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Abstract

Scanning tunnelling microscopy (STM) is a powetiethnique to observe surfaces at the atomic
level. The resolution of this STM technique is g@mbugh to study the electronic properties of gingl
molecules adsorbed onto metallic substrates. Amitapt step towards controllable single molecular
technologies is the determination of how the mdksubstrate interaction changes the local
molecular electronic structure. Since this elegtratructure of molecules is strongly perturbed!isy
electrons of the underlying metallic substrate,etettronic decoupling of the molecules from the
metal surface is required to isolate the electrpniperties of an individual molecule.

Forster resonance energy transfer (FRET) has fowarty applications in different fields of science,
because it allows the determination of the distdreteveen two chromophores in the 1-10 nm range.
In addition to other factors, this energy transéealso dependent on the relative orientation afodo
and acceptor chromophores to each other.

This thesis describes the design, synthesis amgtigations of model compounds for:
1). STM induced light emission experiments frongmmolecules and
2). for FRET studies.

Chapter 1 provides an introduction to cyclophanesergy transfer and scanning tunnelling
microscopy.

Chapter 2 gives a description of the aims of theskwwhich is split into the synthesis of cyclopkan
for STM induced luminescence investigations and FREidies. The later is complemented by the
synthesis of a linear NDI system.

Chapter 3 describes the design, synthesis andathesation of all model compounds. In the firsif ha
STM investigations are presented and the electrstniccture of two cyclophanes and complexation
studies of the crown ether model compound are dggmli In the second half a modular synthetic route
to asymmetridN,N’-naphthalenediimides is presented for FRET studies.

Chapter 4 gives a summary of this thesis and pteseshort outlook.

Chapter 5 provides the synthesis and charactenisafi all the compounds listed in this thesis and
experimental details for STM investigations.
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Introduction

1. Introduction

The following introduction is divided into three rpg namely cyclophanes, energy transfer and

scanning tunnelling microscopy (STM).

[2.2] Paracyclophane celebrated it"@drthday this year. So in fact cyclophane-chemisran old

and well-established field. However, the unabatgerest in cyclophanes remains, not only because of
the discovery of new cyclophanes and new syntlsttategies but principally due to the increasing
field of supramolecular chemistry and that cyclopsacan be incorporated into devices and therefore
find more and more applications in material sciefce

Presented in this work new cyclophanes and lineadle@incompounds have been synthesized, where
the energy transfer between two conjugated systendsscussed according to a Forster resonance
energy transfer mechanism (FRET).

The behaviour of several organic molecules upororptisn onto metallic and semiconducting
surfaces has been investigated by scanning tungetiicroscopy in recent years. Thus, not only the
observed self-assembly of molecules on surfaceslsotthe electronic properties of the molecules
has been analyzed. Scanning tunnelling spectrog@&p$) not only reveals the electronic structure of
the molecules but also offers the possibility tsige, probe and modify properties of individual
molecules’

Since the electronic structure of the moleculestrisngly perturbed by the electrons of the undedyi
metallic substrate, an electronic decoupling of th@ecules from the metal surface is required to
separate the electronic properties of an individoalecule and reduce the complexity to facilitdie t

comprehension of the system.
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1.1.Cyclophanes

According to Crant,Schubertand Smitf a cyclophane consist in principle of an aromatiedarene
ring) and an aliphatic chain that forms a bridgesMeen two non-adjacent positions of the aromatic

unit (figure J).

aromatic core

aliphatic bridg
[CH

Figure 1: Definition of a cyclophane according to Crd®chubertand SmitH.

In 1899 Pellegrih synthesized the first cyclophane ([2.2] metacycto; figure 2 by a Wurtz
coupling, but the field we now know of as cyclopbarhemistry probably started in 1949 with the
synthesis of [2.2] paracyclophane by Brown andtagf by simple pyrolysis op-xylene. In order to
study the electronic interactions between “facefdoe” arranged aromatic systems, Cram and
Steinberd synthesized the same cyclophane two years latard@gigned synthetic strategy.
Nowadays [2.2] paracyclophangg(re 2) is commercially available (Fluka 5 g cost 94.90)Sand
can be further functionalized at the aromatic céranore recent example in this series of bridged
benzene systems is the][2yclophane (superphane), which is completelyde@dland was isolated by
Boekelheid&in 1979 figure 2.

[2.2] Metacyclophane [2.2] Paracyclophane Superphane

Figure 2: Schematic presentations of [2.2] metacyclopHd@e2] paracyclopharié and superpharte.
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Following this initial synthesis of [2.2] paracyplmane, the aromatic systems in cyclophanes were
further expanded with the synthesis of [2.2] (2iéphthalenophaf®and [2.2] (2,7) pyrenophahé?

as model compounds for excimer fluorescence stiffigese 3.

[2.2] (2,6) Naphthalenophane [2.2] (2,7) Fyrenophane

Figure 3: [2.2] (2,6) Naphthalenophatfeand [2.2] (2,7) pyrenophahié® as model compounds for excimer

fluorescence studies.

The interaction between “face to face” arrangedoctuphores, with respect to the distance and
orientation to each other, has been studied in ][pgracyclophanes, [n,n] pyrenophanes and
donor-acceptor cyclophan&$ Recently, Hopf and coworkéfs® reported an efficient route to the
preparation of [m,n] paracyclophanes and their tedpbilic aromatic substitution reactions. In
addition, they suggest a stereocontrolling effemt & second electrophilic substitution on the
neighbouring chromophore if the distance betweertwlv benzene rings is less than 4 A.

The initial driving force for cyclophane chemistmas its synthetic challenge, the investigationhef t
extent of aromaticity of strained cyclic compouratsd the electronic interactions of interlinked
aromatic systems. More recently, their supramobechbst properties have been investigated. Lehn
and coworker$ synthesized a naphthalenediimide (NDI) cyclophasa receptor for complexation of

flat substrates and could isolate a correspondiygtal with an intercalated nitrobenzefigifre 4).

v
N /N

0] O
N \ / N
O O

Figure 4: Crystal structure of Lehn’s naphthalenediimidelogbane, incorporating a nitrobenzéfie.
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The considerable stability of the resulting supreeoglar complexes even made mechanically
interlinked supermolecules, like catenanes and xamies, synthetically accessibldiggre 5.
Catenanes and rotaxanes can undergo movementseMf@nal stimuli and have therefore attracted
much attention in the areas of material sciencenamdtechnology.

For example, a controllable donor-acceptor neuUR$ftbtaxane figure 5top) was synthesized by
Stoddart and coworkefson the way to switches in future molecular elettaevices.

Alternatively, Langford and coworkeéfsdemonstrated a nice concept for the synthesisnoi@l
cyclophane as a subunit of a catenane by usingnplaée directed approach around a preformed
macrocycle to first yield a [2]catenane, which cbaubsequently be hydrolyzed to the desired NDI

cyclophane structurdigure 5bottom).

ONO o

0 O OO

kT

Figure 5: Top: A rotaxane consisting of a 1,5-dinaphto[38}an-10 as ring and a naphthalenediimide and a

pyromelliticdiimide unit in the rod as docking stais'’; Bottom: A catenane with a naphthalenediimide

cyclophanée®
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1.2.Cyclophane Nomenclature

The nomenclature of cyclophanes developed by CBuhubert and Smith was further expanded by
Végtle and Neumanh.Consequently a “phane” has become a genuine termescribe bridged
aromatic structures including condensed aromattesys and hetero aromatic structures. Phanes are
divided into three classes, the cyclophanes (mozeige would be benzenophanes), the heterophanes
and the heteraphanes. Heterophanes contain a det@ran the aromatic ring, whereas for the

heteraphanes it is located in the aliphatic chifguie 6.

X
P
N
-/NH
CHa, CHy, CHg

Cyclophanes Heterophanes Heteraphanes
Figure 6: The three classes of phanes: cyclophanes, hetamepland heteraphanes.

The length of the bridge (number of atoms betweenaromatic centers) is put in front of the name in
brackets and the suffix “phane” is added. Followthig the position of the bridging atoms signed by
ortho, metg para or numbers in round brackets. So therefore [2a2h@yclophane is also known as
[2.2] (1,4) cyclophane. For multiple bridged cydiapes, where all bridges have the same length, a
subscript is used as simplification (see e.g. qiperefigure 2.

An alternative nomenclature system for cyclophati#ferent from the IUPAC-nomenclature system
can be used for complicated phanes, known as tdalMomenclaturé®*

Under the Nodal-nomenclature all aromatic unitsfaise “collapsed” to simple dots and the resulting
simplified framework is named. In the case of [21#tacyclophane a simple cyclohexane skeleton
would result figure 7). Secondly, the “collapsed” aromatic cores are etragain and the suffix

-nodan is added. So in the case of [2.2] metacyelop one obtains the name 1,4-di(1,3-

O 1
6 2
:>5©3
4

[2.2] Metacyclophane or
1,4-Di(1,3-benzena)cyclohexa-nodan

benzena)cyclohexa-nodan.

Figure 7: Applying the Nodal-nomenclature for [2.2] Metaayghane.
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The advantage of the Nodal-nomenclature is that thme of the aromatic ring is used e.g.
naphthalene. As a further example for more compjeophanes, an asymmetric naphthalenediimide

cyclophane structure, which was part of this waskpnamed after the Nodal-nomenclature system

(figure 8.

Figure 8: The name of an asymmetric naphthalenediimide pyxeloe was derived from the Nodal-
nomenclature: 1(1,4,5,8)-2,6-Dichloronaphthalematarboxylic acid diimide-5(1,4,5,8)-naphthalene-

tetracarboxylic acid diimide-3,7-di(1,3)tBft-butyl-benzenacycloocta-nodan.

Within this thesis several cyclophanes based onsthéctural motive displayed ifigure 8 were
synthesised, fully characterised and their opteal surface decoration features were investigatiéd.

cyclophane structures were named by using the Namtaknclature.
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1.3.Energy transfer

Absorption of a photon by a molecule results inesectronically excited state. This absorbed energy
after a short time is released by the emission pii@on, so called luminescence. Depending on the
nature of the excited and the ground state, luroemse is separated into fluorescence and
phosphorescence. Fluorescence is observed if thesiem occurs from an excited singlet state
(S—S), whereas phosphorescence results from a tramfi@an excited triplet state to the singlet
ground state (7S). Molecules in an excited state may undergo adtitrea photochemical processes
such as internal conversion, intersystem crossiagvébrational relaxation.

In figure 9 the absorption and emission of light is illustchtey a Jablonski diagram,,SS, and $
represent the ground, first and second electrdpioskcited states respectively. Each of these

electronic states show a complete range of vibmatip excited levels indicated by 0, 1 and 2.

