 4H), 1.57-1.49 (m, 4H), 1.32-1.24 (m, 9H).
BC.NMR (101 MHz, CD.ClL, §): 148.8, 140.3, 1 39.9, 138.6, 138.6, 138.2, 138.2, 136.3, 136.3,
136.0, 135.4, 135.3, 135.0, 134.0, 133.9, 133.1, 133.1, 132.4, 129.9, 129. 8, 129.6, 129.6, 129.6, 128.8,
128.7, 128.7, 128.3, 127.3, 126.6, 123.8, 121.9, 121.8, 120.9, 54.5, 54.3, 54.0, 53.7, 53.5, 46.3, 46.3,
33.3, 31.3, 31.3, 30.0, 29.9, 29.9, 29.2, 29.0, 28.9, 28.9.
TLC (SiO,, cyclohexane/CH,Cl; 1:2, UV): Ry = 0.23.
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7.3.4 3-(8-(3-(tert-Butylthio)phenyl)octyl)aniline (89)
Reaction Scheme
o NO PAIC (10%). Hy (40ban)
® * EtOH/EtOAG, tt, 14 h T N
88 89
97%

Experimental Procedure

To a reaction vial were added 88 (532 mg, 1.34 mmol), Pd/C (10%, 55.0 mg, 3.84 mol-%), and

a 1:4 mixture of EtOH/EtOAc (10 mL). The vial was placed in an autoclave and the reaction was
performed under Hs atmosphere (40 bar) at room temperature over 14 h. The suspension was fil-
tered through a Celite® pad and washed with CH,Cl, (120 mL) and EtOAc (100 mL). The solvents
were evaporated and the residue was purified by column chromatography (SiO,, cyclohex-
ane/CH,Cl, 1:2 with 1% NEt; to 1:4 with 1% NEts) to yield the pure product (480 mg, 1.30 mmol,

97%) as a yellow oil.

A (%): caled for Co H3sNS: C, 77.99; H, 9.54; N, 3.79;
found: C, 78.36; H, 9.53; N, 3.78.
GC-MS (EI), m/z (% relative intensity, ion): 369.5 (17.4, [M]"), 313.4 (29.5, [M — C,Hs|").
HRMS (ESI): [M + H]" calcd for C2H3;NS: 370.2563; found: 370.2565.

R (cm): 3459 (w), 3367 (w), 2923 (s), 2852 (s), 1619 (m), 1589 (m), 1459 (m), 1165 (m), 780
(m), 695 (s).
IH-NMR. (400 MHz, CDCl;, 3): 7.37-7.32 (m, 2H), 7.25-7.20 (m, 1H), 7.19-7.14 (m, 1H), 7.08~
7.02 (m, 1H), 6.61-6.56 (m, 1H), 6.54-6.48 (m, 2H), 3.59 (s, 2H, NIL), 2.63-2.55 (m, 2H), 2.54-
2.45 (m, 2H), 1.62-1.52 (m, 4H), 1.32-1.31-1.26 (m, 16H).

BC-NMR (101 MHz, CDCls, 8): 146.4, 144.3, 143.3, 137.7, 134.8, 132.4, 129.3, 129.0, 128.4, 119.0,
115.4, 112.7, 45.9, 36.1, 35.8, 31.5, 31.5, 31.1, 29.6, 29.5, 29.5, 29.3.
TLC (SiO;, cyclohexane/CHyCl; 1:1, UV and ninhydrin): Ry = 0.24.

):
(s
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7.3.5 N,N'-Di-3'-(8'-(3'-(tert-butylthio)phenyl)octyl)phenyl-2,6-dichloro-1,4,5,8-naph-

thalenetetracarboxylic acid diimide (90)

Reaction Scheme

(e}

(e}

8 14
9 27%

Experimental Procedure

To a round-bottom flask were added 89 (459 mg, 1.24 mmol, 4.0 equiv), 2,6-dichloronaphtha-
lene-1,4,5,8-tetracarboxylic acid dianhydride (14; 106 mg, 314 pmol, 1.0 equiv), and AcOH
(70 mL). The resulting suspension was stirred at 120 °C for 35 min, before it was cooled to room
temperature and concentrated under reduced pressure. The residue was purified by column chro-
matography (1%: SiO,, cyclohexane/CH,Cl, 1:40 to 1:20; 2% SiO,, CH,Cly) and GPC to obtain the

pure product (86.0 mg, 82.7 umol, 27%) as a yellow solid.

EA (%): caled. for CeHgsClaN2O4Ss: C, 71.59; H, 6.59; N, 2.69;

found: C, 71.95; H, 6.69; N, 2.83.
HRMS (ESI): [M + Na]" caled for CeHesClN2O4Ss: 1061.3890; found: 1061.3878.
IR (cm'): 2919 (m), 2851 (m), 1721 (m), 1670 (s), 1562 (m), 1425 (m), 1359 (m), 1323 (m), 1228
(s), 888 m), 789 (s), 736 (s), 688 (s).
MP: 174-176 °C.
MS (MALDL-TOF), m/z 1038.8 ([M]).
H-NMR (400 MHz, CDCls, 8): 8.81 (s, 2H), 7.52-7.46 (m, 2H), 7.38-7.29 (m, 6H), 7.25-7.19 (m,
9H), 7.18-7.12 (m, 6H), 2.74-2.67 (m, 4H), 2.63-2.57 (m, 4H), 1.72-1.57 (m, 9H), 1.39-1.32 (m,
15H), 1.28 (s, 18H).
BC-NMR (101 MHz, CDCls, 8): 161.2, 160.8, 144.8, 143.3, 140.7, 137.6, 136.3, 134.7, 134.2, 132.3,
129.6, 129.6, 128.9, 128.3, 128.3, 127.7, 126.5, 125.6, 122.8, 45.8, 35.8, 35.8, 31.5, 31.2, 31.1, 29.4,
29.4, 29.4, 29.3.
TLC (SiOs, CH,CL, UV): R; = 0.38.
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7.3.6 N,N'-Di-3'-(8'-(3'-(acetylthio)phenyl)octyl)phenyl-2,6-dichloro-1,4,5,8-naphtha-

lenetetracarboxylic acid diimide (91)

Reaction Scheme

cl ONS BBr3 (1 M in CH,Cl,), AcCl cl ONS‘n/
o SOk, O St e oo Y
j\sNo 1 PhMe, 0°Ctort,3.5h )'\SNO i

90 91
87%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 90 (71.5 mg, 68.7 pumol,
1.0 equiv), AcCl (5.00 mL, 70.1 mmol, 102 equiv), and dry toluene (40 mL). The resulting mixture
was cooled to 0 °C and BBr; (1 M in CH,Cl,, 500 pL, 500 pmol, 7.3 equiv) was added dropwise to
this solution. The reaction mixture was stirred at 0 °C for 10 min, before it was warmed to room
temperature. After stirring at room temperature for 2.5 h, another portion of BBr; (1 M in CHyCl,,
400 pL, 400 pmol, 5.8 equiv) was added and the solution was stirred for 1 h at the room tempera-
ture. The reaction mixture was quenched with ice/H,O and CH,Cl, was added. The organic layer
was separated and the aqueous phase was extracted with CHyCl, (2 x 40 mL). The combined or-
ganic layers were dried over MgSO,, and filtered. After evaporating the solvent under reduced
pressure, the red residue was purified by column chromatography (SiO., EtOAc/CH.Cl, 1:80 to
1:40 to 1:20) to afford the pure product (61.0 mg, 60.0 umol, 87%) as a yellow solid.

EA (%): caled. for CssHs6ClaNoOgSa: C, 68.83; H, 5.58; N, 2.77;

found: C, 69.13; H, 5.76; N, 3.00.
HRMS (ESI): [M + Na]* caled for CssHs6CloN2OgSs: 1033.2849; found: 1033.2849.
IR (cm): 2020 (m), 2851 (m), 1721 (m), 1701 (m), 1668 (s), 1562 (m), 1425 (m), 1358 (m), 1323
(m), 1231 (s), 1120 (m), 886 (m), 789 (s), 735 (s), 620 (m).
MP: 186-188 °C.
MS (MALDLTOF), m/z 1010.2 ([M]).
IH-NMR, (400 MHz, CDCl;, 8): 8.81 (s, 2H), 7.54 7.45 (m, 2H), 7.40-7.27 (m, 4H), 7.25 7.18 (m,
6H), 7.17-7.10 (m, 4H), 2.70 (t, *Juy = 7.8 Hz, 4H), 2.66-2.57 (m, 4H), 1.73-1.56 (m, 10H), 1.38
1.33 (m, 14H).
BC.NMR (101 MHz, CDCls, 8): 194.4, 161.2, 160.8, 144.8, 144.2, 140.8, 136.4, 134.4, 134.2, 131.7,
129.7, 129.6, 129.6, 129.1, 128.3, 127.7, 126.5, 125.6, 122.8, 35.9, 35.8, 31.3, 31.2, 30.3, 29.4, 29.4,
29.3.
TLC (SiOs, EtOAc/CH,Cl 1:10, UV): Ry = 0.75.
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7.3.7 1((3,3',3",3"")-2,7-Diphenyl-4,9-bis(phenylthio)benzo[lmn][3,8| phenanthroline-
1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"'|heptadecanodane (84)

Reaction Scheme

<
j\ssg/ E(l\)/l:, 55°C, 16 h
&

91 84
47%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added KOH (38.0 mg, 677 pmol,
10.0 equiv) and dry DMF (20 mL). The resulting solution was deoxygenated with argon for 15 min
and then heated at 55 °C. A solution of 91 (69.0 mg, 68.1 umol, 1.0 equiv) dissolved in dry DMF
(30 mL) was added via a syringe pump over 2.5 h to the reaction mixture. The resulting mixture
was stirred at 55 °C for 16 h before the solvent was removed under reduced pressure, and the resi-
due was purified repeatedly by column chromatography (SiO,, CH,Cly) to yield the pure product
(27.0 mg, 41.6 pmol, 47%) as a red solid.

FQY (%):dn < 0.01.
HRMS (ESI): [M + HJ]" caled for CsiHs0N204S2: 855.3285; found: 855.3282.

IR (cm): 2921 (m), 2849 (m), 1708 (m), 1667 (s), 1551 (m), 1427 (m), 1318 (s), 1225 (s), 785
(m), 739 (s), 670 (m).

MP: above 280 °C.

MS (MALDLTOF), m/z 854.0 (IM]).

IH-NMR (400 MHz, CDCls, 8): 8.15 (s, 2H), 7.46-7.38 (m, 8H), 7.35-7.32 (m, 2H), 7.26-7.24 (m,
o), 7.18-7.14 (m, 2H), 7.09 (t, *Jim = 1.8 Hz, 2H), 2.74-2.69 (m, 4H), 2.66 (t, *Jim = 6.8 Hz, 4H),
1.75-1.59 (m, 8H), 1.25-1.14 (m, 16H).

1BC.NMR (101 MHz, CDCls, §): 163.8, 162.3, 150.6, 145.7, 143.8, 136.2, 134.3, 133.2, 131.2, 130.7,
130.4, 130.0, 129.9, 129.4, 128.9, 125.8, 125.7, 124.3, 118.8, 36.2, 34.8, 32.5, 31.3, 29.5, 29.1, 28.6,
28.0.

TLC (SiOs, CH,Cl,, UV): Ry = 0.58.

UV /Vis (CDCL): Auax (6me): 359 (9886), 374 (10554), 516 (18635) nm (mol * - dm® - cm ).
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7.3.8 1,8-Bis(3-nitrophenyl)octa-1,7-diene (93)

Reaction Scheme

KOBu O
BrPhyP~"~PPRaBr 4+ o e O,N O X X NO,
® THF, 1t, 14 h
70 72 93

7%

Experimental Procedure

To an oven-dried flask were added 70 (18.4 g, 24.0 mmol, 1.0 equiv), KOBu (5.95 g,
53.0 mmol, 2.2 equiv), and dry THF (250 mL). The resulting mixture was deoxygenated with ar-
gon for 10 min, followed by the addition of 72 (7.25 g, 48.0 mmol, 2.0 equiv) in one portion. The
resulting mixture was stirred at room temperature for 14 h. Brine (30 mL) and EtOAc (20 mL)
were added. The organic phase was separated and the aqueous layer was extracted with EtOAc
(3 x 40 mL). The organic layers were combined, washed with brine (30 mL), dried over MgSOy,
filtered, and concentrated under reduced pressure. The residue was purified by column chromatog-
raphy (1%, short one: SiO», cyclohexane/CH,Cl, 1:3 to 1:20; 2" cyclohexane/CH,Cl, 1:2 to 1:3) to
yield the pure product (6.53 g, 18.5 mmol, 77%) as a yellow oil.

EA (%): caled. for CyHN2Oy: C, 68.17; H, 5.72; N, 7.95;
found: C, 68.10; H, 5.64; N, 7.98.

HRMS (ESI): [M + Na]* caled for CyHyN2O4: 375.1315; found: 375.1319.
IR (cmt): 2930 (w), 2847 (s), 1521 (s), 1461 (w), 1343 (s), 1093 (w), 969 (m), 707 (m), 666 (m).
MP: 68-70 °C.

'H-NMR and the C-NMR spectra contained a mixture of all four isomers, but the ratio was
not determined.
'H-NMR (400 MHz, CDCl;, §): 8.22-7.98 (m, 4H), 7.66-7.39 (m, 4H), 6.51-6.29 (m, 2.4H), 5.89—
5.75 (m, 1.6H), 2.40-2.22 (m, 4H), 1.60-1.48 (m, 4H).
BBC-NMR (101 MHz, CDCls, 8): 148.7, 148.3, 139.6, 139.3, 139.3, 135.7, 135.6, 134.8, 134.8, 134.3,
134.2, 132.0, 132.0, 129.5, 129.2, 129.2, 128.2, 128.1, 127.1, 123.5, 123.4, 121.6, 121.5, 121.5, 120.6,
33.0, 32.9, 29.3, 28.8, 28.7, 28.5, 28.4.
TLC (SiO,, cyclohexane/CH,Cl, 1:1, UV): Ry = 0.27.
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7.3.9 tert-Butyl (3-(8-(3-aminophenyl)octyl)phenyl)carbamate (94)
Reaction Scheme

O Boc20 JOL J<
HZNNHZ THF, 75 °C, 16 h - O H ©

80 94
49%

Experimental Procedure

To an oven-dried flask were added 80 (5.23 g, 17.6 mmol, 1.0 equiv), dry THF (175 mL), and
di-tert-butyldicarbonate (3.84 g, 17.6 mmol, 1.0 equiv). The resulting mixture was heated at 75 °C
for 16 h, before it was cooled to room temperature. The solvent was evaporated under reduced
pressure and the residue was purified by column chromatography (SiOs, cyclohexane/EtOAc 2:1
with NEt; 1% to 1:1 with NEt; 1%) to obtain the pure product (3.41 g, 8.59 mmol, 49%) as a

brown solid.

HRMS (ESI): [M +H]* caled for CysHssN2Oo: 397.2850; found: 397.2848.

IR (cm'): 2022 (m), 2849 (m), 1720 (s), 1543 (m), 1238 (s), 1154 (s), 692 (s).

MP: 80-82 °C.

IH-NMR (500 MHz, CDClL, 8): 7.24-7.15 (m, 2H), 7.16-7.10 (m, 1H), 7.06 (td, *Jiy = 7.4 Hz,
un = 1.0 Hz, 1H), 6.85 (dt, *Jun = 7.4 Hz, iy = 1.4 Hz, 1H), 6.59 (dt, *Jun = 7.6 Hz, “Jun =
1.1 Hz, 1H), 6.54-6.49 (m, 2H), 6.48 6.42 (m, 1H), 3.60 (s, 2H, NH,), 2.60-2.53 (m, 2H), 2.54-2.47
(m, 2H), 1.62-1.56 (m, 4H), 1.52 (s, 9H), 1.34-1.28 (m, 8H).

BC-NMR (101 MHz, CDCls, 8): 152.9, 146.4, 144.4, 144.1, 138.4, 129.2, 128.9, 123.3, 119.0, 118.6,
115.9, 115.4, 112.6, 80.5, 36.2, 36.1, 31.6, 31.5, 29.6, 29.5, 29.5, 28.5.

TLC (SiO,, cyclohexane/EtOAc 3:1, UV): Ry = 0.26.
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7.3.10 3,3'-(Octane-1,8-diyl)dianiline (80)
Reaction Scheme
Pd/C (10%), H, (46 bar)
O,N 0 HoN 0
’ O h O EtOHEtOAG, 1t, 16 h ’ NH2
93 80
98%

Experimental Procedure

To a reaction vial were added 93 (826 mg, 2.35 mmol), Pd/C (10%, 47.0 mg, 1.88 mol-%), and
a 1:5 mixture of EtOH/EtOAc (12 mL). The vial was placed in an autoclave and the reaction was
performed under H, atmosphere (46 bar) at room temperature over 16 h. The suspension was fil-
trated through a Celite® pad and washed with CH,Cl, (140 mL) and EtOAc (100 mL). The sol-
vents were evaporated and the residue was purified by column chromatography (SiO,, cyclohex-
ane/EtOAc 3:2 to 1:1 with 1% NEts) to afford the pure product (680 mg, 2.29 mmol, 98%) as a

colorless solid.

EA (%): caled. for CyHaosNo:  C, 81.03; H, 9.52; N, 9.45;

found: C, 80.87; H, 9.40; N, 9.38.
HRMS (ESI): [M + H]" caled for CyHasNy: 297.2325; found: 297.2329.
IR (cm'): 3419 (m), 3333 (m), 2018 (s), 2847 (s), 1587 (s), 1489 (m), 1461 (m), 1298 (m), 1168
(m), 781 (s), 696 (s).
MP: 75-77 °C.
H-NMR (400 MHz, (CD;),SO, 8): 6.88 (t, *Jun = 7.6 Hz, 2H), 6.40-6.25 (m, 6H), 4.88 (s, 4H,
NH,), 2.39 (t, *Jun = 7.5 Hz, 4H), 1.55-1.44 (m, 4H), 1.29-1.22 (d, 8H).
BC-NMR (101 MHz, (CD;),S0, 3): 148.4, 142.8, 128.6, 115.9, 113.9, 111.4, 35.4, 30.9, 28.9, 28.7.
TLC (SiO;, cyclohexane/EtOAc 2:1, UV): Ry = 0.17.
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7.3.11 (9H-Fluoren-9-yl)methyl (3-(8-(3-aminophenyl)octyl)phenyl)carbamate (95)

Reaction Scheme

+ HzN N X OYNH
CH,Cly, 1t, 16 h O

SO
80 95
45%

Experimental Procedure

N-(9-Fluorenylmethoxycarbonyloxy)succinimide (154; 331 mg, 981 pmol, 1.0 equiv), 80
(300 mg, 990 pmol, 1.0 equiv), DIPEA (340 pL, 2.06 mmol, 2.1 equiv), and dry CH,Cl, (35 mL)
were added to an oven-dried flask and stirred at room temperature for 16 h. After the addition of
CH,Cl; (50 mL) and brine (60 mL), the aqueous layer was separated. The organic layer was dried
over NaySQ,, filtered, and the solvent was evaporated under reduced pressure. The residue was
purified by column chromatography (SiO,, cyclohexane/EtOAc 3:1) to afford the pure product
(230 mg, 443 nmol, 45%) as a white solid.

A (%): caled. for CssH3sNoOo: C, 81.05; H, 7.38; N, 5.40;
found: C, 80.95; H, 7.36; N, 5.33.

HRMS (ESI): [M + HJ]" caled for CssH3sN2Os: 519.3006; found: 519.3008.
IH-NMR (400 MHz, CDCls, 8): 7.79 (d, *Juy = 7.5 Hz, 2H), 7.62 (d, *Juy = 7.4 Hz, 2H), 7.42 (t,
3Jun = 7.4 Hz, 2H), 7.33 (td, *Jun = 7.4 Hz, *Jiy = 1.2 Hz, 2H), 7.20 (d, *Jim = 6.1 Hz, 2H), 7.06
(td, 3Jun = 7.3 Hz, “Jun = 1.2 Hz, 1H), 6.92-6.86 (m, 1H), 6.66 (s, 1H), 6.59 (d, *Jin = 7.6 Hz,
1H), 6.53-6.47 (m, 2H), 4.55 (d, *Jun = 6.6 Hz, 2H), 4.29 (t, 3Jun = 6.6 Hz, 1H), 3.57 (s, 2H, NH),
2.60-2.54 (m, 2H), 2.53-2.48 (m, 2H), 1.62-1.52 (m, 4H), 1.33-1.28 (m, SH).
1BC.NMR (101 MHz, CDCls, §): 146.4, 144.4, 144.2, 143.9, 141.5, 129.2, 129.0, 127.9, 127.3, 125.1,
123.9, 120.2, 119.0, 115.5, 112.7, 66.9, 47.3, 36.1, 36.1, 31.5, 31.4, 29.5, 29.4, 29.4.
TLC (SiO,, cyclohexane/EtOAc 1:3, UV): Ry = 0.50.
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7.3.12 Benzyl (3-(8-(3-aminophenyl)octyl)phenyl)carbamate (96)
Reaction Scheme

0© O DIPEA o O
J v HoN PIe NH
@Ao oN ( + Hyl NH2 crch L 1oh @/\o H 2
155 80

96
32%

Experimental Procedure

N-(Benzyloxycarbonyloxy)succinimide (155; 1.37 g, 5.50 mmol, 1.0 equiv), 80 (1.71 g,
5.78 mmol, 1.1 equiv), DIPEA (910 pL, 5.51 mmol, 1.0 equiv), and dry CH,Cl, (40 mL) were add-
ed to an oven-dried flask and stirred at room temperature for 16 h. After the addition of sat. aq.
NH,Cl, the organic layer was separated and the aqueous layer was extracted with CH,Cl,
(2 x 30 mL). The combined organic layers were dried over NaySOy, filtered, and the solvent was
evaporated under reduced pressure. The residue was purified twice by column chromatography
(SiO,, cyclohexane/EtOAc 4:1) to afford the pure product (758 mg, 1.76 mmol, 32%) as a white
solid.