Sa
2 T
Internal
i Conversion
: [ntersystem
Si : Crossing
\d \
- Tl
Absorption Fluorescence
hva| hv h v Phosphorescence
hv p
2 h 4
0

Figure 9: Jablonski diagram.

Following light absorption and subsequent excitate rapid relaxation to the lowest vibrationaldev
of S, occurs within 13% s. Since the lifetime of fluorescence is neaf %0 internal conversion is
usually completed before luminescence occurs. Thwarescence emission principally results from
the lowest energy vibrational state gfé®id therefore the energy of emission is typiciads than that

of absorption, a so called Stoke shift. Returnhe ground state usually populates higher excited
vibrational ground state levels, which is the reafitat the emission spectra appears typically as a
mirror image of the absorption spectrum gf=%5, as can be seen for perylenefigure 10 Born-
Oppenheimer approximation states that electroniotaion does not greatly affect the nuclear
geometry and therefore the spacing of the vibratienergy levels of the excited and the grouncestat
are similar. Consequently, we observe comparabbeational structures in the absorption and
emission spectra.

Alternatively molecules from the;State can undergo a spin conversion to the figgliet state T

(intersystem crossindfigure 9, which is a radiationless transition. Phosphagase is the spin
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forbidden transition from {F-S, and requires population of the triplet state ptioemission and thus

has an increased lifetime over fluorescence of $s10

WAVELENGTH (nm)

4 350 370 390 410 450 480 530 570
*x10 IIIAIITIIIli-O

sz I
/\1 A i

24 Perylene [\ ( \ #
|

in Benzene

16| Absorption|

\// H\Emis.sicm 1°°

J \
/\ \

Figure 10: Absorption (purple line) and emission (red linpgstra of perylen&:

Further, if the lifetime of an excited molecule rsduced by another molecule, we speak from

guenching. Usual bimolecular quenching processescatlision, electron transfer or energy transfer
(D = donor and A = acceptor):

Collision: D*+ A— D + A + energy
Electron transfer: D*+A>D"+AorD +A"
Energy transfer: D*+ A> D + A*

According to a simplified picture of molecular ddis, electron and energy transfer can be described
by occupied and unoccupied orbitals of donor armbpior level$? An electron transfer quenching
mechanism involves only one electron which is tiemed from an occupied orbital of a donor to an
unoccupied orbital of an acceptor, resulting inadical ion pair, also known as charge-transfer
complex figure 17).

[ ] !
e e
D A — _°
® o0
- _* D+ As
o0 —>0
D A*

Figure 11: Quenching by electron transfer leads to chargesfeat complex formation (orbital overlap is
required)®
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In 1946 Theodor Forster discovered the physicatgse which now bears his name, where the energy
of an excited chromophore (donor) was transferedrtcacceptor molecule at a distance of 1.5 to
10 nm?*** Actually this energy transfer is the result obagd range dipole-dipole interaction between
donor and acceptor (“transmitter-antenna mechaniguate 12 and occurs without the appearance of
a photon. Therefore the F in a resonance energyféia mechanism (FRET) should stand for
“Férster” in acknowledgement of its discoverer amat for “Fluorescence”, which is misleadiffg.
Another possible pathway for an energy transferiraersm is a double electron exchange as proposed
by Dexter {igure 12. For electron transfer as well as energy transfeelectron exchange (Dexter
mechanism) to occur, an orbital overlap is requaed therefore their distances are generally lunite
to less than 10 A. In contrast, no such orbitalrlayeis involved in a dipole-dipole energy transfer
mechanism and therefore this energy transfer éheteffective over larger distances and has been

used to probe the structure of biological macroculkes.

Forster mechanism Dexter mechanism
® — —
® ee —F e<—o0oe
D A D: f\;
l o T 9 e —r o
[ ] L K > o0 L o+—eoe > o0 @
D ."\ D .."'\.?'§ D A D AF
o o —>
e+—900 —> o0 o
D A De .r\:
- long distances (r = 10-100 A). -short distances (r = 5-10 A).
- spectral overlap of the emission spectra - overlap of orbitals necessary.
from the donor with the absorption spectra - electron exchange and usually
from the acceptor is necessary. collision of the molecules is needed.

- coulombic dipole-dipole interaction.

Figure 12: Energy transfer mechanism according to FérsterDsmder?
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The explenation for Forster resonance energy teamsfhbest understood if the donor is separatea by
certain distance (r) from the acceptor. Then the @& energy transferkf) is described by the

following equation 1) or by the simplified equatior2);:

Qpx? (9000(In10)\ [ 4
ky(r) o6 \ 128N L (1) g4 (D A*dA (1)
1 (Rp\°
k) = —(=2) ?)
Ip \T
Qb = quantum vyield of the donor without acceptor raales
K2 = orientation factor, usually assumed to be 2/3
(9 = lifetime of the donor
r = distance between donor and acceptor
N = Avogadro’s constant
n = refractive index

Fp(A) = corrected fluorescence intensity of the doncegainder the curve)

g4(A) = excitation coefficient of the acceptorat

Ry = Forster radius, at this distance half of theatanolecules decay by energy transfer and half
decay by radiative and non-radiative pathways.

By comparing {) and @) the Férster radius is given by:

9000(In10)x2 Q)

R§ =
0 128m5Nn*

f “RWaWida O
0

This critical quenching radius or Forster radiug) (R defined as the distance between donor and
acceptor at whichkand 1tp are equal, such that energy transfer and spontartemay of the excited
donor are equally probable. Furthermore the efiicjeof energy transfele] is given by the fraction
of absorbed photons by the donor which are trarestdp the acceptor (equatidh Rearrangement of

equatior4 by the use of2) provides equatiob.

_ kp(r)
FT T k) @
_ & 5
=T ®)

Assuming that r R, the transfer efficiency is 50%. The transfer éficy can be calculated from the

relative intensity of the donor, in the abserigg) @nd presencd-f,) of the acceptor:
E=1-—= (6)

Finally, usingE andR, in a simple rearrangement of equat®rthe distance (r) between the donor

and the acceptor can be determined.

10
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The termi? describes the relative orientation in space ofttaesition dipoles of the donor and the

acceptor. This orientation factetis given by equation7y:

k? = (cosBy — 3cosfpcosfy)?  (7)

In this equatiord; is the angle between the emission transition dipafl the donor /) and the
absorption transition dipole of the acceptaf)( where 8, and 6, are the angles betweer?

respectively” and the vector connecting the donor and acceptas (presented iiigure 13

Figure 13: Orientation factox? depending from the direction of the emission dip@P) of the donor and the

absorption dipole’) of the acceptof*

Depending on the relative orientation of donor andeptor to each other this factor can range from O
to 4. For parallel transition dipoles in a headaib arrangement the maximugd = 4 is reached, for

parallel dipoles® = 1 and if the dipoles are perpendicularly oridrtteeach othex” = 0 figure 14.

A N
O4=6p=0r=0° 4= 60p=90° 4= Op= 0r=90°
K= 4 9T= 0° K2=0

K=1

Figure 14: Three special cases are presented resultinyiues equals 0, 1 or’4.

For highly flexible biological systems, it is asseohthat the average of many relative orientatidns o
«? is 2/3. As only the Broot of? appears in the equation of the Férster distantbedes a suitable

pair of chromophores, the inaccuracy emerging fritie assumption ok’ can be neglected.

11
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In this thesis cyclophanes were synthesized for Sihblluced luminescence experiments (see
following section). For such experiments the energysfer between the two chromophores in the
cyclophane structure should be minimised in ordedlécouple the optical properties of the mounted
chromophore. To inform the structural selection fllese STM measurements, Forster resonance
energy transfer was studied in asymmetric NDI qgyisimes with respect to the spectral overlap of
donor and acceptor moieties. Energy transfer bytéexechanism was neglected due to the increased
spacing arising from the presence of rigid spadeesveen the two chromophores in these

cyclophanes, minimizing the orbital overlap.

The second half of this thesis deals with the sssithof a model compound with a variable spacer
between two NDI dyes. In such FRET systems thentai®n facton® can be studied by variation of

the central spacer unit (see chapter 2).

12
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1.4.Scanning tunnelling microscopy (STM)

A scanning tunnelling microscope was developed l®rdGBinning and Heinrich Rohrer as an
instrument to observe atomic structures on surfa¢&dn principle there is a metallic tip held a few
angstroms above the surface, separated by a vagapmDue to the wave-particle phenomena in
guantum mechanics the electrons can pass the vabawrer, which is referred to as quantum
tunnelling. Since electrons can tunnel, an elegitrauirrent is obtained if one applies a sufficigntl

large bias voltage between the tip and the sarfigleré 15.

Figure 15: A schematic representation for a current flow frtme negative sample to the positive charged

metallic tip?

The surface can be scanned by controlling the sampldistance by maintaining a constant current
flow or a constant heighfigure 19. Consequently, by recording the vertical movenanthe tip a

height profile map of the analyzed sample can béema

Figure 16: Schematic representation of a metallic tip scapttie surfacé’

The resolution of this STM technique is great efoty study the electronic properties of single
molecules adsorbed on the metal surface. In scgrtoimelling spectroscopy measurements (STS)
the derivative of the tunnelling curren) (vith respect to the applied bias volta§@ is recorded in
order to provide information of the sample surfaadectronic states. If a new tunnelling channel
opens, an increased slope in tf\d) curve is obtained, while for thd/dV signal a step (e.g. for metal

surface states) or different peaks (e.g. for mdégarbitals) are monitored as showrfigure 173%%2

13
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4 1(v) i\

\

<Y
<Y

—
J A

Figure 17: Constant height STS: The tip-sample distancel ¢tenstant. The bias voltayeis ramped ant(V)

v

<Y

anddl/dV are recorded. Left: A new tunnel channel opersjltieg in an increaseldV) curve and a step in the
di/dV signal as can be seen e.g. for metal surface$it:Rignew tunnel channel opens, resulting in awiep
observation in thd(V) curve and corresponding peaks in th&lV signal as can be seen e.g. for molecular

orbitals®°

The STM can also be used to investigate the intleenéar photon emission by locally exciting the
molecule with tunnelling electrons. Therefore elecs from the metallic tip are transferred to the
lowest unoccupied molecular orbital (LUMO). Extiact of an electron from the highest occupied
molecular orbital (HOMO) followed by an intramoléautransition gives then rise to light emission as

shown infigure 18

tip vacuum molecular surface
gap orbitals

Figure 18: Energy diagram of a STM junction{E Fermi Level).

14
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The optical properties of chromophores are stroaffiscted by the underlying substrate and therefore
luminescence is hardly observed due to quenchirbeoexcited state by the metal surfacg.*°For

this reason it is necessary to spatially decoumechromophore from the metallic substrafé:*

In this thesis a new strategy for decoupling a eiophore from the surface within one molecule is
presented by the use of rigid and compact cyclogha@as model compounds for STM induced light
emission experiments.

An alternative approach to decouple a chromophare fthe metallic substrate consists of a small
insulating salt layer on the surface. Thereforesyr@hesis, characterisation and complexation atudi
of a naphthalenediimide (NDI) chromophore unit cosipg peripheral 15-crown-5 ethers as

“pinding” sites for K cations of the salt layer is also presented s tthesis (see chapter 2).

15



Description of the aims of this work

2. Description of the aims of this work

This work is split into two parts according to twmjects. One concerns the development of model
compounds for scanning tunnelling microscope amiiéed light emission experiments from single
molecules. A second investigation was made of thentation factor according to Forster resonance

energy transfer (FRET).

2.1.Development of model compounds for STM induced lighemission

experiments

Luminescence from chromophores bound to metallistsates is hardly observable due to quenching
of the excited state by the metal surface. Theeefloe synthesis and characterisation of a cyclaphan
model compound with two chromophores as showfigime 19was envisaged in order to decouple
one chromophore from the surface.

The first chromophore is hypothesised to adsorlo ¢me metal surface for self-assembly, which is
supposed to arrange the molecules in a regularin@pakotif required for high resolution STM
investigations. Consequently, the second chromapisbould be spatially separated and therefore
decoupled from the metallic surface, remaininglut®inescence properties for STM induced light

emission experiments.
U
<
(O~
=
o o}
Figure 19: Symmetric NDI cyclophane structure as model comgodfor STM induced light emission

experiments.
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Description of the aims of this work

It has been observed that a thin salt layer caasaan insulator between the substrate and thdlimeta
surfacé® and therefore the synthesis and characterisafiamaphthalenediimide (NDI) chromophore
unit with two 15-crown-5 ethers attached was emgasiafigure 20.

Using this approach for STM induced light emissexperiments via decoupled chromophores by a
small salt insulator, we expect that the attach&arbwn-5 ether units at the NDI show a higher
binding affinity to the salt layer compared to tere metallic surface. Moreover, 15-crown-5 ethers
are known to form sandwich-like complexes with bariand potassium cations and therefore they are
ideally suited for the envisaged experiments, beeaach one only occupies the half hemisphere of a
cation. Thus, the 15-crown-5 ethers are expectduettocated at well defined positions on the salt

layer and therefore responsible for a regular parhkiotif.
O (6]
(0]
&5, ol 235
IR

Figure 20: NDI derivative with two 15-crown-5 ethers attachadthe core as model compound for better

binding to the salt layer.
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Description of the aims of this work

2.2.Development of a linear model compound for FRET stties

The second project presented in this work focusethe synthesis and characterisation of a model
compound for studying the orientation factef)(in a FRET system. The general concept was to
connect two different dyes by a short spacer, deoto induce FRETiQure 21).

A stepwise synthetic strategy should allow varythg central, connecting spacer between the two

different dyes (highlighted in bluégure 217).

FRET

(o] S
WNNSNNM
(o] ] (@] ]

| g

Figure 21: Linear bichromophoric NDI system for studying tbeentation factor according to a FRET

mechanism; S = spacer.
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Results and Discussion

3. Results and Discussion

3.1. Concept and design of model compounds for STM inded light emission from

single molecules

In scanning tunnelling microscope induced light &sin experiments the STM is not only used to
study the molecules by topographic imaging and ¢limg spectroscopy but also to investigate the
intramolecular photon emission by locally excititige molecule with tunnelling electrons. As
displayed by ultrahigh vacuum scanning tunnellingcroscopy (UHV-STM) investigations,
delocalized planatt-systems form well ordered surface patterns onsildastrates if they have long
alkyl substituents attached or functional groups Hgdrogen bonds as stabilizing effect between
different molecules or if they have a strong inteien with the substraf®. However, optical
properties of these arranged chromophores are giyromffected by the underlying substrate.

Subsequently luminescence is hardly observed dtieetguenching effect of the excited state by the

31,33-40

metal surfacefigure 22.

Figure 22: Schematic of a fluorescent molecule and its lustrace quenching upon absorption on a metallic

surface.

For this reason several strategies to decouplechinemophore from the metallic substrate were
pursued. Insulating salf-or oxide-layer$-*® or the deposition of doubfeor multilayers’ of the

chromophore under investigation were considefigdre 23.

Figure 23: Strategies for decoupling the chromophore fromsilnéace, either by an insulating salt layer (left)
by multilayers (right).

A new concept to address this problem is to usgcioophane consisting of two chromophores as

model compound for such STM induced luminescengeerxients. While one chromophore is

expected to lie flat on the surface enhancing #ileassembling of moleculd$? which is desired to
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arrange the molecules in a regular packing motiggiired for high resolution STM investigations, the
second should be spatially separated and therdfreupled from the metallic surface by two rigid
spacers whilst maintaining its luminescence progeffigure 24.

Figure 24: Schematic representation for the decoupling of rarabphore from the metallic surface in a rigid

cyclophane structure (blue planes represent thembphores and the green columns the rigid spacers).

Cyclophanes have already been investigated by Siiker at the solid/liquid interfat®* or after
deposition from solutioff High resolution UHV investigations have not beenducted thus far due
to the poor sublimability of the macromolecular lophanes that have previously been investigated.
Naphthalenediimides (NDIs) have already been ssfags used as building blocks for cyclophanes
with interesting host/guest propertizand in donor-acceptor systefisdoreover, NDIs as well as the
2,6-core substituted derivatives have gained atterib various field’s including building blocks rfo
rotaxanes and catenarfé§? hydrogen-bonded organic nanotub®¥, supramolecular metal
complexes’”® dyes with unique propertiés/® thin film transistor§®® and anione-slides®
Furthermore, NDIs display physical features idealljted for the envisaged experiments such as the
tuneability of the electronic properties by itseasubstituent and a comparably low molecular weight
increasing the chance for the sublimability of NBFivatives required for UHV surface experiments.
Therefore our desired cyclophane structure showapeise two NDI chromophores, which are tightly
fixed by two rigid metamethylenebenzene spacers in order to decouplelmeenophore from the
metallic substrate figure 25. Furthermore, to maintain both the requirementssaubility for
chemical processing and sublimability for UHV intigations, the spacer will be functionalized with
an additional bulkyert-butyl group, keeping the molecule compact in shape circles irfigure 25.

Figure 25: Design of a rigid NDI cyclophane structure for STiduced luminescence experimefits.
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On the other hand, as previously mentioned, anattrategy to decouple a chromophore from the
metallic surface can be achieved by deposing &rstinsulating small salt layer on the surface
(seefigure 23left).

Cyclic polyethers are known in organic chemistrydiom complexes with catiods.Depending on the
size of the cyclic polyethers, Baand K’ ions (ion radii: 149 pm and 152 pthpan form sandwich-

like complexes, which were even isolated as singfstals figure 2.5

Figure 26: Solid state structure of two 15-crown-5 ethers plexing one potassium catich.

For our purpose to deposit molecules onto an itisglzalt layer, 15-crown-5 ethers seemed to be the
ideal choice because they occupy only the half Behgre of a potassium cation. However, we want
to adjust it such that the favourable optical prope of the NDI are maintained and therefore we
considered the attachment of the crown ether nesig¢b the NDI core through an amine functional
group figure 27. Furthermore, phenyl units without additiotait-butyl groups were attached at the

imide parts to minimise the molecule-substrateadist.

XY

Figure 27: Design and supposed absorption mechanism of andd@n ether derivative for STM induced

luminescence experiments on a small insulatingladtr.
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3.2. Synthesis of model compounds

The following four sections present the synthetiates towards asymmetric and symmetric NDI

cyclophanes, together with the synthesis of crothiereNDIs.
3.2.1. The symmetric NDI cyclophane

A symmetric NDI cyclophanel was designed for STM induced light emission experts as
previously described. It is specially thought to dugtable for such investigations because the NDI
chromophores are spatially separated from each bthevo rigid spacers, meaning that one NDI unit
is, after absorption onto a gold surface, decougledn the metallic substrate. Moreover, the
delocalized planar NDI system is believed to forellwerdered surface patterns on flat substrates by
self-assembly. Finally, the low molecular weightdathe compact shape, compared to other
cyclophane structures, were considered for theirmability properties for sample preparation. Thus,
retrosynthetic analysis of the symmetric NDI cytlape 1l (scheme L implied a straightforward

condensation of 1,4,5,8-naphthalenetetracarboagiid dianhydride with the appropriate diamiriz

OsxN._O Oy _N_O

OO = w1 - wCT)

O N O O° N O o0 X0
1

Scheme 1Retrosynthetic analysis of NDI cyclophane.

The assembly of the cyclophadeis displayed inscheme 2Starting from commercially available
1-tert-butyl-3,5-dimethylbenzenet), bromination followed by &abriel synthesis afforded the rather
labile diamine2 after cleavage with hydrazine. A variety of reastconditions, including microwave
irradiation, was investigated to eventually obt#me cyclophanel in a single reaction step by
condensin@ and3. However, the isolated yields bfdid not exceed 4 %.

The synthesis of such macrocycles is usually aeliawnder high dilution conditions, where both
reactants are simultaneously added in a 1:1 ratiorder to minimize polymerisation (see Lehn’s
macrocycle irfigure 4with 10% yield)'® Due to the fact th&8 was found to be poorly soluble at room
temperature in both polar and nonpolar solventsuaneous addition of both reactant was not

pursued.
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Consequently in a typical 1:1 reaction, a 36 mMugoh of both,2 and3 in iso-propanol, containing
triethylamine as a base, was refluxed for 3 dayferAcolumn chromatography, the desired
cyclophanel was isolated as white solid in only 1.2 % yieldheTdecreased yield by using a rigid
diamine 2 is possibly due to the higher ring tension for fbemation of the desired macrocycle,
resulting in more oligomer formation compared te thore flexible octane-1,8-diamine linker used by
Lehn?!®

Interestingly, the best isolated yield of 3.4 % fioe cyclophane assembly in a single step has been
obtained from a reaction mixture comprising a laggeess of the dianhydrid(36 mM) in a mixture

of dimethylformamide and acetic acid at 120 °C tdiok the dissolved diamine in
dimethylformamide had been added over a period loduk. This observation implies that not only
polymerisation and ring tension are responsible tha low yields obtained, but also a possible
cyclophane opening process at the imide positigrnfsde amines in solution leading to randomisation

of the imide substituents.