HRMS (ESI): [M + H]" calcd for CasH3uN2O,: 431.2693; found: 431.2695.

MP: 4648 °C.

IH-NMR (400 MHz, CDCls, 3): & 7.45-7.31 (m, 5H), 7.24-7.16 (m, 3H), 7.09-7.03 (m, 1H), 6.91-
6.86 (m, 1H), 6.69-6.56 (m, 2H), 6.54 6.48 (m, 2H), 5.20 (s, 2H), 3.59 (s, 2H, NH,), 2.57 (dd,
3Jun = 8.7 Hz, %Jun = 6.8 Hz, 2H), 2.50 (t, *Jiu = 7.7 Hz, 2H), 1.61-1.54 (m, 4H), 1.32-1.28 (m,
8H).

BC-NMR (101 MHz, CDCl3, 8): 153.4, 146.4, 144.4, 144.3, 137.8, 136.3, 129.3, 129.0, 128.8, 128.5,
128.4, 123.9, 119.0, 116.1, 115.5, 112.7, 67.1, 36.1, 36.1, 31.5, 31.5, 29.6, 29.5, 29.4.

TLC (SiO,, cyclohexane/EtOAc 3:1, UV): Ry = 0.22.
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7.3.13 1((3,3',3",3""")-2,7-Diphenyl-4,9-bis(phenylamino)benzo[lmn][3,8| phenanthroline-
1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8"!|heptadecanodane (92a and 92b)

Reaction Scheme

(0]
cl 0 AcOH NH,
HzNNH + O &’\/\/\/\/\‘/
O 2 Oo O cl 130 °C, 35 min H N’\/\/\/\/\"

80 14 102

DMF 120°C, 14 h

HN HN
o)
V%

92a 92b
2% 2%

Experimental Procedure

80 (566 mg, 1.91 mmol, 4.7 equiv) and 14 (138 mg, 409 pmol, 1.0 equiv) were dissolved in
AcOH (150 mL) and the resulting mixture was stirred at 130 °C for 35 min. The solvent was re-
moved under reduced pressure and the residue was purified by column chromatography (SiO,
CH:Cly/EtOAc 10:1) to obtain the free amine 102 (59.0 mg) as a violet solid, which was dried
under high vacuum. The crude product was used without further purification. 102 (59.0 mg) was
dissolved in dry DMF (10 mL) and this solution was added over 3 h to a hot solution (120 °C) of
dry DMF (250 mL). After the addition, the reaction mixture was stirred at 130 °C for 14 h. The
solvent was evaporated under reduced pressure and the residue was purified by column chromatog-
raphy (SiO., cyclohexane/FEtOAc 2:1) to obtain the pure product as an isomeric mixture. A final
purification on preparative NP HPLC (CH:Cl, to CH2Cly/2-propanol 94:6 over 60 min) yielded the
two isomers 92a (5.7 mg, 6.94 pmol, 2%) 92b (7.5 mg, 9.13 nmol, 2%) as blue solids.

102
S (DART-EI), m/z (% relative intensity, ion): 891.2 (100, [M — H]).
TLC (SiOs, CH:Cl/EtOAc 10:1, UV): Ry = 0.70.
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92a (with NOE signal)

FQY (%):@ = 0.012.

HRMS (MALDI/ESI): [M]* caled for CsHsN,O4: 820.3983; found: 820.3984.

IR (cm'): 2922 (m), 2851 (m), 1693 (m), 1637 (m), 1581 (s), 1225 (s), 786 (m), 692 (m).

MP: above 360 °C.

MS (MALDLTOF), m/z 821.4 (]M]).

H-NMR (600 MHz, CDCl;, 8): 10.95 (s, 2H, NH), 8.82 (s, 2H), 7.47 (t, *Jun = 7.7 Hz, 2H), 7.40
(s, 2H), 7.30-7.26 (m, 4H), 7.24-7.21 (m, 2H), 7.18 (s, 2H), 6.99 (d, *Jun = 7.6 Hz, 2H), 6.92 (d,
Jun = 7.9 Hz, 2H), 2.75 (t, %Jun = 6.3 Hz, 4H), 2.58 (t, *Jun = 7.8 Hz, 4H), 1.75-1.66 (m, 8H),
1.38-1.28 (m, 16H).

13C-NMR (151 MHz, CDCl;, 8): 166.3, 162.5, 144.7, 143.5, 138.5, 134.5, 130.1, 129.6, 129.1, 128.9,
125.8, 125.7, 125.6, 122.6, 122.2, 121.9, 121.7, 120.7, 103.6, 36.3, 34.1, 33.8, 30.7, 29.5, 29.1, 28.8,
27.4.

Assignment of hydrogen and carbon atoms was done by 2D-NMR.

TLC (SiO., cyclohexane/EtOAc 2:1, UV): Ry = 0.69.
UV /Vis (CDCls): Amax (&max): 320 (11877), 371 (4390), 617 (6697) nm (mol ' - dm?®- cm ).
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92b (without NOE signal)

FQY (%):@ < 0.01.

HRMS (MALDI/ESD): [M]* caled for CsHzN,O4: 820.3983; found: 820.3984.

IR (cm'): 2922 (m), 2851 (m), 1693 (w), 1637 (m), 1581 (s), 1322 (w), 1225 (s), 786 (m), 691 (m).
MS (MALDI-TOF), m/z 821.4 (]M]).

MP: above 360 °C.

H-NMR (600 MHz, CDCl;, 8): 11.83 (s, 2H), 8.96 (s, 2H), 7.53 (t, *Jun = 7.7 Hz, 2H), 7.49
7.46(m, 2H), 7.33-7.30 (m, 4H), 7.27-7.26 (m, 2H), 7.07 (s, 2H), 6.91 (s, 2H), 6.88 (d,
3 Jun = 7.5 Hz, 2H), 2.83-2.60 (m, SH), 1.68-1.62 (m, 8H), 1.30-1.26 (m, 16H).

BC-NMR (151 MHz, CDCls, 8): 166.5, 162.2, 144.3, 144.2, 143.4, 140.2, 139.0, 129.7, 129.3, 129.2,
126.2, 125.4, 125.2, 124.7, 123.8, 121.9, 121.4, 103.0, 35.0, 33.9, 31.4, 31.3, 30.2, 30.1, 29.6, 27.8.

Assignment of hydrogen and carbon atoms was done by 2D-NMR.

7.32 2.72 1.39
125.4 35.0 302

TLC (SiO,, cyclohexane/EtOAc 2:1, UV): Ry = 0.68.
UV /Vis (CDCls): Amax (&max): 325 (5700), 625 (1155) nm (mol * - dm? - cm?).
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7.3.14 3-((2-Methoxyethoxy)methoxy)benzaldehyde (104)

Reaction Scheme

DIPEA, MEM-CI
O\\Q O\\@\OAO/\/O\

OH CH,Cl,,0°Ctort, 14 h

105 104
86%

Experimental Procedure

3-Hydroxybenzaldehyde (105; 4.52 g, 36.5 mmol, 1.0 eq) was dissolved in dry CH,Cl, (50 mL)
and cooled to 0 °C. DIPEA (12.7 mL, 72.9 mmol, 2.0 equiv) was added in one portion, followed by
the dropwise addition of MEM-CI (5.36 mL, 43.0 mmol, 1.18 eq) in dry CH2Cl; (50 mL). After the
complete addition, the reaction mixture was warmed to room temperature and stirred for 3 h. The
solution was quenched with aq. HCl (1 M, 30 mL). The organic layer was separated and the aque-
ous layer was extracted with CH2Cly (2 x 40 mL). The combined organic phases were dried over
Na»SO,, filtered, and concentrated under reduced pressure. The residue was purified by column
chromatography (SiO., cyclohexane/EtOAc 2:1 to 3:2) to afford the pure product (6.55 g,
31.2 mmol, 86%, lit.?% 86%) as a slightly yellow liquid.

GC-MS (EI), m/z (% relative intensity, ion): 135.2 (3.6, M — OCH,OCHjs|"), 121.2 (2.5, [M —
CH,OCH,OCHj|").

IH-NMR. (400 MHz, CDCls, 8): 9.97 (s, 1H), 7.58-7.48 (m, 2H), 7.45 (t, *Juy = 7.8 Hz, 1H), 7.35-
7.27 (m, 1H), 5.32 (s, 2H), 3.86-3.80 (m, 2H), 3.58-3.52 (m, 2H), 3.37 (s, 3H).

13C-NMR (101 MHz, CDCls, 8): 192.1, 157.9, 138.0, 130.3, 123.8, 122.9, 116.5, 93.6, 71.70, 68.1,
59.2.

TLC (SiO,, cyclohexane/EtOAc 3:2, UV, KMnO4): Ry = 0.39.

TLC (SiO;, cyclohexane/EtOAc 4:1, UV, KMnOy): Ry = 0.17.

The characterization data are in agreement with the literature.?%!
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7.3.15 1-((2-Methoxyethoxy)methoxy)-3-(8-(3-nitrophenyl)octa-1,7-dien-1-yl)benzene
(106)

Reaction Scheme

KO'Bu

ON X
BrPhyP ™~ PPNIBr Ov©\o/\o’\’o\ + @Ao — ON 0 N N 0 0o~
THF, i, 72 h
70 104 72 106

26%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 70 (11.5 g, 15.0 mmol, 1.0 equiv),
KOBu (3.89 g, 15.0 mmol, 2.3 equiv), and dry THF (250 mL). The orange solution was deoxygen-
ated with argon for 10 min and a solution of 104 (2.27 g, 21.6 mmol, 1.0 equiv) and 72 (3.27 g,
21.6 mmol, 1.0 equiv) in dry THF (20 mL) was added. The color changed immediately to black
after the addition. The resulting mixture was stirred at room temperature for 72 h, before it was
diluted with H.O (80 mL) and EtOAc (100 mL). The organic phase was separated and the aqueous
phase was extracted with EtOAc (2 x 30 mL). The organic layers were combined, washed with
brine (40 mL), dried over MgSOy, filtered, and concentrated under reduced pressure. The residue
was purified by column chromatography (1%, short one: SiOs, cyclohexane/EtOAc 2:1; 2% SiOs,
cyclohexane/EtOAc 4:1 to 2:1) to yield the pure product (3.66 g, 8.89 mmol, 26%) as brown liquid.

EA (%): caled. for CoyHyNOs:  C, 70.05; H, 7.10; N, 3.40;
found: C, 70.37; H, 7.45; N, 3.74.

HRMS (ESI): [M + Na|* caled for CyHgNO5: 434.1938; found: 434.1939.
IR (cm™): 3053 (w), 2925 (w), 1529 (m), 1350 (m), 1264 (s), 737 (s).
'H-NMR (400 MHz, CDCls, 8): 8.20-8.00 (m, 2H), 7.64-7.40 (m, 2H), 7.25-7.17 (m, 1H), 6.99—
6.88 (m, 3H), 6.48-6.34 (m, 2H), 5.86-5.76 (m, 1H), 5.70-5.57 (m, 1H), 5.26 (s, 2H), 3.85-3.80 (m,
2H), 3.59-3.52 (m, 2H), 3.37 (s, 3H), 2.40-2.23 (m, 4H), 1.57-1.46 (m, 4H).

'H-NMR and the ¥C-NMR spectra contained a mixture of all four isomers, but the ratio was
not determined.
BC-NMR (101 MHz, CDCls, 8): 157.2, 148.7, 148.3, 139.7, 139.4, 139.3, 139.2, 135.8, 134.8, 134.5,
133.1, 133.1, 131.9, 131.2, 129.9, 129.6, 129.4, 129.2, 129.2, 129.1, 128.9, 128.0, 126.9, 123.5, 122.6,
122.5, 121.5, 121.4, 120.6, 119.9, 116.8, 114.9, 114.5, 113.7, 93.6, 71.7, 67.7, 67.7, 59.1, 32.9, 29.6,
29.4, 28.8, 28.5, 28.5.
TLC (SiO,, cyclohexane/EtOAc 4:1, UV): Ry = 0.30.
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7.3.16 3-(8-(3-((2-Methoxyethoxy)methoxy)phenyl)octyl)aniline (107)
Reaction Scheme
Pd/C (10%), H, (10 b
OzNO/\O/\,O\ ( » Mo ar)‘ HzNOAO’\/O\
O EtOH/EtOAc, rt, 14 h 0

106 107
85%

Experimental Procedure

To a reaction vial with a stir bar were added 106 (1.24 g, 3.01 mmol), Pd/C (10%, 43.0 mg,
1.35 mol-%), and a 2:3 mixture of EtOH/EtOAc (14 mL). The vial was placed in an autoclave and
the reaction was performed under H, atmosphere (10 bar) at room temperature over 14 h. The
suspension was filtrated through a Celite® pad and washed with CH,Cl, (40 mL) and EtOAc
(50 mL). The solvents were evaporated and the residue was purified by column chromatography
(SiO,, cyclohexane/EtOAc 2:1 to 1:1 with 1% NEts) to obtain the pure product (990 mg,
2.57 mmol, 85%) as yellow oil.

HRMS (ESI): [M + H]" caled for CyHssNOs: 386.2690; found: 386.2693.

IR (cm'): 2922 (m), 2852 (m), 1585 (m), 1487 (m), 1015 (s), 781 (m), 696 (m).

IH-NMR. (400 MHz, CDCl;, 3): 7.22-7.14 (m, 1H), 7.09-7.02 (m, 1H), 6.91 6.79 (m, 3H), 6.64
6.45 (m, 3H), 5.26 (s, 2H), 3.86-3.80 (m, 2H), 3.62-3.53 (m, 4H), 3.38 (s, 3H), 2.62-2.53 (m, 2H),
2.54-2.46 (m, 2H), 1.63-1.54 (m, 4H), 1.331.25 (m, 8H).

1BC.NMR (101 MHz, CDCls, 8): 157.4, 146.4, 144.8, 144.4, 129.3, 129.3, 122.2, 119.0, 116.5, 115.4,
113.5, 112.6, 93.6, 71.8, 67.7, 59.2, 36.1, 31.5, 31.5, 29.6, 29.6, 29.5, 29.5.

TLC (SiO, cyclohexane/EtOAc 2:1, UV and ninhydrin): Ry = 0.30.

132 |page



Experimental Section

7.3.17 N,N'-Di-3'-(8'-(3'-((2'-methoxyethoxy)methoxy)phenyl)octyl)phenyl-2,6-
dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide (108)

Reaction Scheme

o o O
ol 0 AcOH ol N O Oo”
XL Ao i &0
o + Hal o/\o’\’ ~ 120 °C, 35 min /OV\o’\oo
o S
14 107

108
12%

Experimental Procedure

14 (89.4 mg, 265 umol, 1.0 equiv) and 107 (304 mg, 789 umol, 3.0 equiv) in AcOH (90 mL)
were heated at 120 °C. The resulting mixture was stirred at 120 °C for 35 min, before it was cooled
to room temperature. The solvent was removed under reduced pressure and the residue was puri-
fied by column chromatography (SiO., cyclohexane/EtOAc 1:1) and GPC to yield the pure prod-
uct (35.5 mg, 32.6 pmol, 12%) as a red solid.

MS (MALDLTOF), m/z 1071.6 ([M] ).

IH-NMR (400 MHz, CDCl;, 8): 8.83 (s, 2H), 7.51-7.47 (m, 2H), 7.37-7.33 (m, 2H), 7.20-7.15 (m,
2H), 7.14 — 7.12 (m, 4H), 6.86-6.80 (m, 6H), 5.25 (s, 4H), 3.84-3.80 (m, 4H), 3.58-3.53 (m, 4H),
3.37 (s, 6H), 2.72-2.67 (m, 4H), 2.59-2.52 (m, 4H), 1.71-1.56 (m, 12H), 1.40-1.33 (m, 12H).
BC-NMR (125 MHz, CDCls, 8): 161.2, 160.9, 157.4, 144.9, 144.8, 140.8, 136.4, 134.2, 129.6, 129.6,
129.3, 128.3, 127.7, 126.5, 125.6, 122.8, 122.1, 116.4, 113.4, 93.6, 71.7, 67.7, 59.1, 36.1, 35.9, 31.5,
31.2, 29.5, 29.5, 29.5, 29.4.

TLC (SiO,, cyclohexane/EtOAc 1:1, UV): Ry = 0.43.
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7.3.18 1((3,3',3",3""")-2,7-Diphenyl-4,9-bis(phenoxy)benzo[lmn|[3,8]phenanthroline-
1,3,6,8(2H,7 H)-tetraona)bicyclo[09.8''|heptadecanodane (103)

Reaction Scheme

=
OC' O NOVO\/\O/ 1) CHoCl/TFA 1:4, 1t, 5 h oo O N
/O\/\O/\ONO O CIO 2)KOH, 80 °C, 14 h No O 00

108 103
1%

&

Experimental Procedure

108 (225 mg, 210 pmol, 1.0 equiv) was dissolved in a 1:4 mixture of CH,Cl,/TFA (20 mL) and

stirred at room temperature for 5 h (the course of the deprotection reaction was monitored by
MALDI-TOF-MS analysis). The reaction mixture was quenched with H,O (50 mL) and extracted
with CH>Cl, (3 x 30 mL). The combined organic layers were dried over NasSQy, filtered, and the
solvent evaporated under reduced pressure. The residue was dissolved in dry DMF (18 mL) and
added dropwise (0.5 mm/min) to a solution of dry DMF (20 mL) and KOH (118 mg, 2.10 mmol,
10.0 equiv) at 80 °C. After the complete addition, the reaction mixture was stirred at 80 °C for
14 h and was cooled to room temperature. HoO (40 mL) and CH,Cl, (100 mL) were added and the
organic layer was separated. The aqueous phase was extracted with CHsCly (3 x 40 mL), dried
over NaySQ,, filtered, and the solvent was evaporated under reduced pressure. The residue was
purified by column chromatography (SiOs, cyclohexane/EtOAc 3:1) to yield the pure product
(2.0 mg, 2.43 pmol, 1%) as a yellow solid.

FQY (%):@n = 0.01.
IR (cm™): 2921 (s), 2851 (m), 1673 (w), 1223 (w).
HRMS (ESI): [M + H]* caled for CssHsN2Og 823.3742; found: 823.3738.
MP: above 340 °C.
'H-NMR (600 MHz, CDCls, 3): 8.39 (s, 2H), 7.43 (t, 3Jug = 7.7 Hz, 2H), 7.38 (t, 3Jux = 7.8 Hz,
2H), 7.25-7.20 (m, 4H), 7.16-7.12 (m, 2H), 7.10-7.04 (m, 4H), 6.91-6.88 (m, 2H), 2.76-2.69 (m,
4H), 2.58 (t, *Jun = 6.7 Hz, 2H).
24 aliphatic protons were underneath the grease signal; therefore this range was not considered.
BC-NMR (151 MHz, CDCls, §): 162.0, 158.8, 154.2, 145.5, 143.1, 134.1, 130.7, 129.4, 129.0, 128.1,
127.2, 126.3, 125.7, 124.7, 123.3, 120.0, 118.3, 112.5, 36.0, 33.9, 33.0, 28.6, 28.4, 27.5.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 127.2, 124.7 and
112.5 ppm cannot be clearly assigned, they have the same 2Juc and 3Juc coupling to the signal at

8.39 ppm.
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272 723
33.9
170 143128 745
129.0
7.22
1.22
286 1.22 7 06 125.7

275 1284 Y1341

TLC (SiO,, cyclohexane/EtOAc 3:1, UV): Ry = 0.30.