0s_0._0
Ry Ra (oo Ne)

Ri=R,=H:4
R1=R,=Br:5 j ab))

R; = R, = N(CO)CgHy: 6
Ry =Ry = NHy: 2 ©)
Ry = NHy, Ry = NHCOGBU: 7 -] d)

R3 R3
e)

<

(e} (e}

R = NHCOQBuU: 8
Ry = NH;*CF,COO" 9 0

oo
2 + 3 9 Nm'\‘
3 o
9o + 3 __ M o) o
N'N
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Scheme 2:Synthesis of NDI cyclophane applying a) NBS, AIBBHOOCH,;, hv, 4.5 h, 48 %;

b) GH4(CO)LNK, K,COs, CHCN, reflux, 5 h, 86 %; c) M., MeOH, reflux, 2 h, 82 %; d) BQO, CHCE,
0 °C, 5 h, 47 %; e) BN, i-PrOH, reflux, 3 d, 44 %; f) GEOOH, CHCI,, rt, 2 h, quant.; g) BN, i-PrOH,
reflux, 3 d, 1.2 % or DMF, CECOOH, reflux, 4 d, 3.4 %; h) B, i-PrOH, reflux, 3 d, 40 %.

23



Results and Discussion

To further improve the yield of the desired cyclaph, a stepwise approach was investigated in order
to increase the probability of macrocyclisationiaghpolymerisationgcheme 2 Thus, one of the
two amine functions o2 was protected with &ert-butoxycarbonyl group (BOC) to provide the amine
7. Condensation of 2 equivalents @fwith the dianhydride3 gave the doubly BOC protected
naphthalenediimide8 in a yield of 44 %, which was deprotected to thanrine9 quantitatively.
Subsequent condensation of the diamineSaidth the dianhydrid&® provided the desired cyclophane
1in 40 % vyield after column chromatography.

Whereas the overall yield for this sequence, sigufiom2, was only 8 %, it clearly demonstrated the
higher efficiency for the stepwise macrocyclisataom opens an additionally route to asymmetric NDI

cyclophanes.
3.2.2. Asymmetric NDI cyclophanes

The optical properties of naphthalenediimides asilg be changed by different substituents at the 2
and 6-positions, resulting in additional intenseglavavelength bands, whereas only little influeone
the optical properties is notable upon diverse tduwiesits on the imide-nitrogen atoms. These
additional absorption bands of 2-, 6-core subgtttlNIDIs is separated by an absorption free region,
which gives these dyes their bright colours. Moezpthe fluorescence properties of the chromophore
can be dictated by the chemical nature of the gubsts. Whereas heteroaryl-substituted derivatives
are nonfluorescent, heteroalkyl-substituted NDsileikintense fluorescencé’®

Thus, to core substitute one of both decks of §wophane structure is particular appealing due to
these additional intense long wavelength absorptiamds of core substituted NDIs. Bulky
substituents at the 2- and 6-positions of only NiD# chromophore should force the two NDI decks
into a less parallel arrangemeriig(re 28 for disfavouring a possible Forster resonancerggne

transfer’* which will be discussed in section 3.3.1.2.

Figure 28: Schematic presentation for the introduction ofkpusubstituents on only one NDI chromophore
which should force the asymmetric cyclophane intwiated conformation, where the two main axes @ad

blue arrows) are not anymore totally parallel toreather for disfavouring FRET.

24



Results and Discussion

Synthetically, the assembly of a cyclophane comghosletwo different NDIs should be straight
forward from the stepwise macrocyclisation approegported for cyclophang For having a huge
diversity of different asymmetric NDI cyclophanéise compound.0 comprising two chlorine atoms
in 2- and 6-positions appeared to be the ideatimglblock because by simple nucleophilic aromatic
substitution reactions various core substituentsbEintroduced. In order to maintain the fluoresce
properties heteroalkyl substituents were considexed especially oxygen, sulphur and nitrogen
nucleophiles were desired for achieving the broacrdity according to the absorption region,
providing yellow, red and blue dyes.

Therefore, on one chromophore doubly chlorine swibstd NDI cyclophand 1 was synthesized as a

precursor of the heteroalkyl substituted targetcstiresl2-18 as displayed ischeme 3

2 CRCOO®
®

O«_N_O NHs
o0 ) OO —— OO CO )
cl P Ry
o” N "0 N O O O
10
c) d e f) 9
9 R1=R2=CI:11]) ) & D
Ri=Ry= S(Cl’b)sCH3 12 ]

Ry = Ry = N(CH,)4CHg: 13
R; =R, =SBu: 14

R; = R, = OMe:15

R, =Cl; R, = OMe:16
R1 = R, = NHtBu: 17

R; = R, = N(CHp)s: 18

Scheme 3:Synthesis of asymmetric NDI cyclophanes applyingCal;COOH, microwave, 170 °C, 15 min,
27 %; b) hexane-1-thiol, &0, i-PrOH, reflux, 2 h, 34 %; c) pentylamine,®0;, CH;CN, 70 °C, 2 d, 45 %;
d) 2-methyl-propane-2-thiol, £0O;, CHCN, rt, 1d, 96 %; e) NaOMe, MeOH, 50 °C, 20 h, %42
f) tert-butylamine, KCO;, CH;CN, 70 °C, 2 d, 5 %; g) piperidine ,€0;, CH;CN, 70 °C, 1 d, 71 %.

Various reaction conditions have been investigated the condensation of the sa®t with
2,6-dichloro-1,4,5,8-naphthalenetetracarboxylicdatdianhydridelO. In a first attempt basic reaction
conditions were applied by refluxing the diamoniwait 9 (1.2-1¢° mol/l) in a 10:1 mixture of
iso-propanol and triethylamine together with 1.Rieglents of the dianhydrid&0 for 5 days. After
purification by column chromatography the desiradhidro cyclophand 1 was isolated in 11 % yield
as a white solid. High dilution reaction conditiomere investigated for an acidic condensation. Thus
the diamonium sal® (4.7-10 mol/l) together with 1.6 equivalents of the diadtige 10 were
refluxed for 2 days in acetic acid. Isolation byuron chromatography provided the desired dichloro
cyclophanell in a slightly improved yield of 14 %. Interestigglthe best yield for this cyclisation

reaction was obtained by irradiating with a micreevaapparatus. Therefore the diamonium Salt
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(5.5-10° mol/l) together with 0.97 equivalents of the digdtide 10 in acetic acid were exposed in a
sealed tube to a 400 Watt microvave set-up at C7f 15 minutes. After purification by column
chromatography the dichloro cyclophathé& was obtained in 27 % yield. Assuming comparable
chemical behaviour of the 2,6-dichloro-naphthalé@n@de unit in a cyclophane structure as in a lmea
configuration, nucleophilic aromatic substitutieactions should allow replacement of both chlorine
atoms by various heteroalkyl substituents.

In order to increase the solubility of NDI core stituted asymmetric cyclophanes a first attempt was
made with hexane-1-thiol. After reluxing for 2 heun iso-propanol12 was isolated in a 34 % yield
after column chromatography.

For the same reason pentylamine was chosen. Owirthet weaker nucleophilicity compared to
hexane-1-thiol, an excess of pentylamine was adoed stirred suspension of asymmetric dichloro
cyclophanell in anhydrous CECN. After two days at 70 °C the nitrogen substdutsymmetric
cyclophanel3 was isolated as a blue solid after column chrogragghy in a moderate 45 % vyield.
Thus, the long chain heteroalkyl substituents gickimonstrate the reactivity and addressability of
the 2,6-dichloro-naphthalenediimide subunit of #eymmetric NDI cyclophane by nucleophilic
aromatic substitution reactions. However, to coralBolubility and processability with sublimability
required for the envisaged UHV experiments, bulkgt aompact substituents seemed more promising.
Bulky substituents were expected to sterically aditgoth NDI decks of the cyclophane into a less
parallel arrangemenfigure 2§ and thus adding an additional component to tisfadouring of a
possible Férster resonance energy transfer (FREThamism (see section 3.3.152).

Consequentll1 was exposed under mild reaction conditions to Ehgtgoropane-2-thiol to afford the
doubly tert-butylsulfanyl substituted NDI cyclopharid in an almost quantitative yield of 96 % as a
bright red solid after column chromatography. &litattempts to obtain an oxygen analogue by
exposingll to an excess of sodiutart-butoxide failed. However, a dialkyloxy substitutéerivative
was obtained by treatinffl with an excess of sodium methoxide in methan&@atC for 20 hours.
Besides unreactetll (66 %), the dimethoxy cyclophari® was isolated in 14 % yield after column
chromatography as an intense yellow solid. Interglst the mono methoxy substituted cyclophaie
was also isolated in 12 % vyield, indicating the doweactivity of the second chlorine atom in these
substitution reactions with alcoholates as nucléeph For bulky amine functionalisation a first
attempt was made witlert-butylamine under the same reaction conditions @astlie nitrogen
substituted asymmetric cyclophad&. But in this case only 5 % of the desired doubityogen
functionalized cyclophan&7 was isolated. Monaeert-butylamine substituted cyclophane formation
was observed by HPLC ESI-MS as for the oxygen dékig, indicating again the lower reactivity of

the second chlorine atom for these nucleophilicreatic substitution reactions.
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As primary amines are less nucleophilic than seapndliisopropylamine as a bulky secondary amine
was investigated. After various reaction conditiomere explored, the formation of the desired
diisopropylamine functionalized cyclophane could be observed. Probably diisopropylamine is too
bulky a nucleophile. However, to maintain both, leophilicity and steric bulk, piperidine seemed
ideally suited as bulky but compact secondary aniliigs time, treatment of1 with piperidine in
anhydrous CECN at 70 °C gave the doubly substituted piperidipelophanel8 as an intense blue

solid after column chromatography in an unexpegtadih 71 % yield.

3.2.3. Cyclophanes with both NDIs substituted

Expecting that bulky substituent at the NDI cordl Wirce the two NDI decks into a less parallel
arrangement, as previously showrfigure 28for asymmetric NDI cyclophane structures in ortber
avoid a possible energy transfer mechanism, ththegis of a cyclophane with both NDIs substituted
was envisaged. Once more a one pot synthetic gyratas realized for the both NDIs substituted
cyclophane structurd9, as for cyclophand. The synthesis of NDI cyclophand® and 20 is

presented ischeme 4
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Scheme 4:Synthesis of NDI cyclophand® and20 applying a) acetic acid, 120 °C, 2 d, 2.7 %;
b) 2-methyl-propane-2-thiol, XC0O;, CH;CN, rt, 2 d, 42 %.
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To refluxing a solution of 2,6-dichloro-1,4,5,8-fipalenetetracarboxylic acid dianhydridBJ) in
acetic acid (4.9 mM) diamin@ was added dropwise over 1 hour. After stirring faro days,
purification by column chromatography provided rage cyclophanel9 as a white solid in 2.7 %
yield. This is comparable to the yield for the @bep cyclisation of the symmetric NDI cyclophdne
Subsequent nucleophilic aromatic substitution 2imethyl-propane-2-thiol at room temperature for
two days provided, after reversed phase columnnehtography, cyclophan20 as a red solid in

moderate 42 % vyield.
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3.2.4. NDI with crown ethers attached

As previously mentioned in section 3.1, anotheatefly to decouple a chromophore from the metallic
surface can be achieved by deposing first an itisglasmall salt layer onto the metallic surface
(seefigure 23left in section 3.1).

In order to place molecules onto an insulating Isgkr to achieve this decoupling, 15-crown-5 ether
seem to be the ideal choice because they are @liéenh sandwich-like complexes with barium and
potassium cations, meaning that they occupy ordynidif hemisphere of these cations (Bgere 26

in section 3.1). So, using e.g. a barium chlorid@atassium chloride salt layer as an insula@ris
expected to be preferentially located on the salh ton the bare gold surface due to the higharipffi

of the crown ethers to cationBg(ire 29 and see alséigure 27 in section 3.1). Moreover, the nice
optical properties of the NDI should be maintairzeal therefore the attachment of the crown ether
moieties to the NDI core via an amine functionabugr was envisagedigure 29. Finally, at the
imide-nitrogen positions phenyl units without aduigl tert-butyl groups were considered to

minimise the molecule-substrate distance.

22
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Figure 29: Design of a NDI with crown ethers attached forettdr affinity to the salt layer.
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The assembly of the NDI crown ether derivatBis displayed irscheme Sogether with the triply
substituted side produ28.

Oy, 0.0 Oy N._O
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Scheme 5:Synthesis of a NDI crown ether derivative applyaiganiline, CHCOOH, reflux, 20 min, 64 %;
b). 2-aminomethyl-15-crown-5, toluene Bt reflux, 3 d, 21 %22 and23, 7 %.

First 2,6-dichloro-1,4,5,8-naphthalenetetracarbicxycid dianhydride 0) was condensed under
acetic conditions with aniline to form N1 in 64 % yield. Then poorly solublgl was further
reacted with an excess of 2-aminomethyl-15-crowin-& mixture of toluene and {&t for 3 days.
After column chromatography and washing with 1 MIta8d saturated NaHGGolution the desired
NDI crown ether derivativ@2 could be isolated as a blue solid in 21 % vyieldside product bearing
three crown ether moietie83 was also isolated in 7 % yield. The formation 28 proofs the
previously hypothesized imide randomization reactioe to imide opening by an amine nucleophile
under the applied reaction conditions. Two reddistnds were observed during purification by
column chromatography. It is supposed, consistegit tolour, that these bands correspond to mono
core substituted NDIs, but because of the low qtiesitit was not possible to characterize them

adequately.
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3.3. Characterisation of the model compounds
3.3.1. The symmetric NDI cyclophane

The principle disadvantage of the one pot synthefsthe symmetric cyclopharfewas the required
assembly of four units to the desired macrocyclene shot. Beside the desired ring formation, a
multitude of polymer side products were formed awne were identified by HPLC-ESI-MS
(figure 30.
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Figure 30: Four polymeric structures, which were formed bg time pot synthetic approach to the symmetric

NDI cyclophanel.

The trouble in proving the right formation of trerdet cyclophane structure arose in the observation
of three different masses by ESI-MS (see experiatepart: 871 ([M+Na]), 1719 ([2xM+Na]),
2568 ([3xM+Na]). There are several plausible structures whichidctead to such a detection of

different massedigure 31):

1) Larger macrocycles were formed during the reactut.it seemed strange that the macrocycles
consisting of an odd number of subunits were ndealed. Disfavour formation of such
cyclophanes could have been the reason for thectdmieof only macrocycles with an even
number of subunits.

2) The desired cyclophanes are interlinked to catenahigs would also explain why there are no
macrocycles observed consisting of an odd numbsuladinits. On the other hand, for the highest

mass detected such an interlinked structure seemtgglievable on steric grounds.
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3) It is due to a stacking effect of the cyclophanesatdimer or trimer arrangement under the
applied conditions for ESI-MS.

4) An ion-molecule reaction in the ESI-MS could haeewred.

B
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macrocycles consisting macrocycles consisting
of an even number of  of an odd number of
subunits subunits reaction

Figure 31: The different possibilities for the detected masseESI-MS: 1). Larger macrocycles, whereas no
signal for odd macrocycles appeared; 2). Interfigkio catenanes; 3Tt stacking; 4). An ion-molecule reaction
taking place in the ESI-MS.

In fact the higher macrocycle structurdgure 31 left) would not differ in’'H-NMR, **C-NMR or
elementary analysis from the desired cycloph&ané&herefore further analysis by gel permeation
chromatography (GPC) was envisaged and revealédnessignal at 17.1 min, which is in the right
range of mass for NDI cyclophafeccording to polymer standards (see experimeatd). g-rom this
observation it was possible to exclude the fornmati larger macrocycles or catenanes and on the

other hand to prove that the one pot synthesiteglyajave the desired NDI cyclophahe
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3.3.1.1. Solid state structure of the symmetric NDI cyclophae

Finally, after several attempts, single crystalisafle for X-ray analysis have been obtained byvslo
evaporation of a solution df in CH,Cl, and 1 in xylene. Despite the molecule’s symmetry, the
cyclophanel does not crystallize with an inversion centre, pgns a minute cavity by tilting both
NDI planes with respect to each othiégre 32. The inter NDI C-C distances are 7.1 A betweef C2
and C40 doubled at the front rim compared withvhleies of 3.6 A observed in the back (C14-C46).
Furthermore, the interlinkintgrt-butylphenyl spacers both point towards the opda wiith a distance
between C1 and C33 of 15.9 A.

CUl cuo

Figure 32: Solid state structure of the symmetric NDI cyclapb1 obtained by evaporation of a QEl,
solution. Front view (left) and top view (right).RIEP representation; thermal ellipsoids are sehat50 %

probability level and H atoms as well as solventenoles were omitted for clarity.

In the solid state structure, a &Pk solvent molecule is partially penetrating the tawf the
cyclophanel. A very comparable solid state structure has lmxained from technical xylene with a
para-xylene molecule partially penetrating the cavityldfigure 33.

Figure 33: Left: Solid state structure df with two CHCI, solvent molecules, one partially penetrating the
cavity. Right: Solid state structure bfwith two para-xylene solvent molecules, also shown is one madeoti

para-xylene partially penetrating the cavity.
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Is it possible to form an inclusion complex between cyclophane and a flat electron rich guest ?

To answer this question we studied the quenchifegedf cyclophand according to the fluorescence
signal of 1,5-dimethoxynaphthalergt (figure 34. Assuming a 1:1 complei24, a moderate
binding constant of 81 Mhas been determined (see experimental part). dahtol experiment, the
model compoun@5 displayed comparable quenching properties witlassociation constant of the
same order (106 N). Thus, we concluded that due to the short rigiacsrs, the tiny cavity between
the two NDIs does not allow complexation of elestrich aromatic systems, compared to Lehn’s
flexible hexyl bridged cyclophandidure 4. The observed quenching effect is attributed he t

association o024 to the outer surface of cyclophahewhich is consistent with the control experiment.
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Figure 34: Top: Quenching of the fluorescence of 1,5-dimejtmaphthalene24) by adding cyclophané
(indicated by the arrows). Bottom: Quenching offlnerescence 024 by adding the linear model compou2dl
(indicated by the arrows). Binding constants wertedmined assuming a 1:1 complex (see Stern-Vohiogs).
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3.3.1.2. STM investigations of the symmetric NDI cyclophane

Of particular interest was the suitability of cyghlanel for UHV experiments and investigations of
its self-assembly properties on metal surfacesrdier to become familiar with such NDIs for UHV
experiments, concerning the possible decompositiothe molecules prior sublimation, the linear
model compound25 was investigated25 consist of similar building blocks, namely the NDI
chromophore, a phenyl part and an additideat-butyl unit, which increases the processability in
solution. Therefore, we expect analogous molecwd&aule interactions on the metal surface for the
NDI cyclophanel as for the model compoura® upon self-assembling.

Thus, after deposition &5 under UHV conditions onto an Au(111) surface, #iéM image shows a
large island of molecule®%) next to the bare gold surfadeg(ire 39.

AR D
7 VWL
= ..
= 9 23A
e
g e

0.5

O

I | L
0 3 o 15 20 25 30
Distance (nm)

Figure 35: Large island of molecule2%) next to the bare gold surface. The height profitss measured along
the black line in the STM image.

A height profile revealed an averaged distance .8fA2from the surface. This indicates that the

molecules oR5 are laying flat on the gold surface and not pedprnar as illustrated bfijgure 36

5 ﬁ’@ =

25

Figure 36: The molecules25) are laying flat on the gold surface at a heigt.8 A.
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25 self assembles in densely packed, regular parales with a distance of about 1.5 nm as can be
seen infigure 37 Thetert-butyl units appear as bright spots, while the Blomophore lies flat on
the surface between them in the darker region.riblecular structure d25 is overlaid suggesting a

pair of hydrogen bonds between neighbouring mokscstabilizing the arrangement in stripes.

A

Figure 37: Self-assembled monolayers obtained by sublimatfadhe NDI model compoung5; left: large area
self-assembly in parallel stripes; right: high defon image comprising overlaid molecules. Intelecolar
hydrogen bonds are indicated by the dotted lines.

The spatial proximity (0.2 nm) of the carbonyl ogygand the naphthalene hydrogen of the
neighbouring NDI chromophore indicate the formatioh two hydrogen bonds between two

neighbours in a rowfifure 38.

Figure 38: Formation of two hydrogen bonds between the caibmxygen and the naphthalene hydrogen of the
neighbouring NDI (red lines).
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The cyclophand was also deposited on Au(111) samples in a UH\Intdea by sublimation. A low
resolution STM picture showed the formation of r@daisland next to the bare gold surface as for the
model compoundfigure 39. The height profile revealed an average heighg. ®fA, which is in good
agreement with a mean value of both heights ohbddfiren the crystal structure data (5.4 A).

Height (A)
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Figure 39: Large island of NDI cyclophane moleculesiext to the bare gold surface. The height profites

measured along the grey line in the STM image.

Moreover, the height profile for symmetric NDI cgphanel is more than the double of the linear
model compoun@5 (figure 35. Consequently, the cyclophane structure is netrdged during the
sublimation procedure onto the gold surface, bexaugossible breaking of the cyclophane structure

e.g. at the benzylic positions would have led t@®y similar height to that of the model compoid
(figure 40.