UV /Vis (CDCls): Admax (&max): 363 (2892), 459 (2943) nm (mol* - dm? - cm™?).
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7.3.19 N,N'-Di-(4'-tert-butylphenyl)-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic
acid diimide (82)

Reaction Scheme

000 o%o
Cl AcOH, 110 °C, 30 mi Cl

Cl cl
0”00 NH, o§o

14 83 82
56%

Experimental Procedure

14 (50.0 mg, 149 umol, 1.0 equiv) was suspended in AcOH (40 mL) and heated at 120 °C. 4-
tert-Butylaniline (83; 0.2 mL, 1.23 mmol, 8.3 equiv) was added to the hot solution and the result-
ing mixture was kept at 110 °C for 30 min. Immediately after the addition of the amine, a violet
precipitation started to form. The reaction mixture was cooled to room temperature, the precipi-
tate was filtered off, and washed with AcOH (60 mL) and MeOH (40 mL) to afford the pure prod-
uct (50.0 mg, 83.4 umol, 56%, lit.'! 70%).

TH-NMR. (400 MHz, CD,Cl,, 8): 8.84 (s, 2H), 7.65-7.60 (m, 4H), 7.27-7.24 (m, 4H), 1.42 (s, 18H).
No BC-NMR spectrum was measured due to solubility problem.

The characterization data is in agreement with the literature.[’”
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7.3.20 N,N'-Di-(4'-tert-butylphenyl)-2,6-di-(4-tert-butylphenylsulfanyl)-1,4,5,8-naph-

thalenetetracarboxylic acid diimide (37)

2 o

Reaction Scheme

Oéo Oéo
82 156 37

Experimental Procedure

82 (28.0 mg, 46.7 pmol, 1.0 equiv), 4-tert-butylthiophenol (156; 50.0 pL, 281 pumol, 6.0 equiv),
and K>CO; (31.0 mg, 222 pumol, 4.8 equiv) were suspended in dry DMF (12 mL) and deoxygenated
with argon. The reaction mixture was heated at 60 °C for 1 h, before it was cooled to room tem-
perature. The solution was filtered through a silica gel plug and washed with CH>Cl, (180 mL).
The solvents were removed under reduced pressure and the residue was purified by column chro-
matography (1: SiO,, CH,Cly; 2": SiO,, CHCls) to provide the pure product (28.0 mg, 32.0 wumol,
68%, 1it.2™ 76%) as a red solid.

FQY (%):@ < 0.01.

HRMS (ESI): [M + H]" caled for CssH5:N204S2: 859.3598; found: 859.3608.

IH-NMR (400 MHz, CDCls, 3): 8.34 (s, 2H), 7.58 7.54 (m, 8H), 7.55-7.47 (m, 4H), 7.27-7.18 (m
4T), 1.36 (s, 18H), 1.34 (s, 18H).

BC.NMR (126 MHz, CDCl, 8): 163.9, 162.6, 154.2, 152.1, 150.8, 135.8, 131.9, 130.4, 128.0, 127.7,
126.8, 126.3, 125.9, 124.4, 118.6, 35.1, 34.9, 31.5, 31.4.

TLC (SiOs, CHyCly, UV): Ry = 0.75.

UV /Vis (CDCls): Amax (&max): 357 (10017), 373 (10947), 522 (16626) nm (mol* - dm? - cm ™).

The characterization data are in agreement with the literature.?™
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7.3.21 N,N'-Di-(4'-tert-butylphenyl)-2,6-di(4-tert-butylphenylamino)-1,4,5,8-naphtha-

;

O N O O N OH
K,CO
Cl 2 3 N
e e s P W 's
cl NH, DMF, 130 °C, 14 h N
O” N0

lenetetracarboxylic acid diimide (62)

Reaction Scheme

(DE$3(3 E$?
82 83 62

83%
Experimental Procedure

82 (28.0 mg, 46.7 pmol, 1.0 equiv), KoCO;s (34.0 mg, 244 pumol, 5.4 equiv), and 83 (70.0 pL,

432 pmol, 9.2 equiv) were suspended in dry DMF (10 mL) and deoxygenated with argon for
10 min. The reaction mixture was heated at 130 °C for 14 h. After filtration through a silica gel
plug and washing with CH,Cl, (200 mL), the solvents were removed under reduced pressure. The
yellow residue was purified by column chromatography (SiO., CH2Cls) to provide the pure product
(32.0 mg, 38.8 pmol, 83%) as a blue solid.

FQY (%):® < 0.01.

HRMS (ESI): [M + H]* caled for Cs:Hs6N4Og: 825.4374; found: 825.4363.

IR (cm ) 2956 (w), 2922 (w), 2853 (w), 1693 (m), 1639 (s), 1588 (s); 1470 (s), 1322 (s), 1232 (s),
1112 (m), 832 (m), 787 (s), 561 (5).

MP: above 360 °C.

MS (MALDLTOF), m/z 825.0 (]M] ).

IH-NMR, (400 MHz, CDCl;, 8): 10.96 (s, 2H, NH), 8.62 (s, 2H), 7.60-7.57 (m, 4H), 7.41-7.37 (m,
AH), 7.27-7.26 (m, 4H), 7.24-7.21 (m, 6H), 1.38 (s, 18H), 1.31 (s, 18H).

BC-NMR (126 MHz, CDCl, 8): 166.8, 163.3, 152.0, 149.2, 147.9, 135.7, 132.3, 127.9, 126.8, 126.7,
126.3, 123.9, 122.7, 121.1, 103.2, 35.0, 34.7, 31.5, 31.5, 22.9.

TLC (SiOs, CH:Cly, UV): Ry = 0.90.

UV /Vis (CDCls): Amax (&max): 352 (7769), 371 (7552), 621 (10811) nm (mol ! - dm?®- cm ).
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7.3.22 N,N'-Di-(4'-tert-butylphenyl)-2,6-di(4-tert-butylphenoxy)-1,4,5,8-naphthalene-

tetracarboxylic acid diimide (63)

Reaction Scheme

Ox N O K.CO Og N O
cl HO. 2C03 ﬂ\@ 0.
_— >
C' ' < DMF,70°C, 16 h 0 ©\ﬂ
O”'N"0

C)E$3(D E$?
82 157 63

30%

Experimental Procedure

82 (27.0 mg, 45 pmol, 1.0 equiv), 4-tert-butylphenol (157; 41 uL, 243 pmol, 5.4 equiv), and
K>CO; (34.0 mg, 244 pmol, 5.4 equiv) were suspended in dry and deoxygenated DMF (10 mL) and
the reaction mixture was heated at 70 °C for 16 h. After cooling to room temperature, the solution
was filtrated through a silica gel plug and washed with CH>Cl, (220 mL). The solvents were evapo-
rated under reduced pressure and the yellow residue was purified by column chromatography (1%
Si0,, CHCl3; 2" SiO,, CH2Cly) and GPC to provide the pure product (11.0 mg, 13.3 pmol, 30%)

as a yellow solid.

FQY (%):@n < 0.01.

HRMS (ESI): [M + Na]* caled for Cs4H54N2Og: 849.3874; found: 849.3861.

IR (cm'): 2958 (w), 2922 (w), 2853 (w), 1718 (w) 1675 (s), 1504 (m), 1432 (m), 1386 (m), 1325
(m), 1267 (m), 1210 (s), 1172 (), 962 (m).

MP: above 360 °C.

MS (MALDI-TOF), m/z 826.7 (]M] ).

H-NMR (400 MHz, CDCls, 8): 8.36 (s, 2H), 7.53 (d, *Jun = 8.2 Hz, 4H), 7.41 (d, *Jin = 8.6 Hz,
4H), 7.21 (d, *Jun = 8.6 Hz, 4H), 7.06 (d, *Juu = 8.6 Hz, 4H), 1.35 (s, 18H), 1.31 (s, 18H).
13C.-NMR (126 MHz, CDCls, 8): 162.5, 161.2, 160.0, 152.3, 152.0, 132.0, 128.0, 127.9, 127.4, 126.6,
125.2, 124.3, 119.6, 113.5, 34.9, 34.7, 31.6, 31.5.

TLC (Si0s, CH,Cl,, UV): Ry = 0.32.

UV/Vis (CDCly): Auax (&max): 356 (9387), 461 (9691) nm (mol ' - dm® - cm ).
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7.4 Synthesis of Linear cNDIs

7.4.1 2-((4-Bromophenyl)thio)ethyltrimethylsilane (117)

Reaction Scheme

SH TMS\/\S
cat. DTBP
+ TMS’QCH2 —
105°C, 24 h
Br Br
116 158 117

91%

Experimental Procedure

4-Bromothiophenol (116; 11.4 g, 60.3 mmol, 1.0 equiv), vinyltrimethylsilane (158; 11.0 mL,
74.6 mmol, 1.2 equiv), and di-tert-butyl peroxide (1.60 mL, 8.75 mmol, 0.15 equiv) were added to a
Schlenk tube. The Schlenk tube was deoxygenated with argon for 5 min, sealed, and heated at
105 °C for 24 h. The reaction mixture was cooled to room temperature, before it was diluted with
cyclohexane (50 mL). After washing with aq. NaOH (1 M, 40 mL), the organic layer was separated
and the aqueous layer was extracted with cyclohexane. The combined organic layers were dried
over NaoSQy, filtered, and the solvent was removed under reduced pressure to obtain a liquid,
which was purified by vacuum distillation. The pure product (15.9 g, 54.9 mmol, 91%, 1it.2%l 99%)

was isolated as a colorless liquid.

Bp: 125 °C at 2.0 mbar.

GC-MS (EI), m/z (% relative intensity, ion): 288.0 (2.6, [M]*), 101.2 (9.3, [EtTMS]*).

'H-NMR (400 MHz, CDCl;, 8): 7.45-7.34 (m, 2H), 7.20-7.11 (m, 2H), 2.98-2.88 (m, 2H), 0.95-
0.88 (m, 2H), 0.04 (s, 9H).

13C-NMR (101 MHz, CDCl;, 8) 136.6, 132.0, 130.6, 119.5, 29.8, 16.9, — 1.6.

TLC (SiO;, EtOAc/hexane 1:2, UV): Ry = 0.40.

The characterization data are in agreement with the literature.[?309:234310)
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7.4.2 N-((4-(2-(Trimethylsilyl)ethyl)thio)phenyl)-phthalimide (118)

Reaction Scheme

TMS ~g

TMS -~
2 oN_o Cu0
"

© H 2,4,6-collidine, 175 °C, 60 h Ogo
Br

117 159 118
85%

Experimental Procedure

To a solution of 117 (3.95 g, 13.7 mmol, 1.0 equiv) in 2,4,6-collidine (31 mL) were added
phthalimide (159; 1.85g, 12.6 mmol, 1.2 equiv) and copper(I)oxide (954 mg, 6.67 mmol,
0.63 equiv) in one portion. The resulting mixture was stirred at 175 °C for 60 h. The reaction mix-
ture was cooled to room temperature and CH,Cl, (60 mL) was added. The solution was extracted
with aq. HCI (1 M, 2 x 40 mL), the combined organic layers were dried over MgSQy, filtered, and
the solvents were removed under reduced pressure. The residue was purified by column chromatog-
raphy (SiO,, EtOAc/hexane 1:3) to yield the pure product (3.22 g, 9.06 mmol, 85%) as a yellow
solid.

GC-MS (EI), m/z (% relative intensity, ion): 355.3 (7.8, [M]*), 254.2 (2.2, [M — EtTMS]").
HRMS (ESI): [M + H]" caled for Ci9H21NO,SSi: 356.1135; found: 356.1137.

IR (cm'): 2050 (w), 2017 (w), 1707 (s) 1497 (m), 1379 (s) 1247 (m), 1080 (m) 836 (m) 716 (s).
MP: 139-141 °C.

IH-NMR (400 MHz, CDCls, 8): 7.98-7.93 (m, 2H), 7.82-7.77 (m, 2H), 7.43-7.35 (m, 4H), 3.04-
2.96 (m, 2H), 1.00-0.93 (m, 2H), 0.06 (s, 9H).

BC-NMR (101 MHz, CDCl;, §): 167.4, 138.0, 134.6, 131.9, 129.2, 129.1, 126.9, 123.9, 29.6, 17.0, —
1.6.

TLC (SiO;, EtOAc/hexane 1:2, UV): Ry = 0.71.

The characterization data are in agreement with the literature.?®!
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7.4.3 4-((2-(Trimethylsilyl)ethyl)thio)aniline (115)

Reaction Scheme

TMS ~g

H2NNH2'H20

080 CH,Clo/THF/MeOH, 50 °C, 30 min v
2

118 115
94%

Experimental Procedure

118 (4.30 g, 12.1 mmol, 1.0 equiv) and hydrazine monohydrate (64%, 6.00 mL, 124 mmol,
10.2 equiv) were added to a 6:1:1 mixture of dry CH,Cl,/THF/MeOH (80 mL). The resulting solu-
tion was stirred at room temperature for 30 min and then at 50 °C for 30 min. The formed, white
precipitate was filtered off and washed with CH»Cl, (80 mL). The filtrate was washed with aq.
NaOH (1 M, 50 mL) and the organic layer was separated. The aqueous phase was extracted with
CH:Cl; (3 x 40 mL) and the combined organic layers were washed with brine (50 mL). The organ-
ic phase was dried over MgSQ,, filtered, and the solvent was evaporated under reduced pressure to
obtain a colorless liquid. The liquid was purified by column chromatography (SiOs,
EtOAc/cyclohexane 1:2) to isolate the pure product (2.56 g, 11.4 mmol, 94%) as a colorless liquid.

GC-MS (EI), m/z (% relative intensity, ion): 225.2 (10.3, [M]"), 124.1 (8.5, [M - EtTMS]").
HRMS (ESI): [M + H]" caled for C11HigNSSi: 226.1080; found: 226.1081.

IR (cm '): 2050 (w), 1619 (m), 1597 (m), 1494 (s), 1248 (s) 1176 (w) 839 (s) 517 (w).

IH-NMR (400 MHz, (CD3),S0, 8): 7.08-7.04 (m, 2H), 6.53-6.49 (m, 2H), 5.19 (s, 2H, NHL), 2.75-
2.69 (m, 2H), 0.79-0.72 (m, 2H), ~0.03 (s, 9H).

BC.NMR (101 MHz, (CD3),SO, 8): 148.3, 133.6, 119.3, 114.4, 31.7, 16.8, ~1.7.

TLC (SiO,, EtOAc/hexane 1:2, UV and ninhydrin): Ry = 0.48.

The characterization data are in agreement with the literature.?¥!
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7.4.4 N,N'-Di-((4'-(2'-trimethylsilyl)ethyl)thio)phenyl)-2,6-dichloro-1,4,5,8-naphthal-

enetetracarboxylic acid diimide (119)
Reaction Scheme

::,S\/\

N, cl O oo AcOH OC| O ON h
+ O

TMS\/\SQ o O © 124 °C, 35 min N 0 C|o

Cl

o TMS\/\SQ 0

115 14 119
21%

Experimental Procedure

115 (1.81 g, 8.03 mmol, 4.4 equiv) and 14 (610 mg, 1.81 mmol, 1.0 eq) were dissolved in AcOH

(60 mL) and the resulting mixture was heated at 124 °C for 35 min. After cooling to room temper-
ature, the precipitate was filtered, washed with AcOH (40 mL), and dried under vacuum. The pre-
cipitate was purified by column chromatography (SiO,, CH,Cly/EtOAc 10:1) and GPC to obtain

the pure product (512 mg, 681 pmol, 21%) as an orange solid.

EA (%): caled. for C3H3sClaN2Q4S2Si: C, 57.51; H, 4.83; N, 3.73;
found: C, 57.37; H, 5.02; N, 3.86.
HRMS (MALDI/ESI): [M]* caled for CzsHsClaN20,S:Sis: 750.1026; found: 750.1027.
IR (cm'): 3052 (w), 2951 (w), 1715 (m), 1669 (s), 1491 (m), 1421 (m), 1321(m), 1161 (s), 822 (s),
744 (s).
MP: above 360 °C.
IH-NMR (400 MHz, CDyCl,, 8): 8.83 (s, 2H), 7.49-7.45 (m, 4H), 7.25-7.22 (m, 4H), 3.12-3.06 (mm,
4H), 1.06-1.01 (m, 4H), 0.10 (s, 18H).
BC-NMR (101 MHz, CD.Cl,, 8): 161.7, 161.2, 140.9, 140.3, 136.6, 132.1, 129.4, 129.0, 128.2,
127.0, 123.4, 29.5, 17.1, ~1.5.
TLC (SiOs, CH:Cly/EtOAc 10:1, UV): = 0.76.
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7.4.5 N,N'-Di-((4'-(2'-trimethylsilyl)ethyl)thio)phenyl)-2,6-bis(ethylamino)-1,4,5,8-

naphthalenetetracarboxylic acid diimide (120)

Reaction Scheme

S\/\ S\/\
o] ™S H O ™S
Cl O N@ EtNH, (2 M in THF) ~N O N@
o > o
O O
N 0 al DMF, 125 °C, 12 h N O N~
TMS\/\SQ o) TMS\/\S@ O H
119 120

54%

Experimental Procedure

To a microwave vial were added 119 (378 mg, 503 pumol, 1.0 equiv), ethylamine (2 M in THF,
12.0 mL, 24.0 mmol, 47.7 equiv), and dry DMF (7.0 mL). The vial was sealed and stirred at
125 °C for 12 h. After cooling to room temperature, the solvent was removed under reduced pres-
sure and the residue was purified twice by column chromatography (SiO., CH,Cly/EtOAc 20:1) to
afford the pure product (207 mg, 269 umol, 54%) as a blue solid.

EA (%): caled. for CyHysN4O4S2Sia: C, 62.46; H, 6.29; N, 7.28;

found: C, 62.41; H, 6.61; N, 7.51.
HRMS (ESI): [M + H]" caled for CyHisN4O4S,Sis: 769.2728; found: 769.2732.
IR (cm): 2951 (w), 1696 (m), 1654 (s), 1573 (s), 1496 (m), 1245 (m), 1207 (m), 1166 (m), 839
(m).
MS (MALDL-TOF), m/z 768.2 ([M]).
MP: 297-299 °C.
IH-NMR (400 MHz, CD,Cl, 8): 9.08 (s, 2H, NH), 7.97 (s, 2H), 7.43 (d, 3Jun = 8.3 Hz, 4H), 7.25
(d, *Jun = 8.3 Hz, 4H), 3.433.33 (m, 4H), 3.14-3.04 (m, 4H), 1.34 (t, 3Jux = 7.2 Hz, 6H), 1.09-1.01
(m, 4H), 0.10 (s, 18H).
BC-NMR (126 MHz, CD.Cl,, 8): 166.7, 163.4, 149.6, 139.6, 133.2, 120.7, 128.8, 126.6, 121.8,
118.7, 102.0, 38.4, 29.5, 17.2, 14.9, ~1.5.
TLC (Si0s, CH,CL/EtOAc 20:1, UV): R, = 0.75.
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7.4.6 N,N'-Di-((4'-(2'-trimethylsilyl)ethyl)thio)phenyl)-2,6-bis(dimethylamino)-
1,4,5,8-naphthalenetetracarboxylic acid diimide (121)

Reaction Scheme

S~ S~
oCI O ON© T Me,NH (2 M in THF) 6N O ON@ T
N CIO DMF, 125 °C, 11 h N N?
119 121

63%

Experimental Procedure

119 (131 mg, 174 pmol, 1.0 equiv), dimethylamine (2 M in THF, 8.00 mL, 16.0 mmol,
92.0 equiv), and dry DMF (10 mL) were added to a microwave vial and sealed. The reaction mix-
ture was stirred at 125 °C for 11 h. After cooling to room temperature, the solvent was removed

under reduced pressure and the residue was purified by column chromatography (SiOs,

CH.Cl,/EtOAc 20:1) to obtain the pure product (84.0 mg, 109 pmol, 63%) as a blue solid.

EA (%): caled. for CyHsN,O4S2Sia: C, 62.46; H, 6.29; N, 7.28;
found: C, 62.03; H, 6.40; N, 7.64.
HRMS (ESI): [M + H]" caled for CyHisN4O4S2Sis: 769.2728; found: 769.2738.
IR (cm'): 3431 (w), 3320 (w), 2950 (w), 1688 (m), 1637 (s), 1584 (s), 1488 (m), 1318 (m), 1216
(m), 827 (s), 753 (s).
MP: above 360 °C.
IH-NMR (400 MHz, CD,Cls, 8): 8.46 (s, 2H), 7.47-7.43 (m, 4H), 7.23-7.19 (m, 4H), 3.14 (s, 12H),
3.11-3.06 (m, 4H), 1.07-1.01 (m, 4H), 0.09 (s, 18H).
BC-NMR (101 MHz, CD.Cl,, 8): 164.1, 162.3, 152.0, 139.1, 134.2, 129.8, 129.0, 126.1, 124.5,
123.9, 107.7, 44.5, 29.7, 17.3, 1.5
TLC (SiOs, CHxCly/EtOAc 20:1, UV): Ry = 0.58.