N
O

Figure 40: A possible decomposition of the cyclophane stmectmto smaller parts during the sublimation

procedure was not observed in the subsequent SEgam(~5A vs ~2A).
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Further investigation of the sample surface by SAtM K revealed large islands consisting of paralle
stripes with a regular periodicity of 2.7 £0.2 nfiigure 41 3. Comparison of the monolayers
obtained from NDI model compourizb with the high resolution STM pictures of the maxars
formed byl (figure 37, made it possible to identify individual cycloptes as the building blocks of
the stripes flgure 41 h) and further demonstrated the sublimation of gyebme molecules without
degradation. This time the chromophore units appsabright spots in contrast to the previously
obtained model compound images. The bent cresikentshape of immobilized cyclophark
correlates nicely to its solid state structure.ilistrated by the added model, it is assumed tifet
stripes consist of two intercalated cyclophane mdés which are rotated by about 120° with respect
to each other. Each row is stabilized by a paimtérmolecular hydrogen bonds (0.2 nm), formed
between the carbonyl oxygens and the naphthaledeoygns of the surface immobilized NDI

chromophores as for the linear compo@adfigure 42 green dotted lines).

annl . 1 : e L
i : ._ .:. ‘ .é ‘ - *._ ‘1 3 . - - -
Figure 41: a) Large scale STM image of a cluster of selfstded cyclophaned on Au(111); b) enlarged

stripe-region with the structure @foverlaid and c) high resolution image of the sarea as displayed in b)

Arrows in a) represent unit cell vectors of the 2Dlecular organisation. Dotted lines in b) indicatebilizing

hydrogen bonds.

Figure 42: Model based upon crystallographic data showingdyen bonds (green dotted lines) between the
carbonyl oxygens and the naphthalene hydrogersedgurface immobilized NDI chromophores; left: sitkw,

right: top view.
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Similar hydrogen bonds have been found to stabtlimeformation of supramolecular nanotubes of
amino acid functionalized NDfS. The intercalation of both rows as well as the dingpacked
arrangement of the parallel stripes seems to hemiy maximisation of the surface coverage. The
two vectors defining the 2D unit cell have lengbh8.5 + 0.2 and 0.9 = 0.1 nm, respectively andiope
an angle of 50 + 3Tigure 41 3.

The Au(111) surface is known to undergo a long-eangconstruction with a typical herringbone
pattern as e.g. observedfigure 35°>°* Moreover, the interaction between molecules aedstirface
leads to different observations of this reconsedcgold surface. For a weak molecule-substrate
interaction the reconstructed surface can stilbbserved through the monolayer, whereas a strong
interaction lifts the gold reconstruction and tHiere it cannot be noticed anymofégure 43shows

the reconstruction of the underlying gold surfaghich can still be observed highlighted in yellow.
This observation indicates that the interactiomieen the molecule and the substrate is weak, simila
to the case of supramolecular polymers on Au(fi8.stronger interaction and charge transfer
between the molecule and the Au(111) would leath#olifting of the reconstruction as previously

mentioned which can be observed in the case@bdalind to Au(lll?.3

38x28 nm?

Figure 43: Topographical picture of the self-assembled morestaobtained by sublimation of the cyclophane

displaying the reconstruction of the underlying AL{) surface.
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Thus, the self-assembly properties of symmetric Nidlophanes are driven by weak molecule-
substrate interactions and additional molecule-mwé& hydrogen bonds. Moreover, suggests the
structural analogy of immobilized with its solid state structure a comparable spacof
approximately 0.5 nm from the surface for the upgrgomophore and therefore proofs the suitability
of this concept. The conservation of the spatiglasation of both chromophores in these surface
immobilized cyclophanes and the predominant intevacf the metal surface with only one of the
two =m-systems are promising results on the way towanmddase decoupled chromophores.
Considering Forster resonance energy transfer (FFREETa potential quenching mechanism for the
decoupled chromophore, the parallel arrangemebbtsf main axes of the NDI subunits may be less

favourable as illustrated figure 44by the red and blue arrows’E 1).

Figure 44: From the crystallographic data the parallel ageament of the main axes of both NDI subunits

would enhance a possible FRET quenching mecharémtop view; right: side view).

Unfortunately, the first STM induced light emissierperiments of these symmetric NDI cyclophane
(1) coated gold surfaces failed.

Because of that reason the achievement of a lesdlgbaarrangement of these main axes was
envisaged by asymmetric NDI cyclophanes. As dematest infigure 45the introduction of bulky
groups (green pillars) on just one NDI chromoptsireuld lead to a twisted conformation, where both
main axes are no longer totally parallel to eadientAs a result, a possible FRET as quenching
mechanism should be minimized’& 1). In addition, the heteroalkyl 2-, 6-core dithged NDI
chromophore has different optical properties comgato the unsubstituted one. In particular,
heteroalkyl substituents at the 2- and 6-positioh&lDIs have additional intense long wavelength
bands responsible for the brilliant colours of théiaorescent dyes. Consequently, the spectralayver

of donor and acceptor moieties can be tuned acuptdidifferent substituents, minimizing FRET.

Figure 45: Schematic presentation for the introduction ofkpusubstituents on only one NDI chromophore
which should force the asymmetric cyclophane intwiated conformation, where the two main axes @ed

blue arrows) are not anymore totally parallel toheather (left: top view; right: side view).
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3.3.2. Asymmetric NDI cyclophanes

Measurement of the UV&Vis spectra of NDI cyclophdni@ acetonitrile showed a minimum energy
absorption band at 379 nm as showffignre 46 In the fluorescence spectrum a weak emission band
shift by about 16 nm to 395 nm was observed. Axfafophanel the linear NDI model compound

25 showed the typical absorption bands between 30034
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Figure 46: Absorption (straight lines; 1M solutions) and fluorescence (dashed lines) saeofr NDI

cyclophanel (red lines) and linear NDI model compou2iil(blue lines) in CHCN; Aeyx. = 358 nm.
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Also the asymmetric GINDI cyclophanell and the linear chlorine substituté2Ba showed
absorption bands between 300-400 nm as displayédidjure 47 However1l and 33a showed an
additional weak absorption band at 402 nm and 38%aspectively. While both cyclophantand1l

showed the expected mirror image, no fluoresceigrelswas observable for the linear N2& and

33a(figure 46andfigure 47).
(Oig\

Os_N

Ox_N.__O Ox_N.__O
O 1y o
Cl Cl
N~ SO o~ 'N” SO
33a

O” N O O

4

11

60000
— Abs. 11 T
—— Abs. 33a A
50000 Em. 11
Em.33a 7]
_ 40000 .

5 13
-~ | ©
S 30000 ) 1=

g Ii =
€ 1=
— 20000 —

©w -

10000 — 7]
04 \ S — S
T I T I T I T I T
300 400 500 600 700

A/ nm
Figure 47: Absorption (straight lines; 10M solutions) and fluorescence (dashed lines) spesftasymmetric

Cl>-NDI cyclophanéll (green lines), and linear £NDI 33a(orange linesin CH;CN; Agye = 358 nm.

The reduced fluorescence intensity of asymmetrid difelophanell, compared to cyclopharig is
attributed to quenching by the heavy chlorine atattached at the NDI core. Flat chromophores e.g.
naphthalene and perylene are known to form aggesdatsolution depending on their concentrations.
This “face to face’t-n stacking has been shown to be reflected in a éhamthe ratio of the bands in

the absorption spectfa>**°
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In our case a noticeable change of peand peaki can be observed for the linear NDI model
compound25, compared to the two cyclophane structulieslj and the linear GINDI 33a (figure 46
and figure 47. Whereas for the linear NOU5 peakii appears more intense thaifigure 49, the
absorption spectra of linear £/NIDI 33ais generally less intense, broadened and the oatpeaki
and ii is inverted figure 47). This observation can be attributed to stackirfiglimear Cb-NDI
molecules 3@ in acetonitrile due to the low solubility in coast to the highly soluble linear N2b.
The same change of the absorption bands, ipaadtii, was seen for the NDI cyclopharieand11 as
shown infigure 46 andfigure 47 a logical conclusion of two close chromophoresnpared to the
linear NDI model compoungb.

Asymmetric NDI cyclophané&l was further envisaged for STM investigations witl expectation of

a less parallel arrangement of the two NDI mairsate to the bulkier chlorine atoms located on only
one chromophore. Therefore the asymmetrigNDd| cyclophanell was placed onto the Au(111)
surface by the same sublimation procedure as foeafi NDI 25 and cyclophanel.
Figure 48 shows a low resolution STM image of,®IDI cyclophanell, acquired at 6 K together
with the measured height profile. The height of &.8orresponds nicely with the previously obtained
spacing for the symmetric NDI cyclophahé¢5.7 A) on the gold surface.
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Figure 48: Island of asymmetric NDI cyclophane moleculdsnext to the bare gold surface. The height profile

corresponds to the black line in the STM image.
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Further investigation of the sample surface by S€Mealed islands with alternating rows; forming an
ordered zigzag pattern of asymmetric cyclophabie¢figure 49. Such a molecular organization is
totally different from the prior observed paralttipe pattern of cyclopharie As illustrated by the
added model ifigure 49we assume that each row is consisting of justematiomeric form (see
later S-NDI cyclophane). In comparison to the croissakesli “C-shape” conformation of the
symmetric NDI cyclophand, asymmetric NDI cyclophang&l shows an “S-shape” conformation.
Consequently, one chromophore should lay flat @enntietallic surface, while the other is decoupled
from the underlying gold surface as proposed fersymmetric NDI cyclophank

Figure 49: Large scale STM image of self-assemblegNIDI cyclophaned.1 on Au(111) with an enlarged

region with the structure dfl overlaid. The arrows represent unit cell vectdrhe 2D molecular organisation.

The densely packed arrangement of the rows seerbg triven by maximisation of the surface
coverage, while the increased distance betweeratjarent molecules is unlikely to be attributed to
the stabilizing effect of hydrogen bonding. Anotlparissible hydrogen bond formation between the
tert-butyl hydrogens and the chlorine atoms of the fiegper or lower” lying naphthalene core is not
expected due to the large distance of about 0.3Tma.two vectors defining the 2D unit cell have
lengths of 3.4 + 0.1 and 1.7 = 0.1 nm respectiaglgt open an angle of 63 + IRyre 49.

In fact, asymmetric NDI cyclopharl has two different plausible mechanisms for absompbnto
the gold surface. Either the 2,6-chlorine core suldled NDI chromophore is lifted spatially frometh

gold surface, or it is directly attached to it. Dioethe suspected higher Van der Waals interactions
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between the chlorine substituted chromophore aadtinface compared to the unsubstituted one, it is
hypothesized that the &NDI component lies on the gold in order to maxenike surface coverage.
But, taking a closer look at the upper STM imagéaire 49some randomly distributed bright spots
are observable. This could be attributed eithelefiects in the self assembled monolayer or it cbeld
that at these positions the unsubstituted NDI iacaed to the gold surface, whereas the chlorine
substituted one is lifted which leads to a différelmservation in the STM image.