145 |page



Experimental Section

7.4.7 N,N'-Di-(4'-(acetylsulfanyl)phenyl)-2,6-bis(ethylamino)-1,4,5,8-naphthalene-

tetracarboxylic acid diimide (110)

Reaction Scheme

S~ S
H o} @ T™S H o} Y
\rN N 1) TBAF (1 M in THF), rt, 1.2 h \,N N@ o]
B YR ~ N0
N N~ 2) AcCl, 0 °C, 20 min o N N~
TMS\/\S@ o) H )LS o H
120 110

51%

Experimental Procedure

To an oven-dried flask were added 120 (35.0 mg, 45.5 pmol, 1.0 equiv) and dry THF (40 mL)
and the resulting solution was deoxygenated with argon for 5 min. TBAF (1 M in THF, 400 nL,
400 pmol, 8.8 equiv) was added dropwise over 30 min and the solution was stirred at room tem-
perature for 1.2 h. The reaction mixture was cooled to 0°C and AcCl (500 pL, 7.01 mmol,
154 equiv) was added. The reaction mixture was stirred at 0 °C for 20 min and warmed to room
temperature. It was quenched with H,O (30 mL) and diluted with CH,Cl, (110 mL). The organic
layer was separated and the aqueous phase was extracted with CH,Cl, (3 x 50 mL). The combined
organic layers were washed with brine (40 mL), dried over MgSQy, filtered, and the solvent was
evaporated under reduced pressure. The residue was purified by column chromatography (1: SiO,
EtOAc/CH.Cl, 1:10; 224 SiO,, cyclohexane/EtOAc 1:3 to CH,Cly/EtOAc 10:1) to yield the pure
product (15.0 mg, 23.0 umol, 51%) as a blue solid.

FQY (%):@n = 0.45.
HRMS (ESI): [M + H]* caled for Cs:HaoN4OgSs: 653.1523; found: 653.1525.
IR (cm!): 2924 (w), 1692 (m), 1640 (s), 1587 (s), 1488 (m), 1231 (m).
MS (MALDI-TOF), m/z: 652.7 ([M]").
MP: above 300 °C.
'H-NMR (700 MHz, CD,Cly, 8): 9.19 (s, 2H), 8.23 (s, 2H), 7.61 (d, *Jun = 7.6 Hz, 4H), 7.38 (d,
3Jun = 7.9 Hz, 4H), 3.56 (q, *Jun = 6.8 Hz, 4H), 2.49 (s, 6H), 1.39 (t, *Jun = 6.9 Hz, 6H).
BC-NMR (176 MHz, CD,Cl,, 3): 193.8, 166.7, 163.5, 150.0, 137.3, 135.8, 131.5, 130.1, 129.4,
122.2, 119.2, 102.3, 38.4, 30.5, 14.8.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 122.2 and
102.3 ppm cannot be clearly assigned, they have the same *Juc coupling to the signal at 8.23 ppm.
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7.61/135.8
1294, S1938 _CHj,

O \[‘]/2.49/30.5
8.23/119.2 137.3
131,

HiC N ¢}
7.38/130.1
O
O
0 NH®9
)J\ O 3v56/38.4k
H,C S CHj
1.39/14.8

TLC (SiOs, CH,Cl,/EtOAc 10:1, UV,): Ry = 0.59.
UV/Vis (CDCls): Amax (&nax): 346 (11013), 363 (12979), 620 (19604) nm (mol ! - dm? - cm ).
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7.4.8 N,N'-Di-(4'-(acetylsulfanyl)phenyl)-2,6-bis(dimethylamino)-1,4,5,8-naphthalene-

tetracarboxylic acid diimide (111)

Reaction Scheme

S~ (@) 871/
6N O ON© e AgBF,, AcCl 6N O N© o
_—
N O N9 CHoCly, 1t, 1.5 h o N O N9
TMS\/\SQ o HsC)LS@ o
121 111

Experimental Procedure

To an oven-dried flask were added 121 (78.0 mg, 102 pmol, 1.0 equiv), dry CH>Cl, (30 mL),
AgBF, (200 mg, 1.01 mmol, 9.9 equiv), and AcCl (3.00 mL, 42.0 mmol, 414 equiv). The reaction
mixture was stirred at room temperature for 1.5 h. During the course of the reaction the color
changed from blue to orange and finally to yellow. After quenching with sat. aq. NaHCOs (40 mL)
and diluting with CH»Cl, (60 mL), the color changed back to blue. The organic phase was separat-
ed and the aqueous layer was extracted with CH>Cl, (3 x 30 mL). The combined organic layers
were dried over MgSQy, filtered, and the solvent was evaporated under reduced pressure. The blue
residue was purified by column chromatography (SiO., CH,Cly/EtOAc 10:1) and the pure product
(53.0 mg, 81.2 pmol, 79%) was isolated as a blue solid.

FQY (%):@n < 0.01.
HRMS (ESI): [M + H]" caled for CsiHssN4OgSs: 653.1523; found: 653.1529.
IR (cm!): 2854 (w), 1688 (m), 1649 (s), 1570 (m), 1494 (m) 1400 (m), 1324 (m), 1203 (s), 1164
(m), 1127 (m), 1064 (m), 906 (m), 746 (m).
MS (MALDI-TOF), m/z 652.5 ([M] ).
MP: above 360 °C.
'H-NMR (600 MHz, CD,Cl,, 8): 8.48 (s, 2H), 7.60 (d, *Juu = 7.8 Hz, 4H), 7.37 (d, *Juu = 7.8 Hz,
4H), 3.16 (s, 12H), 2.49 (s, 6H).
BC-NMR (151 MHz, CD,Cl,, 3): 194.1, 164.0, 162.2, 152.1, 138.1, 135.8, 130.5, 129.2, 126.1,
124.6, 124.0, 107.5, 44.6, 30.9.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 124.0 and
107.54 ppm cannot be clearly assigned, they have the same ®Jac coupling to the signal at 8.49 ppm.
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7.61/135.84 2.49/30.94
3.16/44.57 S194.05.CH3
CHs O 129.2 T
| 8.49/124.00 1361
/N : O
H3C ] 02N
7.37/130.48

N @ CHj
i |
)J\ 0 CHs
H3C S

TLC (SiOQ, CHQCIQ/EtOAC 10:1, UV) Rf = 0.20.
UV /Vis (CDCls): Amas (max): 352 (14379), 368 (16565), 608 (21210) nm (mol ' - dm? - cm ).
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7.5 Synthesis of Photoswitchable NDI-Phanes

7.5.1 2-((4-Vinylbenzyl)thio)ethan-1-amine (126)

Reaction Scheme

Ha

4
cl
NH, KOH S
I
HS H,O/MeOH, 0°Ctort, 16 h é
z
P~

128 127 126
86%

Experimental Procedure

2-Aminoethanethiol (128; 1.08 g, 13.3 mmol, 1.1 equiv) was dissolved in MeOH (30 mL) and
after 10 min KOH (876 mg, 13.4 mmol, 1.1 equiv) in H,O (20 mL) was added. The resulting mix-
ture was cooled to 0 °C and 1-(chloromethyl)-4-vinylbenzene (127; 1.9 mL, 12.1 mmol, 1.0 equiv)
was added dropwise over 30 min. The suspension was stirred at 0 °C for 1.5 h, warmed to room
temperature overnight, and stirred for 14.5 h. The mixture was diluted with EtOAc (50 mL) and
brine (40 mL), and the organic phase was separated. The aqueous phase was extracted with
EtOAc (2 x 60 mL), the combined organic layers were dried over MgSOQy, filtered, and the solvent
was removed under reduced pressure. The yellow residue was purified by column chromatography
(Si0,, CH,Cly/MeOH 10:1) to yield the pure product (2.22 g, 11.5 mmol, 86%, lit.?* 75%) as a

yellow liquid.

GC-MS (EI), m/z (% relative intensity, ion): 193.1 (51.7, [M]*), 166.1 (9.8, [M — C,H;|*) 149.1
(25.3, [M — EtNH,]"), 117.8 (100, [M — SEtNH]").

IH-NMR (400 MHz, (CD3),SO, 8): 7.46-7.38 (m, 2H), 7.34-7.25 (m, 2H), 6.71 (dd, *Juy =
17.7 Hz, *Jiun = 10.9 Hz, 1H), 5.85-5.76 (m, 1H), 5.27-5.21 (m, 1H), 3.71 (s, 2H), 2.70-2.61 (m,
o), 2.44-2.38 (m, 2H), 1.77 (s, 2H, NIL).

1BC-NMR (101 MHz, (CD;),S0, 8): 138.7, 136.3, 129.1, 126.1, 113.9, 41.2, 34.7, 34.6.

13C-NMR (101 MHz, CDCls, 5): 138.1, 136.6, 136.5, 120.2, 126.5, 113.9, 41.0, 35.8, 35.5.

TLC (SiO,, CH,Cly/MeOH 10:1, UV): R; = 0.05.
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7.5.2 N,N'-Di-2-((4-vinylbenzyl)thio)ethane-1,4,5,8-naphthalenetetracarboxylic acid
diimide (124)

Reaction Scheme

o o X
/\/Sv©/\
NS\/@/\ . o 0 OO DMF 5 O No
HaN LI MW, 120 °C, 4 h ~N J
0 \/(DA o)
126 125

124
82%

Experimental Procedure

To a microwave vial were added 126 (457 mg, 2.36 mmol, 4.4 equiv), 1,4,5,8-naphthalenetetra-
carboxylic dianhydride (125; 44 mg, 537 umol, 1.0 equiv), and dry DMF (15 mL). The vial was
sealed and heated in the microwave reactor at 120 °C for 4 h. The solvent was removed under re-
duced pressure and the residue was purified twice by column chromatography (CH.Cly/EtOAc
10:1) to obtain the pure product (273 mg, 441 pmol, 82%) as a yellow solid.

HRMS (ESI): [M + H]" calcd for CssHsoN204Ss: 619.1720; found: 619.1716.

IH-NMR (400 MHz, CD.Cl,, 8): 8.73 (s, 4H), 7.35-7.27 (m, 8H), 6.64 (dd, *Jun = 17.6 Hz, 3Jyy =
10.9 Hz, 2H), 5.72-5.66 (m, 2H), 5.21-5.16 (m, 2H), 4.41-4.37 (m, 4H), 3.82 (s, 4H), 2.83-2.79 (m,
4H).

1BC.NMR (101 MHz, CDCls, §): 162.9, 138.0, 136.5, 136.5, 131.2, 129.3, 126.9, 126.7, 126.5, 113.8,
39.7, 36.0, 29.0.

TLC (SiOs, CH:Cl/EtOAc 10:1, UV): Ry = 0.72.
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Experimental Section

7.5.3 (E)-1,2-Di-p-tolylethene (133)

Reaction Scheme

2" generation Grubbs catalyst O
X P
Sk
CH,Cl,, 50 °C, 17 h
134 133
49%

Experimental Procedure

To an oven-dried flask were added 4-methylstyrene (134; 1.30 mL, 9.87 mmol, 1.0 equiv), 2™
generation Grubbs catalyst (27.0 mg, 0.30 mol-%), and dry CH,Cl, (25 mL). The reaction mixture
was heated at 50 °C and stirred for 17 h. The solvent was removed under reduced pressure and the
residue was purified by column chromatography (SiO., cyclohexane/CH2Cl; 10:1) to yield the pure
product (1.01 g, 4.85 mmol, 49%, lit.?*) 100%) as a white solid.

GC-MS (EI), m/z (% relative intensity, ion): 208.2 (100, [M]"), 193.2 (68.5, [M — CHs]"), 179.2
(15.1, [M - 2 x CH,J").

IH-NMR (400 MHz, CDCls, 8): 7.40 (d, *Jun = 8.0 Hz, 4H), 7.16 (d, *Jun = 7.8 Hz, 4H), 7.04 (s,
9H), 2.36 (s, 6H).

13C.NMR (101 MHz, CDCl;, 8): 137.4, 134.9, 120.5, 127.8, 126.5, 21.4.

The characterization data are in agreement with the literature.?”!
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7.5.4 (E)-1,2-Bis(4-(bromomethyl)phenyl)ethane (129)

O CHs NBS, AIBN Br
HSC cCl, 85°C,16h  Br O S

133 129
1%

Reaction Scheme

Experimental Procedure

To a deoxygenated solution of 133 (540 mg, 2.59 mmol, 1.0 equiv) in CCl; (40 mL) were added
NBS (971 mg, 5.46 mmol, 2.1 equiv) and AIBN (6.0 mg, 35.8 pmol, 13.8 mol-%). The resulting
mixture was stirred at 85 °C for 16 h before the solvent was removed under reduced pressure. The
residue was purified by column chromatography (SiO, cyclohexane/CH,Cl, 3:1), recrystallized
from EtOH, and again purified twice by column chromatography (SiOs, cyclohexane/CH,Cl, 3:1)
to afford the pure product (102 mg, 27.9 umol, 11%, 1it.?" 17%) as a white solid.

TH-NMR (400 MHz, CDCls, 8): 7.51-7.47 (m, 4H), 7.42-7.36 (m, 4H), 7.10 (s, 2H), 4.51 (s, 4H).
13C-NMR (101 MHz, CDCl;, 8): 137.5, 137.4, 129.6, 128.8, 127.1, 33.6.
TLC (SiO,, cyclohexane/EtOAc 6:1, UV): Ry = 0.53.

The characterization data are in agreement with the literature.?
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Experimental Section

7.5.5 (E)-(Ethene-1,2-diylbis(4,1-phenylene))dimethanol (135)

Reaction Scheme

o]
O 0~ LiAlH, N oH
/o THF,0°Ctort,20h  HO O >

(0]

136 135
quant.

Experimental Procedure

To an oven-dried two-necked flask were added dimethyl 4,4'-(ethene-1,2-diyl)(E)-dibenzoate
(136; 420 mg, 1.42 mmol, 1.0 equiv) and dry THF (20 mL). The resulting suspension was cooled
to 0 °C and LiAlH, (118 mg, 3.12 mmol, 2.2 equiv) dissolved in THF (20 mL) was added carefully
in three portions. The reaction mixture was stirred at 0 °C for 3 h, before it was stirred at room
temperature for 19 h. After quenching the reaction mixture with aq. NaOH (1 M, 1 mL), the bi-
phasic mixture was diluted with EtOAc (40 mL) and brine (30 mL). The organic layer was sepa-
rated and the aqueous phase was extracted with EtOAc (2 x 30 mL). The combined organic layers
were dried over MgSQ,, filtered, and the solvents were removed under reduced pressure. The resi-
due was purified twice by column chromatography (SiOs, CH,Cl,/MeOH 10:1) to yield the pure
product (340 mg, 1.41 mmol, 99%, 1it.2%! 99%) as a white solid.

HRMS (ESI): [M + Na]" calcd for Ci6His02: 263.1043; found: 263.1040.

'H-NMR (400 MHz, (CD3),80, 8): 7.55 (d, *Jin = 8.2 Hz, 4H), 7.31 (d, %Jun = 8.2 Hz, 4H), 7.21
(s, 2H), 5.18 (t, *Jix = 5.7 Hz, 2H), 4.50 (d, %Jis = 5.7 Hz, 4H).

BC-NMR (101 MHz, (CD3),S0, 8): 142.0, 135.6, 127.7, 126.8, 126.1, 62.7.

TLC (SiO,, CH,Cl,/MeOH 10:1, UV [302 nm]): Ry = 0.42.

The characterization data are in agreement with the literature.?!

154 | page



Experimental Section

7.5.6 (FE)-1,2-Bis(4-(bromomethyl)phenyl)ethane (129)

oH NBS, PPh, O
A S
Ho. THF, 1t, 36 h  Br
135 129
45%

Reaction Scheme

Experimental Procedure

To an oven-dried two-necked flask were added 135 (295 mg, 1.23 mmol, 1.0 equiv), dry THF
(40 mL), triphenylphosphine (716 mg, 2.70 mmol, 2.2 equiv), and NBS (479 mg, 2.66 mmol,
2.2 equiv). The resulting mixture was stirred at room temperature for 36 h, before it was quenched
with sat. aq NaHCO; (40 mL) and diluted with CH,Cl, (80 mL) and H,O (30 mL). The organic
phase was separated and the aqueous layer was extracted with CH>Cl, (2 x 30 mL). The organic
phase was dried over MgSQ,, filtered, and the solvent was evaporated under reduced pressure. The
residue was purified twice by column chromatography (SiO., cyclohexane/EtOAc 6:1) to obtain
the pure product (204 mg, 557 umol, 45%, 1it.?% 74%) as a white solid.

IH-NMR (400 MHz, CDCls, §): 7.51-7.47 (m, 4H), 7.42-7.36 (m, 4H), 7.10 (s, 2H), 4.51 (s, 4H).
BC.NMR (101 MHz, CDCl;, 8): 137.5, 137.4, 120.6, 128.8, 127.1, 33.6.
TLC (SiO,, cyclohexane/EtOAc 6:1, UV): Ry = 0.53.

The characterization data are in agreement with the literature.?
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7.5.7 2-((2-(Trimethylsilyl)ethyl)thio)ethan-1-amine (142)

Reaction Scheme

Ph,CO
H2C=\_I_MS + HZN/\/SH HZN/\/S\/\TMS
THF/H,0, 500 W, 20 h
158 128 142

59%

Experimental Procedure/

To a round-bottom flask were added 158 (5.0 mL, 33.4 mmol, 1.1 equiv), 128 (2.52 g,
31.0 mmol, 1.0 equiv), and benzophenone (299 mg, 1.64 mmol, 0.05 equiv). A 15:1 mixture of
THF/H,0 (32 mL) was added to this suspension and the resulting solution was irradiated with a
halogen lamp (500 W) for 20 h. The solvent was removed under reduced pressure and the residue
was purified by fractional distillation to yield the pure product (3.25 g, 18.3 mmol, 59%) as a yel-
low liquid.

Bp: 71-73 °C at 0.4 mbar (1it.?* 83-85 °C at 5.3 mbar)

GC-MS (EI), m/z (% relative intensity, ion): 178.2 (3.1, [M + H]").

H-NMR (400 MHz, CDCL;, 8): 3.32-2.91 (m, 4H), 2.72-2.66 (m, 2H), 2.59-2.52 (m, 2H), 0.89—
0.81 (m, 2H), 0.01 (s, 9H).

1BC-NMR (101 MHz, (CD;),S0, 8): 41.6, 35.2, 26.5, 17.0, —1.7.
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Experimental Section

7.5.8 N,N'-Di-(2'-((2'-(trimethylsilyl)ethyl)thio)ethyl)-1,4,5,8-naphthalenetetracarbo-
xylic acid diimide (143)

Reaction Scheme

o o
o DMF NS Tis
HZN’\/S\/\TMS + O O o) O. O o)
O. O MW, 120 °C, 4 h TMS ~g~N O
(0] (0]
142 125 143

95%

Experimental Procedure

142 (1.89 g, 10.7 mmol, 4.0 equiv), 125 (715 mg, 2.67 mmol, 1.0 equiv), and dry DMF (15 mL)
were added to a microwave vial and sealed. After heating the vial in the microwave reactor at
120 °C for 4 h, the solvent was removed under reduced pressure. The residue was purified by col-
umn chromatography (SiO», cyclohexane/EtOAc 2:1) to yield the pure product (1.49 g, 2.54 mmol,
95%) as a yellow solid.

EA (%): caled. for CosH3sN2O4SsSia: C, 57.30; H, 6.53; N, 4.77;
found: C, 57.34; H, 6.67; N, 4.92.
HRMS (ESI): [M + H]" calcd for CosHasN2O4S2S1y: 587.1884; found: 587.1880.
IR (cm): 2950 (w), 1706 (m), 1664 (s), 1579 (w), 1452 (m), 1321 (s), 1240 (s), 829 (s) 761 (),
691 (m).
MP: 120-122 °C.
TH-NMR (400 MHz, CDCly, 3): 8.77 (s, 4H), 4.46-4.37 (m, 4H), 2.90 (t, 3Jus = 7.4 Hz, 4H), 2.75-
2.66 (m, 4H), 0.93-0.87 (m, 4H), 0.05 (s, 18H).
1BC-NMR (101 MHz, CDCls, 8): 162.8, 131.2, 126.9, 126.7, 40.1, 29.3, 27.7, 17.4, —1.58.
TLC (SiO,, cyclohexane/EtOAc 2:1, UV): Ry = 0.56.
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Experimental Section

7.5.9 2-((4-Methoxybenzyl)thio)ethan-1-amine (146)

Reaction Scheme

LiOH

CHsN A~ + v@O\ /\,S\/©O\
cl EtOH/H,0, 35°C,2h  HaN

148 149 146
39%

Experimental Procedure

LiOH (364 mg, 21.3 mmol, 2.1 equiv) was dissolved in a 4:1 mixture of EtOH/H,O (50 mL)
and 2-aminoethanethiol hydrochloride (148; 1.14 g, 10.0 mmol, 1.0 equiv) was added in one por-
tion. After stirring the reaction mixture for 30 min, 4-methoxybenzylchloride (149; 1.60 g,
10.0 mmol, 1.0 equiv) was added, and the resulting solution was stirred at 35 °C for 2 h. EtOH
was removed under reduced pressure and the suspension was diluted with H,O (50 mL) and
CH,Cl, (70 mL). The organic phase was separated and the aqueous layer was extracted with
CHCl; (2 x 50 mL). The combined organic layers were dried over Na,SOy, filtered, and the sol-
vent was removed under reduced pressure. The residue was purified by column chromatography
(Si0,, CH>Clo/MeOH 10:1) to yield the pure product (764 mg, 3.87 mmol, 39%, lit.**) 94%) as

white solid.

TH-NMR (400 MHz, (CD;),SO, 8): & 7.26-7.20 (m, 2H), 6.91-6.84 (m, 2H), 3.73 (s, 3H), 3.67 (s,
2H), 2.82-2.64 (m, 4H), 2.45-2.39 (m, 2H).

13C-NMR. (101 MHz, (CD3),SO, 8): 158.1, 130.5, 129.9, 113.7, 55.0, 40.9, 34.3, 33.9.

TLC (SiO., CH,Cl,/MeOH 10:1, UV): Ry = 0.44.

The characterization data are in agreement with the literature.?"!
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Experimental Section

7.5.10 N,N"-Di-(2'-((4'-methoxybenzyl)thio)ethyl)-1,4,5,8-naphthalenetetracarboxylic
acid diimide (144)

Reaction Scheme

o £ e
o DMF N’\/s
ST ol o AL
O (@) O MW, 130 °C, 2.5 h s~N O
(0] \o/©/\ (0]

146 125 144
19%

Experimental Procedure

To a microwave vial were added 146 (743 mg, 3.77 mmol, 4.0 equiv), 125 (266 mg, 942 pmol,
1.0 equiv), and dry DMF (15 mL). The vial was sealed and heated in the microwave reactor at
130 °C for 2.5 h. After cooling to room temperature, the solvent was removed under reduced pres-
sure and the residue was purified by column chromatography (SiO;, CH,Cl,/MeOH 20:1) to yield
the pure product as a dark yellow solid (113 mg, 180 pmol, 19%).

MS (MALDI-TOF), m/z 626.7 (]M]).

TH-NMR (400 MHz, CDCls, 8): 8.77 (s, 4H), 7.32-7.25 (m, 4H), 6.83-6.76 (m, 4H), 4.46-4.37 (m,
4H), 3.80 (s, 4H), 3.76 (s, 6H), 2.81 (t, *Jun = 7.1 Hz, 4H).

TLC (SiO,, CH,Cl,/MeOH 20:1, UV): Ry = 0.88.
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Experimental Section

7.5.11 2-((Methoxymethyl)thio)ethan-1-amine (147)

Reaction Scheme

BF3OEt2
C|H3N\/\SH + _0_0  —>» HZN/\/S\/O\
rt,4 h
148 150 147

62%

Experimental Procedure

To an oven-dried flask were added 148 (4.55 g, 40.0 mmol, 1.0 equiv), BF5- OEt, (1.00 mL,
7.89 mmol, 0.2 equiv), and dimethoxymethane (150; 25.0 mL, 280 mmol, 7.0 equiv). The resulting
mixture was stirred at room temperature for 4 h, before it was quenched by the addition of an ice
cold aq. KOH (1 M, 100 mL) and diluted with CH>Cl, (80 mL). The organic layer was separated
and the aqueous layer was extracted with CH,Cl, (3 x 60 mL). The combined organic phases were
dried over MgSQOy, filtered, and the solvent was removed under reduced pressure. The residue was
purified by vacuum distillation to yield the pure product (3.01 g, 24.8 mmol, 62%, 1it.% 60%) as a

colorless liquid.

Bp: 41-42 °C at 1 mbar

'H-NMR (250 MHz, CDCls, 3): 4.63 (s, 2H), 3.36 (s, 3H), 2.95-2.85 (m, 2H), 2.73-2.66 (m, 2H),
1.27 (s, 2H, NHa).

BC-NMR (101 MHz, CDCls, 8): 75.7, 55.9, 42.0, 35.8.
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Experimental Section

7.5.12 N,N"-Di-(2'-((methoxymethyl)thio)ethyl)-1,4,5,8-naphthalenetetracarboxylic
acid diimide (145)

Reaction Scheme

o o
o DMF NSO
HN~S~Os + O O o 0 O 0
o O MW, 125°C,4h  ~g~g~N O
0 o

147 125 145
89%

Experimental Procedure

To a microwave vial were added 147 (262 mg, 2.16 mmol, 4.0 equiv), 125 (145 mg, 540 pmol,
1.0 equiv), and dry DMF (15 mL). The microwave vial was sealed and heated in the microwave
reactor at 125 °C for 4 h. The solvent was removed under reduced pressure and the residue was
purified by column chromatography (SiO, CH,Cl,/EtOAc 10:1) to yield the pure product (229 mg,
483 pmol, 89%) as a white solid.

MS (MALDI-TOF), m/z 474.1 (]M]).

TH-NMR (400 MHz, CDCls, 8): 8.78 (s, 4H), 4.72 (s, 4H), 4.50-4.45 (m, 4H), 3.31 (s, 6H), 3.03—
2.98 (m, 4H).

13C-NMR (101 MHz, CDCls, §): 162.9, 131.2, 126.9, 126.8, 75.8, 56.2, 40.3, 28.8.

TLC (SiO,, CH,ClL,/EtOAc 10:1, UV, KMnO,): Ry = 0.14.
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Experimental Section

7.5.13 2-(Methyldisulfanyl)ethan-1-amine (153)

Reaction Scheme

MeZSz, NEt3
HZN/\’SH —_— HZN’\/&S—CHs
105°C, 15 h
128 153

60%

Experimental Procedurel'

To a microwave vial were added 128 (942 mg, 12.2 mmol, 1.0 equiv), dimethyl disulfide
(4.8 mL, 54.1 mmol, 4.4 equiv), and NEt; (0.25 mL, 1.76 mmol, 0.14 equiv). The vial was sealed
and heated at 105 °C for 15 h. The reaction mixture cooled to room temperature, toluene was add-
ed, and the unreacted dimethyl disulfide was evaporated under reduced pressure. The colorless
residue was purified by column chromatography (SiO;, CH,Cl,/MeOH 10:1 with 1% NEt; to 8:1
with 1% NEts) to afford the pure product (906 mg, 7.35 mmol, 60%) as a colorless liquid.

H-NMR (400 MHz, CDCls, 8): 3.02 (¢, *Jun = 6.2 Hz, 2H), 2.77 (t, *Jun = 6.2 Hz, 2H), 2.41 (s,
3H), 1.35 (s, 2H, NHL).

BC-NMR (101 MHz, CDCls, 8): 42.0, 40.8, 23.4.

TLC (SiO;, CH2Cly/MeOH 10:1, ninhydrin): Ry = 0.07.

The characterization data are in agreement with the literature.?!

162 | page



Experimental Section

7.5.14 N,N'"-Di-(2'-(methyldithio)ethyl)-1,4,5,8-naphthalenetetracarboxylic acid
diimide (151)

Method A
Reaction Scheme
o 0
® N™~Sv"Tms  [MesSylBF,, MesS, ® N~S-gCHs
O 0 e o
TMS\/\S/\/N O THF, rt, 16 h HSC.S.S/\,N O
O O
143 151

12%

Experimental Procedure

To a solution of 143 (405 mg, 690 pumol, 1.0 equiv) and dimethyl disulfide (5.1 mL, 56.9 mmol,
82.5 equiv) in dry THF (50 mL) was added thiomethyldimethyl sulfonium fluoroborate (1.35 g,
6.66 mmol, 9.7 equiv). The reaction mixture was stirred at room temperature for 16 h, before it
was diluted with CH»Cly, and washed with sat. aq. NaHCOs (40 mL). The aqueous layer was sepa-
rated. The organic phase was washed with brine (60 mL), dried over MgSOy, filtered, and evapo-
rated under reduced pressure. After purification by column chromatography (SiOs, short one: cy-
clohexane/EtOAc 1:1) and GPC, the pure product (40 mg, 83.6 pmol, 12%) was obtained as a

yellow solid.

Method B
Reaction Scheme
o} o}
0 DMF N~Ss7
(e} O o *t HZN/\/SVS\ _ O; O 0
I 120°C,13h  _Sg~uN J
o} o}
125 153 151

6%

Experimental Procedure

To a microwave vial were added 125 (134 mg, 500 pmol, 1.0 equiv), 153 (327 mg, 2.65 mmol,
5.3 equiv), and DMF (20 mL). The vial was sealed and heated at 120 °C for 13 h. The solvent was
evaporated under reduced pressure. The residue was purified by column chromatography (short
one: Si0,, cyclohexane/EtOAc 2:1) and GPC to afford the pure product (15.0 mg, 31.3 pmol, 6%)

as a yellow solid.

HRMS (MALDI/ESI): [M]* caled for CagH sN»O,Ss: 478.0155; found: 478.0156.

IR (cml): 2915 (w), 1697 (m), 1650 (s), 1574 (m), 1452 (m), 1362 (m), 1318 (s), 1256 (s), 1163
(s), 1096 (m), 763 (s), 729 (m), 550 (m), 419 (m).

MP: 265-267 °C.

MS (MALDI-TOF), m/z 478.4 (]M]").

'H-NMR (500 MHz, CDCls, 8): 8.79 (s, 4H), 4.60-4.55 (m, 4H), 3.10-3.05 (m, 4H), 2.49 (s, 6H).
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1BC-NMR (126 MHz, CDCl;, 8): 162.8, 131.2, 126.9 126.5, 40.1, 34.8, 23.1.
Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 126.9 and

126.5 ppm cannot be clearly assigned, they have the same ®Juc coupling to the signal at 8.79 ppm.

8.79/131.2

2.49/23.1 4.58/40.1
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7.5.15 N,N'-Di-(2'-thiolethyl)-1,4,5,8-naphthalenetetracarboxylic acid diimide (130)

Reaction Scheme

o] o]
N/\’S"S'CH3 PBu N/\,SH
o % o — o % 0
H3C'S'S/\’N MeOH/THF, rt, 2 h Hs~N
o] o
151 130
quant.

Experimental Procedure

To an oven-dried round-bottom flask were added 151 (8.32 mg, 17.4 umol, 1.0 equiv) and a 1:1
mixture of MeOH/THF (10 mL). After the reaction mixture was deoxygenated with argon for
5 min, tributylphosphane (80.0 uL, 272 umol, 15.7 equiv) was added. The progress of the reaction
was monitored by MALDI-TOF-MS analysis and after stirring at room temperature for 2 h com-
plete conversion was observed. The solvents were removed under reduced pressure to yield the
crude product as an oil which was used without further purification (product contained tribu-

tylphosphine oxide).

MS (MALDI-TOF), m/z 386.0 ([M]). (MALDI-TOF-MS analysis showed full conversion)
TH-NMR (500 MHz, CDCls, 8): 8.78 (s, 4H), 4.46-4.38 (m, 4H), 2.94-2.86 (m, 4H).
1BC-NMR (126 MHz, CDCl;, §): 162.9, 131.4, 126.9 126.7, 43.3, 22.4.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 126.9 and

126.7 ppm cannot be clearly assigned, they have the same 3Juc coupling to the signal at 8.79 ppm.
o)

8.79/131.4

4.40/43.3
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7.5.16 (E)-1((2,7)-Benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7 H)-tetraona)-6((4,4")-
1,2-diphenylethena)-4,8-dithiadecanodane (123)

Reaction Scheme

o/\/SHchog / 3

O
s~ J DMI, 60 °C, 17 h
O

129 130 123
9%

Experimental Procedure

To a flame-dried two-necked round-bottom flask was added dry DMI (200 mL) and deoxygen-
ated with argon for 15 min. K,CO3 (158 mg, 1.13 mmol, 10.8 equiv, dried for one day at 200 °C by
bulb-to-bulb distillation) was added to the solvent and stirred for 10 min. 130 (40.6 mg,
105.0 pmol, 1.0 equiv) in dry and deoxygenated DMI (10 mL) was added in one portion, followed
by the addition of 129 (38.4 mg, 105.0 pmol, 1.0 equiv) in one portion. The resulting reaction mix-
ture was heated at 60 °C and stirred for 17 h. After cooling to room temperature, the mixture was
diluted with CH.Cl, (50 mL), repeatedly washed with aq. HCl (2 M, 6 x 200 mL), dried over
MgSOy, and filtered. The solvents were removed under reduced pressure, the residue was purified
by column chromatography (SiO;, CH.Cl,/EtOAc 10:1) and GPC to afford the pure product
(5.70 mg, 9.65 pmol, 9%) as a neon orange solid.

HRMS (ESI): [M + Na|* caled for CssH26N204S,: 613.1226; found: 613.1226.
IR (cm'): 2920 (m), 2852 (w), 1703 (m), 1662 (s), 1452 (w), 1327 (s), 1243(s), 766 (m).
MP: above 340 °C.
H-NMR (400 MHz, CDCls, 8): 8.60 (s, 4H), 7.18 (d, 3Jun = 8.2 Hz, 4H), 6.79 (d, 3Jun = 8.2 Hz,
4H), 5.66 (s, 4H), 4.05-3.98 (m, 4H), 3.60 (s, 1H), 3.16-3.09 (m, 4H).
BC-NMR (151 MHz, CDCls, §): 163.2, 139.7, 134.5, 130.4, 129.7, 127.1, 126.7, 126.1, 125.6, 44.2,
37.9, 29.4.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 127.1 and
126.7 ppm cannot be clearly assigned, they have the same *Juc coupling to the signal at 8.53 ppm.

4.07/44.2 8.60/130.4
[¢]

TLC (SiO,, CH,Clo/EtOAc 10:1, UV): Ry = 0.40.
UV /Vis (CD2Cl): Auax (&max): 235 (27244), 330 (32500), 382 (8414) nm (mol - dm? - cm ).
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7.5.17 1-Methyl-4-nitrosobenzene (140)

Reaction Scheme

Oxone® C _
©/ - N
CH2C|2/H20, rt, 40 min o
139 140
38%
Experimental Procedure

4-Methylaniline (139; 4.29 g, 40.0 mmol, 1.0 equiv) was dissolved in CH,Cl, (100 mL) and a

solution of Oxone® (18.4 g, 60.0 mmol, 1.5 equiv) in H,O (300 mL) was added. The resulting reac-
tion mixture was stirred at room temperature for 40 min. The organic layer was separated and the
aqueous layer was extracted with CH,Cl, (2 x 30 mL). The combined organic layers were washed
with aq. HCI (1 M, 80 mL), sat. aq. NaHCOs3 (60 mL), and brine (50 mL). The organic phase was
dried over MgSQy, filtered, and the solvent was evaporated under reduced pressure to obtain the

pure product (1.83 g, 15.1 mmol, 38%, 1it.?') 59%) as a light green solid.

H-NMR (400 MHz, CDCl;, 8): 7.81 (d, *Jun = 8.3 Hz, 4H), 7.42-7.37 (m, 4H), 2.45 (s, 6H).
TLC (SiO», cyclohexane/EtOAc 1:2, UV): Ry = 0.55.

The characterization data are in agreement with the literature.?"
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7.5.18 (FE)-1,2-Di-p-tolyldiazene (138)

Reaction Scheme

0 AcOH
/© e HZNQ/ m, 14 h N:NQ/

140 139 138
84%

Experimental Procedure

To a round-bottom flask were added 140 (321 mg, 2.65 mmol, 1.3 equiv), 139 (214 mg,
2.00 mmol, 1.0 equiv), and AcOH (20 mL). The reaction mixture was stirred at room temperature
for 14 h. The solvent was evaporated under reduced pressure and the residue was purified by col-
umn chromatography (1%, short one: SiO», cyclohexane/EtOAc 6:1; 24 SiO,, cyclohexane/EtOAc
5:1) to yield the pure product (351 mg, 1.67 mmol, 84%, lit.*') 86%) as an orange solid.

IH-NMR (400 MHz, CDCl;, 8): 7.85-7.78 (m, 4H), 7.35-7.27 (m, 4H), 2.44 (s, 6H).
13C-NMR (101 MHz, CDCl,, 8): 151.0, 141.3, 129.8, 122.9, 21.6.
TLC (SiO», cyclohexane/EtOAc 5:1, UV): Ry = 0.57.

The characterization data are in agreement with the literature.?"!
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7.5.19 (FE)-1,2-Bis(4-(bromomethyl)phenyl)diazene (52)

Reaction Scheme

@CHS NBS, AIBN Q/\Br
Y e e
H3C

CCly, 85°C,16h  Br

138 52
43%

Experimental Procedure

To a solution of compound 138 (667 mg, 3.17 mmol) in CCl, (60 mL) were added NBS (1.31 g,
7.36 mmol, 2.3 equiv) and AIBN (39.0 mg, 233 pmol, 7.30 mol-%). The resulting mixture was
stirred at 85 °C for 16 h and the solvent was removed under reduced pressure. The residue was
dissolved in CH,Cl,, washed with sat. aq. NaHCO3 (40 mL), brine (60 mL), dried over MgSO,, and
filtered. After evaporation of the solvent, the orange solid was purified repeatedly by column
chromatography (SiOs, cyclohexane/CH,Cl, 1:1) to afford the pure product (503 mg, 1.37 mmol,
43%, 1it.21 42%) as an orange solid.

IH-NMR (400 MHz, CDCls, 8): 7.91-7.88 (m, 4H), 7.57-7.52 (m, 4H), 4.56 (s, 4H).
13C-NMR (101 MHz, CDCls, 8): 152.4, 140.9, 130.1, 123.5, 32.8.
TLC (SiO,, cyclohexane/CH,Cl, 1:1, UV): Ry = 0.82.

The characterization data are in agreement with the literature.?"
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7.5.20 (E)-1((2,7)-Benzo[lmn][3,8]phenanthroline-1,3,6,8-(2H,7H)-tetraona)-6((4,4")-
1,2-diphenyldiazena)-4,8-dithiadecanodane (137)

Reaction Scheme

)
o O N/\/SH+ N , : y KoCO3 /’@"\F ON)

DMF,75°C,16h S\ 2o o
o

130 52 137
17%

Experimental Procedure

To an oven-dried two-necked flask was added dry DMF (230 mL) and deoxygenated with ar-
gon for 5 min. After the addition of 130 (30.8 mg, 79.7 pmol, 1.0 equiv) and K.COj; (146 mg,
1.05 mmol, 13.1 equiv), the resulting mixture was heated at 75 °C. 52 (29.3 mg, 79.7 pmol,
1.0 equiv) in dry DMF (10 mL) was added to the hot solution over 1 h and the solution was
stirred at 75 °for 16 h. The solution was cooled to room temperature and the solvent was removed
under reduced pressure. The crude product was purified by column chromatography (1%, short one:
Si0,, EtOAc/CH,Cl, 1:5; 28 SiO,, EtOAc/CH,Cl; 1:10 to 1:5) and GPC to yield the pure product
(8.00 mg, 13.5 pmol, 17%) as a yellow solid.

HRMS (ESI): [M + H]* caled for C3HauN4O4S2: 593.1312; found: 593.1310.
IR (cm™): 2908 (w), 1702 (m), 1658 (s), 1579 (m), 1324 (s), 1242 (s), 851 (m), 765 (s).
MP: above 360 °C.
MS (MALDI-TOF), m/z 592.7 ([M] ).
'H-NMR (600 MHz, CD,Cls, 8): 8.53 (s, 4H), 7.33-7.30 (m, 4H), 7.21-7.15 (m, 4H), 4.01-3.98 (m,
4H), 3.65 (s, 4H), 3.19-3.15 (m, 4H).
BC-NMR (151 MHz, CD,Cl,, 8): 163.6, 150.0, 144.6, 130.9, 130.3, 127.0, 127.0, 123.4, 44.2, 38.3,
30.2.

Assignment of hydrogen and carbon atoms was done by 2D-NMR. Signals at 127.00 and
126.98 ppm cannot be clearly assigned, they have the same ®Jac coupling to the signal at 8.53 ppm.