Unfortunately, as was also the case for the asymomgtclophanell, no light emission from single
molecules has been observed. However, the fasoinatbservation of different conformations of
cyclophaned and11 on Au(111) led to the further design and synthe§idifferent substituted NDI
cyclophanesl2-20, as mentioned at the beginning of section 3.22qrder to insert larger bulky
substituents in the 2- and 6-position of one naglketie unit and to understand more about the
interaction between the two chromophores.

It is particular appealing to core substitute ohbaih decks of the cyclophaié due to the additional
intense long wavelength absorption bands of cotestguted NDIs. These additional bands are
separated by an absorption free region, which & dhuse of the brilliance observed for core
substituted NDI dyes. Furthermore, the spectraitiposof these additional bands depends on the
substituent, allowing tailoring the spectral ovprlzetween the emission of the unsubstituted NDI and
the absorption of the core substituted NDI chronaophThus, in spite of the fact that the distanu a
the spatial arrangement of both chromophores iserafixed in the framework of the rigid NDI
cyclophane, the efficiency of the intramoleculaiemchromophore FRET can be tuned by these core
substituents.

The proximity of both decks in these cyclophanessdaot allow for rotation along the NDI main axis
and therefore these structures comprising substgue the 2- and 6-position of one NIU120) are
found to be planar chiral. The asymmetric cyclogsatil, 14, 15 and 18 (figure 50 were fully
characterized byH- and**C-NMR spectroscopy, mass spectrometry and theitypwas analysed by
high performance liquid chromatography (HPLC).

Cl,-NDI cyclophan O,-NDI cyclophan S,-NDI cyclophan N2-NDI cyclophan
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Figure 50: Structures of asymmetric cyclopharids 14, 15 and18.
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The UV/Vis spectra of the three asymmetric NDI optianesl4, 15 and 18 (sulphur, oxygen and
nitrogen substituted) in dichloromethane are diggdainfigure 51
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Figure 51: UV/Vis absorption spectra of asymmetric cycloplsah4 15 and18 (sulphur, oxygen and nitrogen
substituted) in CECI, at room temperaturd 4: red line, 10.Jum; 15: black line, 6.1uMm; 18: blue line, 9.5um);

picture of the samples disolved in gk, (top right corner).

The typical absorption bands between 300 and 400frthe unsubstituted NDI are present in all three
spectra. These bands were mainly attributeg-4® transitions along different directions of the NDI
chromophore. Furthermore, all three spectra dispidgitional bands at longer wavelength arising
from the 2,6-disubstituted NDI chromophore. Therstr effect of the core substituents on the position
of these absorption bands is visible in the cotifuhese samples figure 51

The methoxy substituents 46 gave two long wavelength absorption maxima at 488 466 nm,
responsible for the intense yellow colour of thenpound. Theert-butylsulfanyl substituents df4
resulted in an absorption maximum at 530 nm withr@enounced shoulder at 500 nm, giving the
compound an intense red colour. Finally, the pgiee substituents df8 gave a less resolved broad
absorption band with a maximum at 615 nm, resultimgthe strong blue colour of this NDI
cyclophane.

Due to this tuneability of the long wavelength apsion band of the core substituted deck these
cyclophanes are particular appealing as model cang® to investigate intramolecular FRET
mechanisms. Alternatively, intramolecular electtmansfer mechanisms, which have been observed
for [2,2]paracyclophariéand dithia[3,3]paracyclophatialerivatives, might also lead to an exchange
of the excited state between both cyclophane ddd&siever, the increased spacing between both
decks results in a decreased orbital overlap of theystems in the here reported NDI cyclophanes,

compared to these more compact [2.2]paracyclopbadedithia[3,3]paracyclophane systems, which
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rather favours a FRET mechanidhi® Of particular interest were the emission spectfathe
fluorescent cyclophandst, 15 and18 as a function of the excitation wavelength.

Figure 52 displays the absorption spectra of the dimethaxysstuted cyclophan#5 together with
the emission spectra upon excitation at 361, 38p, ahd 466 nm. Upon excitation at 440 nm and
466 nm only the 2,6-dimethoxy substituted NDI wasited and provided the expected emission
maximum at 490 nm with a band pattern resembliegntirrored long wavelength absorption bands.
The small stoke shift of 25 nm was also expectedafoigid chromophore like the core substituted
NDI. Interestingly, similar fluorescence spectrareveecorded upon excitation at 361 nm and 382 nm
where both chromophores @b were absorbing. These findings are attributedntan&ramolecular

FRET from the unsubstituted NDI to the 2,6-dimeth&DI chromophore.
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Figure 52: Absorption (black line) and fluorescence spect@dured lines: excitation at 361, 382, 440 and

466 nm) of @-NDI cyclophanéel5 (6.1 um in CH,CI, at room temperature).

For thetert-butylsulfanyl substituted cyclophadd a reduced intramolecular FRET was expected due
to the further increased bathochromic shift of theg wavelength absorption bands of the core

substituted deck with respect1s.
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In figure 53the absorption spectra of the dialkylsulfanyl ditiseed cyclophand4 together with the

emission spectra upon excitation at 360, 380 addd3 are displayed.
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Figure 53: Absorption (black line) and emission spectra (ooddl lines: excitation at 360, 380 and 531 nm) of

S,-NDI cyclophanel4 (17.9um in CH,CI, at room temperature).

Upon excitation at 360 and 380 nm, where both cbpitores are excited, the typical fluorescence
bands between 390 and 470 nm of the unsubstituBdadre observed together with a weaker long
wavelength emission at 560 nm, attributed to thedkglisulfanyl NDI. The pattern of the bands
between 390 and 470 nm resemble the mirrored atimorpand pattern below 400 nm. Upon
excitation at 531 nm the exclusive emission ofdbee substituted NDI at 560 nm was observed. Two
different mechanisms may cause the emission atnB6Qpon excitation at 360 and 380 nm
respectively. Either the emission originates frdma éxcitation of the dialkylsulfanyl chromophore or
the excited state is transferred by a FRET mechafiism the unsubstituted NDI to the substituted
deck. The occurrence of such a FRET mechanism tdeexcluded due to the remaining small
overlap between the emission of the unsubstitutBd &hd the raising absorption of the coloured
chromophore displayed ifigure 53 However, as similar weak emissions have also lodserved
upon excitation at 360 and 380 nm of dialkylsulfadipl model compounds lacking the second deck
of the cyclophane, the excitation of the dialkylanyl NDI chromophore of the cyclophane is

supposed to be favoured as the origin of this eariss
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Intramolecular FRET mechanisms should be furtherditapped in the dipiperidinyl substituted
cyclophanel8 with its further increased red shift of the longwelength absorption band. As
displayed infigure 54 emission of the dipiperidyl NDI subunit at 658 nmas only observed upon
excitation at 616 nm, while excitation at 358 an@ 8m only gave rise to emission bands between
400 and 500 nm. Obviously, FRET is completely sepped by the missing overlap between emission
of the unsubstituted NDI and the absorption speatrthe doubly functionalized piperidine NDI in

cyclophanel8.
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Figure 54: Absorption (black line) and emission spectra (ooddl lines: excitation at 358, 377 and 616 nm) of

N,-NDI cyclophanel8 (9.5um in CH,Cl, at room temperature).

These fluorescence investigations show that theggrieansfer according to a FRET mechanism from
the unsubstituted NDI to the core substituted camdntrolled by varying the substitution pattern on
the NDI subunitfijgure 55.

g

X = N(CH,)s

Figure 55: Schematic representation of the tunable FRET ptisein asymmetric NDI cyclophangs.
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3.3.2.1. Solid state structures of asymmetric NDI cyclophane14 and 15

After numerous unsuccessful attempts to grow simglestals from the asymmetric planar chiral
cyclophaned.1-18, a diluted solution of the dert-butylsulfanyl cyclophané4 in CH,Cl, and EtOAc
produced single crystals suitable for x-ray analygion slow evaporation. The racemic mixture of the
asymmetric $NDI cyclophanel4 crystallizes in the orthorhombic space group Phuarmolecular
n-n stacking between the electron poor unsubstitutBd &hd the electron rich dialkylsulfanyl-NDI
form pillars of more or less regular alternatMgandP enantiomers of the cyclophanksin the solid

state structurdfigure 59.

Figure 56: The two planar chiral enantiomers b4 stacking above each other in the piles of thedsstate
structure. Top:F)-14; Bottom: M)-14.

While in figure 57an ORTEP picture of thil enantiomer of the ,SNDI cyclophanel4 is displayed,
figure 56 shows the stacking of the (top) and theM (bottom) enantiomer in the solid state.
Interestingly, the spatial arrangement of both otophores differs considerably from the one reported
for the parent cyclopharke While a tilted arrangement of both cyclophanekdewith a penetrating
solvent molecule was observed for the symmetric Bjalophanel, both chromophore planes b#

are almost coplanar. Probably, the increased stepiglsion of both substituents no longer allowss th

tilting of the unsubstituted top chromophore.
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The inter NDI C-C distances are in the centre withA slightly shorter than at the terminal nitrage

imide positions of 4.8 A. Thus, the NDI planes soenewhat bent towards the middle.

A \

\ /7 N\ /TN_w
/ \_< o, \_/7 \
8 Tl iy

—F= =1
\,
P4
3 >
—cf W A
\ ‘_:d__'// \\___I;‘\ﬁi“'__l
g{ ‘._,/-"%
\
w4
kY

Figure 57: Top: side view; Bottom: top view of the solid gtatructure of th& enantiomer of the planar chiral
S,-NDI cyclophanel4. Hydrogen atoms are omitted for clarity. Thermalipsibids are set at the 50 %
probability level in the ORTEP representation.