F 56,08

6.98

127.00
127.00 9

3.16/30.2

4.00/44.2 8.53/130.9

TLC (SiO,, CH.Cly/EtOAc 10:1, UV (365 nm)): Ry = 0.33.
TLC (SiO,, CH,Cl,/MeOH 10:1, UV (365 nm)): Ry = 0.90.
UV /Vis (CD:Cls): Amax (&max): 350 (39721) nm (mol ' - dm? - cm ™).
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7.5.21 Thiomethyldimethyl Sulfonium Fluoroborate (161)

Reaction Scheme

1) Me,S,, MeCN, —40 °C, 45 min
[ME30]BF4 > [ME3SZ]BF4
2)0°C, 45 min
160 161
67%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added trimethyloxonium tetrafluorobo-
rate (160; 3.32 g, 22.4 mmol, 1.0 equiv) and dry MeCN (15 mL). The resulting mixture was cooled
to —40 °C and dimethyl disulfide (2.00 mL, 22.6 mmol, 1.1 equiv) was added. The reaction mixture
was stirred at —40 °C for 45 min, before it was warmed to 0 °C and stirred for 45 min. After the
addition of Et.O (30 mL), a white powder was formed and the precipitate was filtered off. The
white solid (2.94 g, 15.0 mmol, 67%, lit.?'? 82%) was stored in the freezer and used without further

purification.
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7.5.22 1-Methyl-3-nitrosobenzene (163)

Reaction Scheme

Oxone®
2, — Jo W

NH,
CH,Clo/H,0, t, 30 min

162 163

Experimental Procedure

To a two-necked round-bottom flask were added 3-methylaniline (162; 1.05 g, 9.74 mmol,
1.0 equiv) and CH,Cl, (40 mL). A solution of Oxone® (9.96 g, 32.4 mmol, 3.3 equiv) in H,O
(80 mL) was added and the resulting biphasic mixture was stirred at room temperature for 30 min.
The organic layer was separated and the aqueous layer was extracted with CH,Cl, (2 x 40 mL).
The combined organic layers were washed with aq. HC1 (1 M, 30 mL), sat. aq. NaHCO3 (70 mL),
and brine (50 mL). The organic phase was dried over MgSOy, filtered, and the solvent was evapo-
rated under reduced pressure. The crude product was purified by column chromatography (SiOs,

EtOAc/pentane 1:5) to yield the pure product (518 mg, lit.?*! 59%) as a green solid.

The product was not clean according to 'H-NMR analysis and, as a result, no yield was indi-

cated.
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7.5.23 (FE)-1,2-Di-m-tolyldiazene (164)

Reaction Scheme

Wl o

rt, 16 h

163 162 164
52%

Experimental Procedure

To a one-necked round-bottom flask were added 163 (518 mg, 4.27 mmol, 1.2 equiv), 162
(392 mg, 3.62 mmol, 1.0 equiv), and AcOH (40 mL). The resulting mixture was stirred at room
temperature for 16 h, diluted with H,O, and extracted with EtOAc. The aqueous phase was sepa-
rated. The organic phase was washed with H,O (2 x 30 mL), brine (40 mL), dried over MgSOy,
and filtered. After evaporating the solvent under reduced pressure, the crude product was filtered
through a silica gel plug and washed with CH,Cl, (200 mL). A final purification by column chro-
matography (SiO2, CH>Cly) afforded the pure product (393 mg, 1.87 mmol, 52%, lit.?* 55%) as an

orange solid.

"H-NMR. (400 MHz, CDCl;, 8): 7.74-7.70 (m, 4H), 7.43-7.38 (m, 2H), 7.29 (d, 3Jus = 7.5 Hz,
2H), 2.46 (s, 6H).
TLC (SiOQ, CHQCIQ, UV) Rf = 0.85.

The characterization data are in agreement with the literature.®?"
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7.5.24 (E)-1,2-Bis(3-(bromomethyl)phenyl)diazene (165)

Reaction Scheme

H3C@N N@CH?, w Br\/@N N@/\Br

CCly, 69°C, 15 h

164 165
19%

Experimental Procedure

To a deoxygenated solution of 164 (393 mg, 1.87 mmol, 1.0 equiv) in CCl (20 mL) were added
NBS (669 mg, 3.76 mmol, 2.0 equiv) and AIBN (27.0 mg, 161 pmol, 8.6 mol-%). The resulting
mixture was stirred at 69 °C for 15 h and the solvent was removed under reduced pressure. The
residue was purified by column chromatography (1%%: SiO, CH,Cly; 2'%: SiO,, cyclohexane/CH>Cly
2:1) to obtain the pure product (131 mg, 356 pmol, 19%, lit.?') 35%) as a bright orange solid.

IH-NMR (400 MHz, CDCl;, 8): 7.98 7.93 (m, 2H), 7.90-7.86 (m, 2H), 7.55-7.50 (m, 4H), 4.59 (s,
4H).

1BC-NMR (101 MHz, CDCls, 8): 152.9, 139.1, 131.8, 129.8, 123.6, 123.1, 32.9.

TLC (SiO,, cyclohexane/CH,Cl, 1:1, UV): Ry = 0.83.

The characterization date are in agreement with the literature.'?!
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7.5.25 2-(Tritylsulfanyl)ethanamine (167)

Reaction Scheme

TFA

PR Ph 4 CIHN —_— Phy Ph
Ho™ph T 0 S HoN g Xy,
rt,1h
166 148 167
quant.

Experimental Procedure

Triphenylmethanol (166; 2.42 g, 9.00 mmol, 1.0 equiv) was added to a solution of 148 (1.03 g,

9.08 mmol, 1.0 equiv) in TFA (10 mL). The resulting solution was stirred at room temperature for

1 h and the solvent was removed under reduced pressure. The residue was dissolved in EtOAc

(60 mL), washed with aq. NaOH (1 M, 2 x 30 mL), brine (40 mL), dried over MgSO,, and filtered.

The solvent was evaporated under reduced pressure and the pure product (3.09 g, 9.67 mmol,

quant., lit.?¥) 85%) was obtained as a white solid.

TH-NMR. (400 MHz, CD30D, 8): 7.47-7.42 (m, 6H), 7.36-7.29 (m, 6H), 7.28-7.23 (m, 3H), 2.62—

2.53 (m, 2H), 2.54-2.45 (m, 2H).

1BC-NMR (126 MHz, CDsOD, 8): 145.6, 130.7, 129.2, 128.2, 68.4, 39.6, 30.1.

The characterization data are in agreement with the literature.?'
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7.5.26 N,N'-Di-(2'-hydroxyethyl)-1,4,5,8-naphthalenetetracarboxylic acid diimide
(169)

Reaction Scheme

o) o)
o DMF N~-OH
HzN/\’OH + O O 0o — O O o)
O O 90°C,2h [o~N O
o) o)
168 125 169

76%

Experimental Procedure

Ethanolamine (168; 5.0 mL, 82.8 mmol, 8.8 equiv) was added to a solution of 125 (2.51 g,
9.37 mmol, 1.0 equiv) in dry DMF (40 mL). The reaction mixture was heated at 90 °C for 2 h. The
formed precipitate was filtered off, cooled to room temperature, and washed with acetone (40 mL).

The pure product (2.52 g, 7.13 mmol, 76%, 1it.’”) 81%) was obtained as a brown solid.

TH-NMR (400 MHz, (CDs):SO, 8): 8.61 (s, 4H), 4.85 (t, *Jun = 6.0 Hz, 2H), 4.16 (t, *Jun =
6.4 Hz, 4H), 3.65 (q, *Jus = 6.2 Hz, 4H).
BC-NMR (101 MHz, (CD3),SO, 8): 162.7, 130.3, 126.2, 126.0, 57.7, 42.3.

The characterization data are in agreement with the literature.?'
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7.5.27 4,4'-Dihydroxyazobenzene (171)

Reaction Scheme

1. NaNO, (in H,0), 1 M HCI, MeOH, 0 °C Ol
NH, 2 2 (]’
iy

HO/© g

2. PhOH, KOH (in MeOH), 0 °C, 2 h HO

170 171
10%

Experimental Procedure

4-Hydroxyaniline (170; 6.39 g, 58.0 mmol, 1.0 equiv) was dissolved in aq. HCI (1 M, 100 mL)
and cooled to 0 °C. An aqueous solution of sodium nitrite (4.08 g, 58.0 mmol, 1.0 equiv) in H,O
(20 mL) was added dropwise over 20 min to this solution. The mixture was diluted by adding pre-
cooled (4 °C) MeOH (200 mL). To a second flask phenol (5.51 g, 58.0 mmol, 1.0 equiv), KOH
(6.53 g, 116 mmol, 2.0 equiv) and MeOH (40 mL) were added and cooled to 0 °C. The phenolate
solution was added dropwise over 30 min under constant stirring to the first reaction mixture. The
red solution was stirred at 0 °C for 2 h before the reaction was quenched with aq. HCl (1 M) and
the mixture was acidified until the pH value reached 7. CH,Cl, was added, the separated aqueous
layer acidified (pH = 1) with aq. HCl (3 M), and diluted with CH>Cl, (100 mL). The aqueous
phase was separated, the organic layers were combined, dried over MgSQy, filtered, and the solvent
was removed under reduced pressure. The residue was purified three times by column chromatog-
raphy (SiO., cyclohexane/EtOAc 1:1). The mixed fractions were combined and recrystallized from
AcOH.

Filter cake: black solid; mother liquor: filtrated after cooling to room temperature and the
formed orange filter cake was isolated. Both filter cakes (both contained pure product) were com-

bined and yielded the pure product (1.21 g, 5.65 mmol, 10%, 1it.’'% 36%) as an orange/black solid.

MS (ESI), m/z 215.0 (M + H]").

TH-NMR (400 MHz, (CD3),S0, 8): 10.11 (s, 2H), 7.74-7.68 (m, 4H), 6.93-6.88 (m, 4H).
13C-NMR (101 MHz, (CD3),S0, 8): 159.9, 145.2, 124.1, 115.7.

TLC (SiO,, cyclohexane/EtOAc 1:1, UV): Ry = 0.38.

The characterization data are in agreement with the literature.?¢
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7.5.28 N-Benzyloxycarbonyl-2-bromoethylamine (174)

Reaction Scheme

NEt3 (0]

O
(o}
Br\/\NH:,Br + é;{"ioj\o/@ —_— Br\/\HJLO/\G
(o}

CH,Cl,, 0°C, 1 h

172 173 174
96%

Experimental Procedurel'7

To a two-necked round-bottom flask were added 2-bromoethylamine hydrobromide (172;
1.23 g, 6.00 mmol, 1.2 equiv), N-(benzyloxycarbonyloxy)succinimide (173; 1.37 g, 5.22 mmol,
1.0 equiv), and CHyCly (50 mL). The reaction mixture was cooled to 0 °C and NEts; (0.75 mL,
5.28 mmol, 1.0 equiv) was slowly added while keeping the temperature at 0 °C. After stirring for
1 h, the solvent was removed under reduced pressure, and the residue white solid was purified by
column chromatography (SiOs, cyclohexane/EtOAc 3:1) to yield the pure product (1.29 g,
5.00 mmol, 96%) as a white solid.

IH-NMR (400 MHz, CDCl;, 8/ppm): 7.40-7.31 (m, 5H), 5.12 (s, 2H), 3.61 (q, *Jun = 5.9 Hz, 2H),
3.47 (t, *Jun = 5.9 Hz, 2H).

13C-NMR (101 MHz, CDCl;, 8/ppm): 156.3, 136.4, 128.7, 128.4, 128.3, 67.1, 42.9, 32.6.

TLC (SiOs, cyclohexane/EtOAc 2:1, UV, KMnOy): Ry = 0.35.

The characterization data are in agreement with the literature.?'
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7.5.29 4,4'-Di[y-(NN-benzyloxycarbonyl)aminoethanoxy]azobenzene (175)

Reaction Scheme

o}

o HO NaH o O
X L - 5 L,
oo " NQOH DMF, 60 °C, 4 h ’ " NQO/\,HYoJi)
174 171 175 ©

26%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added NaH (60%, 113 mg, 2.82 mmol,
2.9 equiv) and dry DMF (10 mL). 171 (206 mg, 962 umol, 1.0 equiv) dissolved in dry DMF
(10 mL) was added dropwise to the previous solution. The resulting mixture was stirred at room
temperature for 20 min and 174 (575 mg, 2.23 mmol, 2.3 equiv) was added in one portion. After
stirring at 60 °C for 16 h, the solvent was evaporated under reduced pressure. The residue was
recrystallized from a 1:1 mixture of 2-butanol/EtOH (40 mL) and the obtained crystals were puri-
fied by column chromatography (SiO2, cyclohexane/EtOAc 2:1 to 1:2) to afford the pure product
(141 mg, 248 pmol, 26%, lit.P) 65%) as a yellow solid.

TH-NMR (400 MHz, (CD3),S0, 8): 7.83 (d, 3Jun = 8.9 Hz, 4H), 7.54 (t, *Jun = 5.6 Hz, 2H), 7.39—
7.28 (m, 10H), 7.11 (d, *Jun = 9.0 Hz, 4H), 5.04 (s, 4H), 4.10 (t, *Jun = 5.6 Hz, 4H), 3.42 (q, *Jim
= 5.7 Hz, 4H).

BC-NMR (101 MHz, (CD;).SO, 8): 160.7, 156.3, 146.2, 137.1, 128.4, 127.8, 127.8, 124.2, 115.0,
66.8, 65.4.

TLC (SiO», cyclohexane/EtOAc 1:1, UV): Ry = 0.34.

The characterization data are in agreement with the literature.?"
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7.5.30 4,4'-Di(y—aminoethanoxy)azobenzene (176)

Reaction Scheme

(o]
@AOJLN’\/"@ 1) HBr (30% in ACOH), 1t, 1h  H;N"~©
H NN

=N
il N
O/\,HWOVQ 2) 1M NaOH, rt, 1 h @O/\,NHZ
(o]

175 176
81%

Experimental Procedure

175 (54.0 mg, 95.0 pmol, 1.0 equiv) was dissolved in HBr (30% in AcOH, 2.00 mL, 10.0 mmol,
106 equiv) and stirred at room temperature for 1 h. The formed red precipitate was filtered off,
washed with Et,O (30 mL), and dried under high vacuum to yield 4,4'di[y-aminoethanoxy]-
azobenzene dihydrobromide (43.0 mg). The red solid was subsequently dissolved in aq. NaOH
(1 M, 2 mL) and stirred at room temperature for 1 h. The yellow precipitate was filtered off and
washed with HyO (30 mL) to yield the pure product (23.0 mg, 76.6 pmol, 81%, lit.’>") 49%) as a

yellow solid.

1H-NMR (400 MHZ, (CD;)gSO, 8) 7.83 (d, SJHH =89 HZ, 41’1)7 7.11 (d, 3JHH = 8.9 I’IZ7 41’1)7 4.01
(t, 3Jun = 5.7 Hz, 4H), 2.90 (t, 3Jun = 5.7 Hz, 4H), 1.56 (s, 4H, NH,).
BC-NMR. (101 MHz, (CD3),S0, 8): 161.0, 146.1, 124.1, 115.0, 70.7, 40.9.

The characterization data are in agreement with the literature.?!
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7.5.31 4-(2-Chloroethyl)benzaldehyde (178)

Reaction Scheme

Ox-OH Ox-H
1. BH3 THF, THF, rt, 3.5 h

2. MHOQ, CH20|2, rt, 177 h
Cl Cl

177 178
55%

Experimental Procedure

To an oven-dried flask were added 4-(2-chloroethyl)benzoic acid (177; 2.00 g, 10.8 mmol,

1.0 equiv) and dry THF (40 mL). The resulting mixture was cooled to 0 °C and BHyTHF (1 M,
16.0 mL, 16.0 mmol, 1.5 equiv) was added dropwise over 30 min. The suspension was stirred at
room temperature for 2 h and aq. H2SO4 (1 M, 36 mL) was added. The mixture was stirred at
room temperature for 1 h and extracted with EtOAc (2 x 30 mL). The combined organic layers
were washed with brine (40 mL), dried over MgSOy, filtered, and the solvent was evaporated under
reduced pressure. The residue was dissolved in CH,Cl, (50 mL) and MnO, (10.0 g, 100 mmol,
10.6 equiv) was added. The reaction mixture was stirred at room temperature for 17 h. The mix-
ture was filtered through a Celite® pad and the filtrate was concentrated under reduced pressure to
obtain a yellow liquid, which was purified by column chromatography (SiOs, cyclohexane/EtOAc
4:1) to obtain the pure product (998 mg, 5.92 mmol, 55%, lit.?! 91%) as a white solid.

GC-MS (EI), m/z (% relative intensity, ion): 168.0 (99.2, [M]*), 139.0 (29.5, [M — CHOJ"), 119.8
(100, [M — CH,CIJ*), 105.1 (21.2, [M — EtCIJ*).

'H-NMR (400 MHz, CDCls, 8): 10.00 (s, 1H), 7.87-7.83 (m, 2H), 7.40 (d, *Jun = 8.0 Hz, 2H), 3.76
(t, 3Jun = 7.1 Hz, 2H), 3.16 (t, *Ji = 7.1 Hz, 2H).

BC-NMR (101 MHz, CDCls, 8): 192.0, 145.3, 135.4, 130.2, 129.7, 44.4, 39.2.

TLC (SiO», cyclohexane/EtOAc 2:1, UV): Ry = 0.45.
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7.5.32 1-(2-Chloroethyl)-4-vinylbenzene (180)

O H _CH,
@ n-BuLi
Hsc-P.Br +
[: ] [ :] THF, =78 °Ctort, 15 h
Cl
179 178

Reaction Scheme

Cl

180
73%

Experimental Procedure

To an oven-dried flask was added dry THF (40 mL) and cooled to —78 °C. Methyltri-
phenylphosphonium bromide (179; 1.20 g, 3.32 mmol, 1.0 equiv) and n-BuLi (1.6 M in hexanes,
2.5 mL, 4.00 mmol. 1.2 equiv) were added and stirred at —78 °C for 30 min. 178 (556 mg,
3.30 mmol, 1.0 equiv) in dry THF (10 mL) was added dropwise over 30 min to the solution. The
reaction mixture was warmed to room temperature over 3 h, before it was quenched by the addi-
tion of H,O (50 mL) and diluted with EtOAc (70 mL). The organic layer was separated and the
aqueous layer was extracted with EtOAc (2 x 60 mL). The combined organic layers were washed
with brine (50 mL), dried over MgSOQy, filtered, and the solvent removed under reduced pressure.
The residue was purified by column chromatography (SiO», cyclohexane/EtOAc 3:1) to obtain the
pure product (400 mg, 2.40 mmol, 73%) as a yellow liquid.

GC-MS (EI), m/z (% relative intensity, ion): 166.1 (43.2, [M]"), 117.1 (100, [M — CH2CIl]").
'H-NMR (400 MHz, CDCls, 8): 7.40-7.35 (m, 2H), 7.22-7.17 (m, 2H), 6.71 (dd, *Jun = 17.6 Hz,
3Jun = 10.9 Hz, 1H), 5.77-5.70 (m, 1H), 5.26-5.21 (m, 1H), 3.71 (t, *Jun = 7.4 Hz, 2H), 3.06 (t,
3Jun = 7.4 Hz, 2H).

13C-NMR (101 MHz, CDCl;, 8): 137.8, 136.6, 136.4, 129.1, 126.6, 113.8, 45.0, 39.0.

TLC (SiO», cyclohexane/EtOAc 2:1, UV): Ry = 0.68.
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7.6 Syntheses of Linear cNDIs with Different Protecting Groups

7.6.1 4-(tert-Butoxycarbonylamino)benzoic acid (182)

Reaction Scheme

>
W2 NEts, Boc,0 P
CoH 1,4-dioxane/H,0, rt, 15 h
CO,H
181 182

87%

Experimental Procedure

4-Aminobenzoic acid (181; 1.37 g, 10.0 mmol, 1.0 equiv) was dissolved in a 26:15 mixture of
1,4-dioxane/H,O (205 mL) and NEt; (2.8 mL, 19.7 mmol, 2.0 equiv) was added, followed by the
addition of di-t-butyl dicarbonate (4.38 g, 19.7 mmol, 2.0 equiv). The resulting solution was stirred
at room temperature for 15 h. The solvents were removed under reduced pressure, the residue was
dissolved in aq. HCI (3 M, 100 mL), and the resulting white solid was filtered off to afford the pure
product (2.05 g, 8.65 mmol, 87%, lit.’??) 94%).

TH-NMR (400 MHz, (CD3),SO, 8): 9.73 (s, 1H, NH), 7.83 (d, *Jun = 8.8 Hz, 2H), 7.55 (d, *Jus =
8.8 Hz, 2H), 1.48 (s, 9H).
1BC-NMR (101 MHz, (CD;),SO, 8): 167.0, 152.5, 143.8, 130.3, 123.9, 117.2, 79.6, 28.0.

The characterization data are in agreement with the literature.??
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7.6.2 2-Nitrobenzyl 4-((tert-butoxycarbonyl)amino)benzoate (184)

Reaction Scheme

>
>Lo oPNH
A Y EDC.DMAP @
B ——
@ OZNID DMF, i, 180 K
COLH Ij
O,N
182 183 184

Experimental Procedure

To a solution of 182 (241 mg, 1.01 mmol, 1.0 equiv) in dry DMF (15 mL) were added EDC
(200 uL, 1.12 mmol, 1.1 equiv) and DMAP (29.0 mg, 235 nmol, 23.2 mol-%). The mixture was
stirred at room temperature for 10 min and 2-nitrobenzyl alcohol (183; 226 mg, 1.48 mmol,
1.5 equiv) was added. The resulting mixture was stirred at room temperature for 18 h and was
diluted with H,O (50 mL) and CH,Cl, (80 mL). The aqueous layer was extracted with CH,Cl,
(2 x 50 mL), the combined organic layers were dried over MgSOy, and filtered. The solvents were
evaporated under reduced pressure and the residue was purified by column chromatography (SiOs,

cyclohexane/EtOAc 3:1) to yield the pure product (91.0 mg, 244 pmol, 24%) as a yellow solid.

HRMS (ESI): [M + H]* caled for CioHyN2Og: 373.1394; found: 373.1211.

'H-NMR (400 MHz, (CD;),SO, 8): 9.82 (s, 1H, NH), 8.14 (dd, *Jim = 8.2 Hz, “Jim = 1.1 Hz, 1H),
7.90 (d, 3Juu = 8.8 Hz, 2H), 7.84-7.75 (m, 2H), 7.69-7.54 (m, 3H), 5.63 (s, 2H), 1.49 (s, 9H).
1BC-NMR (126 MHz, (CD3),SO, 8): 164.9, 152.5, 147.5, 144.6, 134.2, 131.6, 130.5, 129.4, 129.4,
124.9, 122.2, 117.4, 79.8, 62.8, 28.0.
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7.6.3 2-Nitrobenzyl-4-aminobenzoate (185)

Reaction Scheme

j\o NH;TFA
O NH

tE CH,CI,/TFA

—_—
o~o
oo rt, 6 h
O,N

ON

184 185

Experimental Procedure

184 (91.0 mg, 244 pumol, 1.0 equiv) was added to a 1:1 mixture of CH,Cl,/TFA (8.0 mL) and

stirred at room temperature for 6 h. The solvents were removed under reduced pressure to isolate

the white product (89.0 mg) as the TFA salt.

GC-MS (EI), m/z (% relative intensity, ion): 272.1 (18.8, [M]*).

TH-NMR (400 MHz, (CD;),SO, §): 8.12 (dd, *Jun = 8.2 Hz, “Jun = 1.3 Hz, 1H), 7.83-7.72 (m,

2H), 7.71-7.59 (m, 3H), 6.62-6.56 (m, 2H), 5.56 (s, 2H).

BC-NMR (101 MHz, (CD;),S0O, 8): 165.3, 153.6, 147.5, 134.1, 132.0, 131.3, 129.3, 129.2, 124.8,

115.1, 112.9, 62.1.
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7.6.4 1-(2-Nitrophenyl)-ethanol (187)

Reaction Scheme

NO, NaBH, NO,
ae geae
1,4-dioxane/MeOH, 0 °C to rt, 3 h

186 187
99%

Experimental Procedure

o-Nitroacetophenone (186; 7.31 g, 44.2 mmol, 1.0 equiv) was dissolved in a 6:4 mixture of 1,4-
dioxane/MeOH (100 mL) and stirred at 0 °C for 10 min. NaBH, (3.51 g, 89.1 mmol, 2.0 equiv) was
carefully added to the reaction mixture (highly exothermic). The resulting solution was warmed to
room temperature, stirred for 3 h, and quenched by the addition of acetone (50 mL). The solvents
were removed under reduced pressure and the residue was dissolved in EtOAc (70 mL). The solu-
tion was washed with H,O (3 x 50 mL), dried over MgSOy, filtered, and concentrated under re-

duced pressure to yield the pure product (7.32 g, 43.8 mmol, 99%, 1it.? 99%) as a yellow oil.

H-NMR (400 MHz, (CD3),S0, 8): 7.90-7.78 (m, 2H), 7.72 (td, *Jin = 7.6 Hz, *Jun = 1.3 Hz,
1H), 7.54-7.44 (m, 1H), 5.50 (d, *Jiun = 4.4 Hz, 1H), 5.12 (qd, *Jim = 6.4 Hz, 3Jun = 4.3 Hz, 1H),
1.38 (d, *Jun = 6.4 Hz, 3H).

TLC (SiO;, cyclohexane/EtOAc 4:1, UV): Ry = 0.13.

The characterization data are in agreement with the literature.??
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7.6.5 1-(1-Bromoethyl)-2-nitrobenzene (188)

Reaction Scheme

NO, CBry, PPh3 NO,
A v G
THF, rt, 30 min
187 188

82%

Experimental Procedure

187 (1.64 g, 9.82 mmol, 1.0 equiv), triphenylphosphine (3.98 g, 15.0 mmol, 1.5 equiv), and
CBry (5.04 g, 15.1 mmol, 1.5 equiv) were dissolved in dry THF (10 mL) and the resulting mixture
was stirred for 30 min at room temperature. The solution was filtered and concentrated under re-
duced pressure. The residue was purified by column chromatography (SiO,, cyclohexane/EtOAc
5:1 to 4:1) to afford the pure product (1.89 g, 8.17 mmol, 82%, 1it.* 97%) as a brown oil.

GC-MS (EI), m/z (% relative intensity, ion): 150.1 (100, [M — Br]").

IH-NMR (400 MHz, CDCls, 8): 7.91-7.81 (1, 2H), 7.64 (td, *Jux = 7.6, *Jun = 1.4 Hz, 1H), 7.47—
7.40 (m, 1H), 5.81 (q, *Jin = 6.9 Hz, 1H), 2.09 (d, *Jun = 6.9 Hz, 3H).

1BC.NMR (101 MHz, CDCl, 8): 137.9, 133.5, 130.0, 129.0, 124.5, 41.9, 27.3.

TLC (SiO,, cyclohexane/EtOAc 4:1, UV): Ry = 0.39.

The characterization data are in agreement with the literature.?*
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7.6.6 1-(2-Nitrophenyl)ethyl-4-((tert-butoxycarbonyl)amino)benzoate (189)

Reaction Scheme

>,
>LO OJNNH
O NH . Br K,CO3
i I) —_—
O,N DMF, rt, 18 h oo
CO,H
ON
182 188 189

95%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 182 (2.42 g, 10.2 mmol,
1.2 equiv), KoCOs (1.42 g, 10.2 mmol, 1.2 equiv), and dry DMF (80 mL). The mixture was stirred
at room temperature for 30 min and 188 (1.96 g, 8.50 mmol, 1.0 equiv) was added. The resulting
solution was stirred at room temperature for 17 h and H,O (40 mL) and EtOAc (50 mL) were
added. The organic layer was separated and the aqueous phase was extracted with EtOAc
(2 x 30 mL). The combined organic layers were washed with brine (40 mL), dried over MgSOy,
filtered, and the solvent was evaporated under reduced pressure. The residue was purified twice by
column chromatography (SiO,, cyclohexane/EtOAc 3:1) to yield the pure product (3.11 g,
8.05 mmol, 95%) as a white solid.

HRMS (ESI): [M + H]* caled for CagH2N>Og: 387.1551; found: 387.1545.

IH-NMR (250 MHz, CDCl;, 3): 8.03-7.92 (m, 3H), 7.71 (dd, *Jux = 7.9 Hz, “Jun = 1.5 Hz, 1H),
7.61 (td, 3Jium = 7.8 Hz, “Jun = 1.3 Hz, 1H), 7.50-7.39 (m, 3H), 6.68 (s, 1H, NH), 6.54 (q, *Jun =
6.5 Hz, 1H), 1.77 (d, *Jun = 6.5 Hz, 3H), 1.53 (s, 9H).

IH-NMR (250 MHz, (CD3),S0, 8): 9.80 (s, 1H, NH), 7.99 (dd, *Ju = 8.1 Hz, “Jus = 1.3 Hz, 1H),
7.95-7.70 (m, 4H), 7.65-7.50 (m, 3H), 6.30 (q, *Jin = 6.5 Hz, 1H), 1.70 (d, *Jum = 6.5 Hz, 3H),
1.48 (s, 9H).

BC-NMR (101 MHz, (CD3),SO, 8): 164.6, 152.4, 147.6, 144.5, 136.8, 134.1, 130.4, 129.1, 127.5,
124.1, 122.3, 117.3, 79.8, 67.7, 28.0, 21.5.

TLC (SiO, cyclohexane/EtOAc 2:1, UV): Ry = 0.44.
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7.6.7 (2-Nitrophenyl)ethyl-4-aminobenzoate (190)

Reaction Scheme

>

NH,
OANH
CH,CL,/TFA
(o6}
o0
N
189

|

=3

,1h )Ij
e °
O,N

190
90%

Experimental Procedure

189 (3.08 g, 7.98 mmol, 1.0 equiv) was dissolved in a 2:1 mixture of CH,Cl,/TFA (30 mL) and
stirred at room temperature for 1 h. The solvents were removed under reduced pressure, the resi-
due was dissolved with CH,Cl, (120 mL), and washed with sat. aq. NaHCOj; (90 mL). The organic
layer was separated and the aqueous layer was extracted with CH>Cly (2 x 30 mL). The combined
organic layers were dried over MgSQ,, filtered, and concentrated under reduced pressure. The pure

product (2.06 g, 7.20 mmol, 90%) was isolated as a yellow solid.

GC-MS (EI), m/z (% relative intensity, ion): 286.1 (99.0, [M]*), 151.1 (6.2, [M — C;HgNO,]"),
137.0 (88.1, [M — CsHoNOJJ*).

HRMS (ESI): [M + H|* caled for CisHiuN2Oy4: 287.1026; found: 287.1026.

IH-NMR (400 MHz, (CD3),SO, 8): 7.97 (dd, *Jux = 8.2 Hz, "Juy = 1.3 Hz, 1H), 7.82-7.73 (m,
92H), 7.70-7.62 (m, 2H), 7.61-7.52 (m, 1H), 6.62-6.52 (m, 2H), 6.24 (q, *Jun = 6.5 Hz, 1H), 6.03 (s,
2H), 1.67 (d, *Jun = 6.5 Hz, 3H).

BC.NMR (101 MHz, (CD;).S0, 8): 164.9, 153.8, 147.6, 137.3, 134.0, 131.3, 128.9, 127.4, 124.1,
115.1, 112.6, 66.8, 21.6.

TLC (SiO,, cyclohexane/EtOAc 2:1, UV): Ry = 0.22.
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7.6.8 N,N'-Di-4'-(1'-(2'-nitrophenyl)ethyl)benzoate-2,6-dipiperidinyl-1,4,5,8-naph-

thalenetetracarboxylic acid diimide (191)

Reaction Scheme

{5 @*5©
NO, NH (o] )AcOH, 120 °C, 2 h O,N
@(OW(Q + 0 O
0 2) DMF, K,COg3, piperidine, 80 °C, 11 h NO,
o ¢l @( )]/g
190 14 191

1%

Experimental Procedure

190 (970 mg, 3.39 mmol, 4.0 equiv) and 14 (286 mg, 848 pmol, 1.0 equiv) were dissolved in
AcOH (100 mL) and heated at 120 °C for 2 h. The reaction mixture was cooled to room tempera-
ture and the solvent was removed under reduced pressure. The residue was dissolved in CH,Cl; and
aq. HC1 (1 M, 50 mL) was added. The organic layer was separated and the aqueous phase was
extracted with CH,Cly (2 x 40 mL). The combined organic layers were washed with brine (40 mL),
dried over MgSQy, and filtered. The solvent was evaporated under reduced pressure and the resi-
due was dried under high vacuum. The residue (740 mg), KoCO; (243 mg, 1.74 mmol), dry DMF
(15 mL), and piperidine (5.0 mL, 50.1 mmol) were added to a microwave vial. The vial was sealed
and heated in the microwave reactor at 80 °C for 11 h. H,O (80 mL) and CH:Cl, (50 mL) were
added and the organic layer was separated. The aqueous layer was extracted with CHyCl,
(2 x 50 mL), the combined organic layers were dried over MgSQO,, and filtered. The solvent was
evaporated under reduced pressure and the residue was purified by column chromatography (1%:
Si0,, CH.Cl/EtOAc 20:1 to 15:1 to 10:1; 2% SiO,, CH,Cly/EtOAc 20:1 to 15:1; 3 SiO,,
CH.Cly,/EtOAc 15:1 to 1:10) to obtain the pure product (11.0 mg, 11.3 pmol, 1% over two steps)

as a blue solid.

HRMS (ESI): [M + H|" calcd for Cs:HusNgO12: 971.3246; found: 971.3248.

IH-NMR (500 MHz, CDCls, 3): 8.50 (s, 2H), 8.20-8.24 (m, 4H), 8.01 (dd, 3Jiy = 8.2 Hz, iy =
1.3 Hz, 2H), 7.75 (dd, *Jux = 7.9 Hz, “Jun = 1.4 Hz, 2H), 7.65 (td, *Jun = 7.6 Hz, “Jix = 1.3 Hz,
9H), 7.48 7.4 (m, 2H), 7.43-7.39 (m, 4H), 6.62 (q, *Jun = 6.5 Hz, 2H), 3.38 (t, *Juy = 5.3 Hz,
8H), 1.82 (d, *Jim = 6.5 Hz, 6H), 1.80-1.75 (m, SH), 1.71-1.67 (m, 4H).

BC.NMR (126 MHz, CDCls, §): 164.8, 163.3, 161.8, 152.6, 147.9, 140.6, 138.2, 133.9, 131.0, 130.3,
129.3, 128.6, 127.2, 126.1, 125.9, 125.0, 124.7, 109.3, 69.2, 53.8, 26.4, 24.0, 22.3.

TLC (Si0,, CH,CL/EtOAc 10:1, UV): R, = 0.62.
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7.6.9 tert-Butyl-4-nitrobenzoate (193)

Reaction Scheme

NO NO,
2 HO'Bu, DMAP, DCC

C?L)H CH,CI,/DMF,0°Ctort,14h OO

192 193
83%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 4-nitrobenzoic acid (192; 7.69 g,
45.1 mmol, 1.0 equiv), tert-butanol (6.50 mL, 67.7 mmol, 1.5 equiv), DMAP (559 mg, 4.53 mmol,
0.1 equiv), and a 10:1 mixture of dry CH»Cl,/DMF (220 mL). The solution was cooled to 0 °C and
DCC (10.3 g, 49.6 mmol, 1.1 equiv) was added in two portions. The reaction mixture was warmed
to room temperature and stirred for 14 h. The formed precipitate was filtered off and washed with
CH.Cl, (40 mL). The filtrate was washed with aq. HCl (1 M, 2 x 50 mL), brine (50 mL), dried
over MgSOy, and filtered. The solvents were removed under reduced pressure and the resulting oil
was purified by column chromatography (SiO», cyclohexane/EtOAc 10:1 to 4:1) to obtain the pure
product (8.37 g, 37.5 mmol, 83%, lit.?? 72%) as a brown solid.

IH-NMR (400 MHz, CDCl;, 8): 8.28 8.22 (m, 2H), 8.17-8.12 (m, 2H), 1.62 (s, 9H).
BC-NMR (101 MHz, CDCl;, 8): 163.9, 150.4, 137.6, 130.6, 123.5, 82.7, 28.2.
TLC (SiOs, hexane/EtOAc 5:1, UV): Ry = 0.83.

The characterization data are in agreement with the literature.??4
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7.6.10 tert-Butyl-4-aminobenzoate (194)

Reaction Scheme

NO, NH;
? Pd/C (10 %), Ha (1 bar) ?

O/T\ MeOH, rt, 16 h o/(i)\
193 194

95%

Experimental Procedure

To a two-necked round-bottom flask were added 193 (8.16 g, 36.5 mmol, 1.0 equiv) and MeOH
(300 mL). Pd/C (10%, 830 mg, 780 pumol, 2.13 mol-%) was added and the reaction mixture was
purged with H, and stirred under H, atmosphere (1 bar) at room temperature for 16 h. The mix-
ture was filtered through a Celite® pad and the solvent was evaporated under reduced pressure.
The residue was purified by column chromatography (SiOs, cyclohexane/EtOAc 5:1 to 7:2) to yield
the pure product (6.78 g, 34.7 mmol, 95%, lit.’?) quant.) as a white solid.

GC-MS (EI), m/z (% relative intensity, ion): 193.1 (13.4, [M]*), 137.1 (100, [M — C,Hs]"), 120.1
(86.8, [M — C,Hs0]").

'H-NMR (400 MHz, (CD;).SO, 8): 7.60-7.55 (m, 2H), 6.57-6.51 (m, 2H), 5.85 (s, 2H, NH), 1.49
(s, 9H).

1BC-NMR (101 MHz, (CD;),SO, 8): 165.3, 153.0, 130.9, 117.6, 112.5, 78.8, 28.0.

TLC (SiO,, cyclohexane/EtOAc 5:1, UV): Ry = 0.01.

TLC (SiO,, cyclohexane/EtOAc 2 :1, UV): R; = 0.36.

The characterization data are in agreement with the literature.?!
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7.6.11 N,N'-Di-(4'-tert-butylbenzoate)-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic
acid diimide (195)

Reaction Scheme

(o]
cl i cl i /©)LOJ<
°OJ< o O 0 AcOH, 130 °C, 30 min o O N
@)L + -
H,oN O. O CIO pN O Clo
(o] O. (o]
Ty

194 14 195

Experimental Procedure

To a flask were added 194 (254 mg, 1.31 mmol, 4.4 equiv) and AcOH (40 mL). The solution
was heated at 130 °C and 14 (103 mg, 306 pmol, 1.0 equiv) was added. The resulting mixture was
stirred for 30 min at 130 °C. After cooling to room temperature, the solvent was removed under
reduced pressure and the residue was purified by column chromatography (SiO., cyclohex-

ane/EtOAc 2:1) to afford the pure product (17.0 mg, 24.7 pmol, 8%) as a red solid.

MS (MALDLTOF), m/z 686.8 (]M]).
TLC (SiO», cyclohexane/EtOAc 2:1, UV): Ry = 0.36.

193 |page



Experimental Section

7.6.12 N,N'-Di-(4'-tert-butylbenzoate)-2,6-dipiperidinyl-1,4,5,8-naphthalenetetracarbo-
xylic acid diimide (196)

Reaction Scheme

K K
%Q)‘\ piperdine %Q)L
DMF, 90 °C, 15 h
oy 0 I8 oy 0 I8

195 196
66%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 195 (17.0 mg, 24.7 pmol,
1.0 equiv), piperidine (1.20 mL, 12.0 mmol, 487 equiv), and dry DMF (40 mL). The reaction mix-
ture was stirred at 90 °C for 15 h. After cooling to room temperature, the mixture was poured into
aq. HCI (1 M, 100 mL) and diluted with CH,Cl, (80 mL). The aqueous layer was separated and
the organic layer was washed with H.O (3 x 40 mL). The organic layer was dried over MgSQOy,
filtered, and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (SiOs, cyclohexane/EtOAc 2:1) to obtain the pure product (12.8 mg,
16.3 pmol, 66%) as a blue solid.

HRMS (ESI): [M + H]* caled for CyHisN4Os: 785.3545; found: 785.3547.

S (MALDLTOF), m/z 785.2 ([M] ).
IH-NMR (500 MHz, CDC,, 8): 8.50 (s, 2H), 8.21-8.16 (m, 4H), 7.38-7.34 (m, 4H), 3.41-3.34 (m
8H), 1.80-1.74 (m, 8H), 1.71-1.66 (m, 4H), 1.63 (s, 18H).
1BC.NMR (126 MHz, CDCls, §): 165.2, 163.3, 161.8, 152.6, 139.8, 132.4, 130.7, 128.9, 126.1, 125.9,
125.0, 109.4, 81.5, 53.8, 28.4, 26.4, 24.0.
TLC (SiO., cyclohexane/EtOAc 2:1, UV): Ry = 0.44.
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7.6.13 2,4-Dimethylpentan-3-yl-4-nitrobenzoate (197)

Reaction Scheme

NO;
2 HO'Bu, DMAP, DCC

SPLH CH,CI/DMF, 0°Ctort, 36 h < ¢

192 197
93%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 192 (3.42 g, 20.1 mmol,
1.0 equiv), 2,4-dimethyl-3-pentanol (2.60 mL, 32.0 mmol, 1.5 equiv), DMAP (253 mg, 2.05 mmol,
0.1 equiv), and a 20:3 mixture of dry CH,Cl,/DMF (115 mL). The resulting solution was cooled to
0 °C and DCC (4.60 g, 22.1 mmol, 1.1 equiv) was added in one portion. The reaction mixture was
warmed to room temperature and stirred for 36 h. The precipitate was filtered off and washed with
CH.Cl, (50 mL). The filtrate was washed with aq. HCI (1 M, 100 mL), brine (50 mL), dried over
MgSQ,, filtered, and the solvent was evaporated under reduced pressure. The resulting oil was
purified by column chromatography (SiO,, cyclohexane/EtOAc 1:5) to yield the pure product
(4.98 g, 18.8 mmol, 93%) as a colorless solid.

GC-MS (EI), m/z (% relative intensity, ion): 222.0 (14.6, [M — Cs;H|*), 150.0 (100, [M —
C:Hi50]%).

IH-NMR (400 MHz, CDCl,, 8): 8.32-8.28 (m, 2H), 8.25-8.19 (m, 2H), 4.88 (t, *Jun = 6.1 Hz, 1H),
2.06 (hept, *Jis = 6.7 Hz, 2H), 0.95 (d, *Jun = 5.8 Hz, 12H).

13C.NMR (101 MHz, CDCl;, 8): 164.8, 150.6, 136.2, 130.8, 123.7, 84.9, 29.7, 19.7, 17.5.

TLC (SiO», cyclohexane/EtOAc 5:1, UV): Ry = 0.60.
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7.6.14 2,4-Dimethylpentan-3-yl-4-aminobenzoate (198)

Reaction Scheme

NO, NH,
g] Pd/C (10 %), Hy (40 bar) g]
O\ﬁo\( EtOH/EtOAC, rt, 36 h O\ﬁo\(

197 198
88%

Experimental Procedure

To a reaction vial were added 197 (4.73 g, 17.8 mmol), Pd/C (10%, 305 mg, 1.61 mol-%) dis-
solved, and a 5:8 mixture of EtOH/EtOAc (13 mL). The vial was placed in an autoclave and the
reaction was performed under Hs atmosphere (40 bar) at room temperature over 36 h. The suspen-
sion was filtrated through a Celite® pad and washed with EtOAc (90 mL) and CH>Cl; (80 mL).
The solvents were evaporated under reduced pressure and the residue was purified by column
chromatography (SiOs, cyclohexane/EtOAc 1:2 to 1:1) to yield the pure product (3.73 g,
15.9 mmol, 88%) as a bright orange solid.

GC-MS (EI), m/z (% relative intensity, ion): 235.1 (56.6, [M]*), 136.8 (97.2, [M — C;Hi5]"), 120.7
(99.8, [M — C;H,50]).

HRMS (ESI): [M + H]* caled for CisHxNOs: 236.1645; found: 236.1643.

H-NMR (400 MHz, (CD;s),SO, 8): 7.71-7.60 (m, 2H), 6.63-6.52 (m, 2H), 5.93 (s, 2H, NH,), 4.63
(t, 3Jun = 6.1 Hz, 1H), 2.00-1.87 (m, 2H), 0.85 (dd, *Jiy = 6.7 Hz, *Juy = 2.3 Hz, 9H).

1BC-NMR (101 MHz, (CD;),S0, 8): 165.9, 153.4, 131.0, 116.1, 112.7, 80.9, 19.5, 17.2.

TLC (SiO,, cyclohexane/EtOAc 3:1, UV and ninhydrin): Ry = 0.18.
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7.6.15 N,N'-Di-4'-(2',4'-dimethylpentan-3'-yl)benzoate-2,6-dipiperidinyl-1,4,5,8-

naphthalenetetracarboxylic acid diimide (199)

Reaction Scheme

(e}
NH
Y© ‘oo (Y g 1)ACOH, 120°C, 30 min Oﬂ N
+ O 0 O.
)IO o CI 2) piperdine, DMF, 90 °C, 15 h N
; )I’f@ ;

198 14 199

Experimental Procedure

198 (284 mg, 1.21 mmol, 4.0 equiv) and 14 (103 mg, 306 pmol, 1.0 equiv) were dissolved in
AcOH (60 mL) and heated at 120 °C for 30 min. After cooling to room temperature, the solvent
was removed under reduced pressure and the residue was dried under high vacuum. The residue
(232 mg), piperidine (5.0 mL, 50.1 mmol), and dry DMF (10 mL) were added to a microwave vial.
The vial was sealed and heated at 90 °C for 15 h. The solvent was evaporated under reduced pres-
sure before the residue was dissolved in CH,Cl; (100 mL) and aq. HCI (1 M, 40 mL). The organic
layer was separated and the aqueous phase was extracted with CH>Cl, (2 x 50 mL). The combined
organic layers were dried over MgSQy, filtered, and concentrated under reduced pressure. The resi-
due was repeatedly purified by column chromatography (SiOs, cyclohexane/EtOAc 2:1) to isolate
the pure product (54.0 mg, 62.1 pmol, 20% over two steps) as a blue solid.

HRMS (ESI): [M + H]* caled for Cs;HgoN4Os: 869.4484; found: 869.4489.

MS (MALDLTOF), m/z 868.4 (M]).

IH-NMR (400 MHz, CDCls, 8): 8.50 (s, 2H), 8.28 8.24 (m, 4H), 7.42-7.37 (m, 4H), 4.89 (t, *Jun =
6.1 Hz, 2H), 3.39 (t, *Jun = 5.1 Hz, 8H), 1.83-1.60 (m, 16H), 0.99-0.96 (m, 24H).

TLC (SiO,, cyclohexane/EtOAc 2:1, UV): Ry = 0.48.
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7.7 Miscellaneous Target Structures

7.7.1 N,N'-Di-(2',6'-diisopropylphenyl)-2,6-dichloronaphthalene-1,4,5,8-tetracarbo-
xylic acid diimide (201)

Reaction Scheme

iPr:

0 0 :
Cl i Cl
O 0 iPr. AcOH O NT T
O, o + ji; e o IPr
O HoN - ) iPr 0
O i ipr 137 °C, 20 min N -
0 [: [ o

iPr

14 200 201
65%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 14 (873 mg, 2.59 mmol,
1.0 equiv) and AcOH (50 mL). The solution was stirred at 137 °C and 2,6-diisopropylaniline (200;
3.7 mL, 17.7 mmol, 6.8 equiv) was added in one portion. The resulting mixture was stirred at
137 °C for 20 min. After cooling to room temperature, the solvent was removed under reduced
pressure and the residue was poured into MeOH (40 mL). The precipitated solid was filtered off,
dried, and recrystallized from AcOH to obtain the pure product (1.10 g, 1.68 mmol, 65%, 1it.>!
44%) as a pink solid.

TH-NMR (400 MHz, CDCl, 8): 8.91 (s, 2H), 7.52 (t, *Jun = 7.8 Hz, 2H), 7.36 (d, *Jun = 7.8 Hz,
4H), 2.65 (hept, *Jun = 6.8 Hz, 4H), 1.17 (d, *Jun = 6.8 Hz, 24H).

13C-NMR (101 MHz, CDCls, 8): 161.2, 160.7, 145.5, 141.0, 136.6, 130.3, 129.8, 128.2, 126.4, 124.5,
122.9, 29.6, 24.1.

The characterization data are in agreement with the literature.??!
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7.7.2 N,N'-Di-(2',6'-dipylphenyl)-2,6-di-n-pentylaminonaphthalene-1,4,5,8-tetracarbo-
xylic acid diimide (202)

Reaction Scheme

iPr: iPr:
e .
cl O NI K,COj3, n-pentylamine AN O

1Pr
(o}

ol iP > o}
f'P’ S9N MeCN, 50°C, 72 h f'Pr T N~
O O
iPr iPr

H

201 202
65%

Experimental Procedure

To an oven-dried two-necked round-bottom flask were added 201 (100 mg, 153 pmol,
1.0 equiv), KsCOs (254 mg, 1.84 mmol, 12.0 equiv), and MeCN (10 mL). The solution was heated
at 50 °C and n-pentylamine (213 pL, 1.84 mmol, 12.0 equiv) was added in one portion. The result-
ing mixture was stirred at 50 °C for 72 h before the solvent was removed under reduced pressure,
and the residue was twice purified by column chromatography (SiOs, CH2Cl,) to yield the pure
product (80.1 mg, 106 pmol, 69%) as a blue solid.

TH-NMR. (400 MHz, CDCls, 8): 9.38 (t, *Jun = 5.1 Hz, 2H), 8.30 (s, 2H), 7.53 (t, 3Jus = 7.8 Hz,
2H), 7.38 (d, 3Jun = 7.7 Hz, 4H), 3.53 (q, *Jun = 7.0 Hz, 4H), 2.74 (hept, *Jun = 6.6 Hz, 4H), 1.77
(p, *Jun = 7.0 Hz, 4H), 1.46-1.35 (m, 8H), 1.22-1.16 (m, 24H), 0.91 (t, *Jun = 7.1 Hz, 6H).
13C-NMR (101 MHz, CDCl;, 8): 166.6, 163.2, 149.8, 145.7, 130.9, 129.8, 126.4, 124.2, 122.2, 119.3,
101.9, 43.4, 29.3, 29.3, 29.0, 24.1, 24.0, 22.5, 14.1.

TLC (SiO, CH,CL): Ry = 0.69.
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7.7.3 N,N'-Di-n-octyl-2,6-dichloro-1,4,5,8-naphthalenetetracarboxylic acid diimide
(18)

Reaction Scheme

o]
cl i cl
O  n-octylamine O NSNS
o U - o

(0] (©)
8¢ o ACOH, 130°C, 30 min  somr~~N 3 -
(0]

14 18
76%

Experimental Procedure

To an oven-dried flask were added 14 (1.01 g, 2.98 mmol, 1.0 equiv), l-aminooctane (17;
2.5 mL, 15.1 mmol, 5.1 equiv), and AcOH (30 mL). The solution was stirred at 130 °C for 30 min
and cooled to room temperature. The solvent was removed under reduced pressure and the residue
was poured into MeOH (20 mL). The precipitate was dried over MgSQy, filtered, and recrystallized
from AcOH to afford the pure product (1.27 g, 2.27 mmol, 76%, 1it."l 70%) as a yellow solid.

MS (MALDI-TOF), m/z 558.5 ([M]).

'H-NMR (400 MHz, CDCls, 8): 8.78 (s, 2H), 4.52-4.00 (m, 4H), 1.76-1.70 (m, 4H), 1.45-1.27 (m,
20H), 0.89-0.86 (m, 6H).

1BC-NMR. (101 MHz, CDCl;, 8): 161.0, 160.7, 140.2, 136.1, 126.1, 122.5, 41.6, 31.9, 29.4, 29.3,
28.1, 27.2, 22.8, 14.2.

TLC (SiOs, CH,Cly): Ry = 0.44.

The characterization data are in agreement with the literature.
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7.7.4 N,N'-Di-n-octyl-2,6-di-n-butylamino-1,4,5,8-naphthalenetetracarboxylic acid
diimide (203)

Reaction Scheme

(o] H (0]
cl O NN n-butylamine SN O N
O o) _— 0 o)
S~~~ UN O Cl DMF,90°C, 16 h s~~~ ~UN 0 NN
(0] o) H
18 203

55%

Experimental Procedure

To an oven-dried flask were added 18 (335 mg, 599 nmol, 1.0 equiv), butan-1-amine (1.50 mL,
15.2 mmol, 25.3 equiv), and dry DMF (25 mL). The resulting mixture was stirred at 90 °C for
16 h.16 h. After evaporation of the solvent under reduced pressure, the residue was purified by
column chromatography (SiO,, CH,Cl,) to yield the pure product (210 mg, 332 pmol, 55%) as a
blue solid.

MS (MALDI-TOF), m/z 632.6 (]M]).

'H-NMR (400 MHz, CDCls, 8): 9.23 (s, 2H, NH), 8.08-7.83 (m, 2H), 4.21-4.01 (m, 4H), 3.51-3.37
(m, 4H), 1.79 (p, *Jun = 7.4 Hz, 4H), 1.74-1.63 (m, 4H), 1.55 (b, *Jun = 7.5 Hz, 4H), 1.45-1.23 (m,
20H), 1.03 (t, *Jus = 7.3 Hz, 6H), 0.94-0.83 (m, 6H).

1BC-NMR (101 MHz, CDCls, 8): 166.1, 162.9, 149.0, 125.5, 120.9, 118.1, 43.0, 40.6, 32.0, 31.6,
29.5, 29.4, 28.2, 27.4, 22.8, 20.5, 14.3, 14.0.
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7.7.5 2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic acid tetraethyl ester (204)

0500
EtO,C CO,Et
QO
cl EtOH, 80°C,18h ¢l
(oo o]

EtO,C CO,Et

Reaction Scheme

14 204
56%

Experimental Procedure

14 (1.01 g, 2.99 mmol, 1.0 equiv), iodoethane (9.00 mL, 110 mmol, 36.9 equiv), KoCO3 (2.50 g,
17.9 mmol, 6.0 equiv), and EtOH (9.0 mL) were added to a round-bottom flask and the reaction
mixture was stirred at 80 °C for 18 h. The solvents were evaporated under reduced pressure and
the residue was dissolved in CH,Cly (70 mL) and H,O (50 mL). The organic layer was separated
and the aqueous layer was extracted with CH,Cly (3 x 30 mL). The combined organic layers were
dried over Na;SQy, filtered, and the solvent was removed under reduced pressure. The residue was
purified by column chromatography (SiO,, EtOAc/hexane 1:6 to 1:4) to obtain the pure product
(817 mg, 1.68 mmol, 56%) as a white solid.

MS (MALDLTOF), m/z 484.1 ([M]).

IH-NMR (400 MHz, CDCls, 8): 7.94 (s, 2H), 4.42-4.36 (m, SH), 1.42 (t, /i = 7.2 Hz, 12H).
BC.NMR (101 MHz, CDCl;, 8): 166.6, 165.7, 133.2, 132.5, 132.0, 132.0, 128.2, 62.5, 62.4, 14.2,
14.0.

TLC (SiO, EtOAc/hexane 1:6): Ry = 0.63.
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7.7.6 2,6-Diethoxy-1,4,5,8-naphthalenetetracarboxylic acid tetraethyl ester (205)

Reaction Scheme

EtO,C CO,E EtO,C CO,Et
C} NaOEt oa
Cl ° EtO
EtO,C CO,Et DMF, 83°C, 14 h EtO,C CO,Et
204 205

71%

Experimental Procedure

204 (2.44 g, 34.1 mmol, 14.9 equiv) and sodium ethoxide (1.11 g, 2.29 mmol, 1.0 equiv) were
dissolved in dry DMF (20 mL) and the resulting mixture was stirred at 63 °C for 14 h. The solvent
was removed under reduced pressure and the residue was dissolved in H,O (30 mL), CH,Cl,
(100 mL), and brine (30 mL). The organic layer was separated and the aqueous phase was extract-
ed with CH,Cl, (5 x 40 mL). The combined organic layers were washed with brine (50 mL), dried
over NasSQy, filtered, and the solvent was removed under reduced pressure. The residue was puri-
fied by column chromatography (SiOs, EtOAc/hexane 1:3 to 1:2 to 1:1) to afford the pure product
(824 mg, 1.63 mmol, 71%) as a yellow solid.

MS (MALDI-TOF), m/z 504.2 (]M]).

IH-NMR (500 MHz, CDCl;, 8): 7.65 (s, 2H), 4.38-4.33 (m, 8H), 4.26-4.17 (m, 4H), 1.43 (t, *Jiu
= 7.0 Hz, 6H), 1.38 (t, 3Jyn = 7.1 Hz, 12H).

1BC-NMR (126 MHz, CDCls, 8): 167.9, 166.9, 153.4, 133.2, 125.1, 120.5, 119.5, 66.2, 61.9, 61.4,
15.1, 14.3, 14.2.

TLC (SiO,, cyclohexane/EtOAc 1:1, UV): Ry = 0.42.

The characterization data are in agreement with the literature.?
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7.7.7 2,3,6,7-Tetrabromo-1,4,5,8-naphthalenetetracarboxylic acid tetraethyl ester
(207)

Reaction Scheme

0Oy 00
Et,OC CO,Et
Br @O Br Etl, chos BrBr
_—
B Br EtOH,85°C,17h Br Br
(oo o]

Et,OC CO,Et

206 207
93%

Experimental Procedure

2,3,6,7-Tetrabromo-1,4,5,8-naphthalenetetracarboxylic  acid  dianhydride (206; 858 mg,
1.47 mmol, 1.0 equiv), iodoethane (8.50 mL, 106 mmol, 72.3 equiv), and K>CO; (1.66 g, 12.0 mmol,
8.2 equiv) were dissolved in EtOH (8.5 mL). The reaction mixture was heated at 85 °C for 17 h.
The solvent was removed under reduced pressure and the residue was dissolved in H,O (50 mL)
and CH,Cl, (100 mL). The aqueous layer was separated and the organic layer was dried over Na-
SOy, filtered, and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO,, CH,Cl,) to yield the pure product (1.00 g, 1.37 mmol, 93%) as a yellow
solid.

MS (MALDI-TOF), m/z 731.9 ([M] ).
'H-NMR (400 MHz, CDCl, 8): 4.38 (q, *Jun = 7.2 Hz, 8H), 1.39 (t, *Jun = 7.2 Hz, 12H).
13C-NMR (101 MHz, CDCls, §): 165.8, 135.2, 125.8, 125.1, 63.3, 13.7.
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7.8 Solid State Structures

7.8.1 Structure Determination by X-ray Diffraction Analysis

The structure determination by X-ray diffraction analyses were performed in close collabora-

tion with Dr. Markus Neuburger at the University of Basel. The molecular structures or ORTEP

327 328)

plots were created with the programs Diamond??” and Mercury.!

Crystal data for 37: formula CsHs5N204S,, M = 859.17, F(000) = 912, orange plate, size
0.020 - 0.070 - 0.220 mm?®, monoclinic, space group P 2i/n, Z = 2, a = 17.9255(11) A, b = 6.1027(4)
A, ¢ = 21.6330(13) A, o = 90°, B = 106.335(4)°, v = 90°, V = 2271.0(2) A%, Do = 1.256 Mg - m.

329 diffractometer at 123 K using graphite-

The crystal was measured on a Bruker Kappa Apex2!
monochromated Cu K,-radiation with A = 1.54178 A, ©,..x = 67.042°. Minimal /maximal transmis-
sion 0.90/0.97, p = 1.444 mm™. The Apex2 suite has been used for data collection and integration.
From a total of 15467 reflections, 3999 were independent (merging r = 0.041). From these, 2923
were considered as observed (I>2.00(I)) and were used to refine 280 parameters. The structure was
solved by Other methods using the programf° Superflip. Least-squares refinement against F was
carried out on all non-hydrogen atoms using the programP! CRYSTALS. R = 0.0398 (observed
data), wR = 0.0634 (all data), GOF = 1.0424. Minimal/maximal residual electron density =
-0.25/0.29 e A3. Chebychev polynomial weights®2 were used to complete the refinement. Plots

were produced using CAMERON.

Crystal data for 84: formula CsHzN204S2, M = 855.13, F(000) = 452, yellow needle, size
0.020 - 0.090 - 0.220 mm?, triclinic, space group P —1, Z = 1, a = 7.3687(5) A, b = 11.1564(8) A, ¢
= 13.3648(9) A, a = 79.770(4)°, p = 89.723(5)°, y = 75.936(5)°, V = 1047.97(13) A® Dy = 1.355
Mg - m™3. The crystal was measured on a Bruker Kappa Apex2 diffractometer at 123 K using
graphite-monochromated Cu K,-radiation with A = 1.54178 A, On. = 67.823°. Minimal /maximal
transmission 0.87/0.97, p = 1.564 mm™. The Apex2 suite has been used for data collection and
integration. From a total of 13673 reflections, 3669 were independent (merging r = 0.032). From
these, 3077 were considered as observed (I>2.006(I)) and were used to refine 280 parameters. The
structure was solved by Other methods using the program Superflip. Least-squares refinement
against F was carried out on all non-hydrogen atoms using the program CRYSTALS. R = 0.0510
(observed data), wR = 0.0852 (all data), GOF = 1.0583. Minimal/maximal residual electron densi-
ty = -0.17/0.45 e A, Chebychev polynomial weights were used to complete the refinement. Plots
were produced using CAMERON.
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8 Appendix

8.1 Contributions

All molecules in this doctoral thesis except of 2,3,6,7-tetrabromo-1,4,5,8-naphthalenetetracarbo-
xylic acid dianhydride (206) and 2,6-dichloronaphthalene-1,4,5,8-tetracarboxylic acid dianhydride
(14), which were synthesized by Mathias Fischer at Karlsruhe Institute of Technology, were syn-
thesized and characterized by Pascal Hess.

All transient-absorption spectra were recorded by Dr. Igor Pugliesi in the group of Prof. Dr.
Eberhard Riedle at the Ludwig Maximilian University of Munich.

The described STM image was taken and analyzed by Katharina Scheil in the group of Prof.
Dr. Richard Berndt at the Christian-Albrechts-Universitat zu Kiel.

The conductance measurements in the squeezable break junction were performed and analyzed
by Michal Vadai in the group of Dr. Yoram Selzer at the Tel Aviv University.

All NOESY experiments were recorded and subsequently analyzed by Kaspar Zimmermann in
the group of PD. Dr. Daniel Haussinger at the University of Basel.

All 2D-NMR spectra were recorded by Heiko Gsellinger, Kaspar Zimmermann, or Pascal Hess
and the signal assignment was conducted by Pascal Hess or Kaspar Zimmermann.

The 'H-NMR studies of isomerization of 123 and 137 were performed with the help of PD Dr.
Daniel Haussinger at the University of Basel.

X-ray diffraction analyses were performed by Dr. Markus Neuburger at the University of Basel.

All HR-ESI/MALDI-FTICR mass spectra were recorded by the mass spectrometry service at
the ETH Ziirich.

All HR-ESI-TOF mass spectra were recorded by Dr. Heinz Nadig at the University of Basel.

Elemental analyses were either measured by Werner Kirsch or by Sylvie Mittelheisser at the
University of Basel.

All fluorescence quantum yields were determined by Dr. Jonas Schonle in the group of Prof.

Dr. Edwin Constable at the University of Basel.
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