In spite of the sterically directing substituerttee main axes of both NDI chromophores are almost
parallel. This parallel arrangement of both NDI makes might be further favoured by intermolecular
packing effects within the piles. Due to the nogular ordering in the piling a1 andP enantiomers
(figure 59 in the solid state, the structure is disordetethe sulphur substituted NDI core (see crystal
structure in the experimental part). While the ralien between unsubstituted and substituted NDI
within the pile is maintained, about 10 % of thésituted NDIs seem to be functionalized in the 3-
and 7-position instead of the 2- and 6-positiomlidating the presence of the other enantiomer in
about 10 % of the cyclophane positions of each pile

The enantiomeric compositions of the samplds 14, 15 and 18 were investigated by high
performance liquid chromatography (HPLC) with arahicolumn (Amylosetris (3,5-dimethyl-
phenyl-carbamate)). All samples displayed the etguedacemic 1:1 mixture of th& and P
enantiomer. Preparative HPLC using the same cbidaimn packing enabled the enrichment of both
enantiomers in small samples of tteet-butylsulfanyl substituted cyclophardd. While for the first
isolated peak a ratio of 77/23 was recorded byyéinal HPLC, a slightly smaller enrichment of 38/62

was observed for the second peak.
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The circular dichroism (CD) spectra of both isatafeactions and of the racemic starting sample are

displayed irfigure 58

45 ]
40
B 35
8 30
E 251
£ 204
& ]
‘© 15 =
£ 107
o 5 //\
& 04 il ot
o 10
-15 4
2904
-25
=30
=35 -
T L T % T L T % T

300 400 500 600 700
Wavelength (nm)

Figure 58: CD measurements d# in CH,Cl, at room temperature. Starting mixture (black litmether with
both enantiomerically enriched sample§' (leak enriched: blue lines, &u1; 2" peak enriched: red lines,

7.0um). The dotted lines represent the spectra calalfatea pure enantiomer.

As expected, no signals were observed for thealnthcemic mixture ofl4, while the two
enantiomerically enriched samples displayed bothomgd features at the same spectral positions as
absorption bands were observed by UV/Vis spectmsdiigure 51 or figure 53. The expected CD
spectra of both pure enantiomers are displaydjume 56as dashed lines. All attempts to crystallize
the small samples of the enantiomerically enrickeuiples failed and thus, the assignment of the CD

spectra to the corresponding enantiomers has eot passible.

From a diluted solution of £NDI cyclophanel5in CH,CI, it was possible, upon slow evaporation, to
obtain single crystals for x-ray analysis. The talystructure unfortunately could not be refined
successfully and therefore no supplementary materigrovided in the experimental part, but it

clearly shows the desired®IDI cyclophane structurel§) and its packing.
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Intermoleculam-n stacking between the same NDI chromophores fotiarpiof alternatingl andP

enantiomers of the cyclophanEsin the solid state structurégure 59.

Figure 59: Crystallographic data of the two planar chiralieanmers M andP) of 15, stacking over each other

by intermolecular-n interactions between the same NDI chromophorésersolid state structure.

Figure 60 shows theP (right) and theM (left) enantiomer opposite each other in the seliate
structure including a distorted GEl, solvent molecule in the cavity formed between them
Interestingly, the @NDI cyclophane displays the same tilted arrangdméiboth chromophores as
observed for the symmetric NDI cyclophaheThe inter NDI C-C distances from the top to batto
chromophore are 6.7 A on the side adjacent to tHeCG solvent molecule compared with the
C-C value of 3.4 A opposite to the @&, (figure 60. In contrast to symmetric cyclophahgwhere
no intermoleculat-n interactions between different cyclophanes wasmesl, GQ-NDI cyclophane
15 forms columns byt-n stacking. Fascinatingly, it seems that becausheofCHCI, molecule in the
formed cavity, the system is forced to organizedpposite enantiomer rotated by 180° due to steric
reasons of the introduced methoxy groups.

Furthermore, in the pillars of the,®IDI cyclophanel5 the NDI chromophores of two different
cyclophanes are lying perfectly over each otliguge 59, while for S-NDI cyclophanel4 they are
rotated against each other by 66gre 56.

Figure 60: Crystallographic data of the two planar chiralmiamers ofl5 opposite each other in the solid state
structure. Left: (1)-15; Right (P)-15.
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3.3.2.2. STM investigations of the asymmetric NDI cyclophand4

Due to the known FRET from the unsubstituted NDthi methoxy substituted NDI, cyclophaltteis

not practical for STM induced luminescence expenitseIn addition the piperidinyl substituted
asymmetric NDI cyclophan&8 does not show any FRET between the two NDI chrdroogs, as was
presented previously. However, because of its ehsgnthesis and high isolatable yield compared to
15 and18, and the fact that FRET was predicted not to qc84NDI cyclophanel4 was envisaged
for STM measurements.

Sublimation of $NDI cyclophanel4 onto an Au(111) sample under UHV conditions arfassquent
STM investigations revealed islands of self-assechibholeculesfigure 6. An average height of
5.9 A was obtained for the,8IDI cyclophanel4 monolayer, which is in good agreement to the
previously measured heights of NDI cyclopharn(®.7 A) and G-NDI cyclophanel1 (5.8 A).
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Figure 61: Large scale image with islands of self-assembletboules14 on Au(111l) and the height profile

along the grey line.
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Additional investigation of the sample surface ByMBrevealed parallel rowdigure 62, which were
not strictly alternating as previously observed #wymmetric NDI cyclophandl (figure 49.
Interestingly, the distance between the individualecules in a row is shorter compared to the STM
image of CJ-NDI cyclophaned 1.

As illustrated by the added modelfigure 62we can deduce that each row is consisting ofguost
enantiomeric form. Where alternating rows are fouhd molecules are rotated by 70° with respect to
each otherf{gure 62on the right). From the overlaid model the distabetween the hydrogen’s of
the sulphurtert-butyl substituent and the next carbonyl functidnaoother cyclophane is about
0.3 nm. This distance is too great to expect hyeinolgonding between different molecules on the
surface as was proposed for the asymmetgdNOIl cyclophanel 1.

Furthermore, the STM image 0$-8DI cyclophanedl4 is very similar to the low temperature STM
image obtained for symmetric cyclophahfigure 41 bandc), implying that the dtert-butylsulfanyl

core substituted NDI chromophore of cyclophaddgs preferentially attached to the surface, whereas

the unsubstituted NDI chromophore is spatially dgded from the metallic substrate.

Figure 62: STM image of not alternating rows (left; 50 pAyBand an STM image with alternating rows (right;
50 pA, 1.7 V).
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3.3.3. Electronic structures of 1, 11 and 25

In this section the electronic structures of thedir NDI25 compared with the NDI cyclophangsand
11 (figure 63 is presented using a variety of experimental nepres (UV/Vis experiments,

theoretical calculations and STS measurements).
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Figure 63: Structures of NDI cyclophands11 and the linear NDI model compou@g8.

From UV/Vis spectroscopy experiments in solutiois ipossible to determine the spacing between the
highest occupied molecular orbital (HOMO) and tbevdst unoccupied molecular orbital (LUMO).
The electromagnetic radiation is characterised hyagselengthh. and a frequency, as related by
equation8, where c is the velocity of light in vacuum~@.9910° m/s). The energy of a quantum of
light is given by equatio8, where h is the Planck’s constant(6.6310°* Js). Using equatio8 for

the frequency and equating it with equati®nwe deduce the relation between energy (E) and
wavelengthX) as given by equatioh0 (1,60210%°] = 1eV).

Av=c 8
E = hv 9
E [eV] = 1240,82 nm 10

A

The two peaks and shoulder from the absorptiontspet symmetric NDI cyclophankin figure 46

are assigned to-n* transitions along the two axes accompanied byilisonic progressions (380, 360
and 344 nmj%® The absorption spectrum for the linear NI® shows the same features, whereas the
asymmetric GINDI cyclophanell displays an additional peak at 402 nfigyre 47. Since the
Cl>-NDI cyclophane consists of two non-identical chogiores and no further peaks are observed
above 402 nm, we can assume that this peak stemsaf-n* transition on the chlorine substituted
chromophore. Theoretical calculatidhsevealed the same HOMO-LUMO spacing for the linear
NDI 25 as for the symmetric NDI cyclophatef 3.102 eV.

55



Results and Discussion

Results from acGAUSSIANstudy showed that the LUMO f@5 is a single molecular orbital (MO),
whilst for cyclophand the LUMO consists of two degenerated MOs locatedath chromophores.
The LUMO for asymmetric GINDI cylophanell appears as two distinct MOs close in energy,
whereas the one on the chlorine core substitutetlidD.218 eV lower in energy, which is in good
agreement with the difference of 0.172 eV obsermetie UV/Vis data. The results obtained thus far

from UV/Vis measurements and theoretical calcutetiare summerized table 1

transition UV/Vis GAUSSIAN

NDI 25 and To-To* 344 nm= 3.607 eV -

NDI cyclophanel To-Tt1* 360 nm= 3.447 eV -
Tlo-To* 381 nm= 3.257 eV 3.102 eV (HOMO-LUMO)
To-T2* 344 nm= 3.607 eV -
oy * 360 nm= 3.447 eV -

NDI cyclophanell To-To* 381 nm= 3.257 eV 3.102 eV (HOMO-UMO)
To-Tg* 402 nm=3.085eV | 2.884 eV (HOMQ-LUMOc)

Table 1: ng-no* denotes a transition from a ground stageo the ground state of its excited electronicestgt,

while n,* (v = 1,2,3,...) represents the vibronic progressionth®fexcited state.

Previously, we described and compared the electrstructures ofl, 11 and 25 in a vacuum
(molecular modelling - GAUSSIAN) and in solution\{¥is spectroscopy). Additional results from
STS experiments reveals information about the actesn between substrate and molecule. STS
investigations show how the electronic structures raodified upon adsorption onto an Au(111)

surface.
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The constant height STS measurement for the [INEAr25 showed two peaks at -0.823 + 0.05 V and
+1.325 + 0.025 V with a shoulder towards +3 V, whih the range of -0.5 and +0.7 V or +1.9 and
+2 V no additional features were observédufe 64. The two peaks can be assigned to the HOMO
and LUMO, while the shoulder represents the LUM@OenEL.

LUMO+1

difdV (arb. units)

| ' | |
+1 +2 +3

Biasvoltage /[ V

Figure 64: Constant height STS data for linear NE® adsorbed on Au(111). The peaks at -0.823 V and
+1.325 V were assigned to the HOMO and LUMO. Theufiter towards +3 V is assigned to represent the
LUMO+1. AC voltage signal parametersg ¥ 28 mV,f = 2333 Hz.

While the shoulder towards +3 V could not be resdlby constant height STS measurements, it was
possible to obtain two distinct peaks at +1.355028 V and +2.708 + 0.025 V with constant current
STS investigationsfigure 69. In fact, the position for the assigned LUMO wfasnd to correlate

well with the earlier constant height STS resudiile the second peak is nicely resolved and assgign

to the LUMO+1.
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Figure 65: Constant current STS data for linear N3 adsorbed on Au(111) in the range of +0.7 to +3.2 V
The peaks at +1.355 and +2.708 V were assigneletd. MO and LUMO+1. AC voltage signal parameters:
V=28 mV,f=2333 Hz.

Thus, estimation of the relative HOMO-LUMO spaciingm constant height STS measurements of
the linear NDI25 on an Au(111) surface gave 2.148 + 0.075 V. Coegéo the results dSAUSSIAN
and UV/Vis spectroscopy the HOMO-LUMO gap was fotmdbe considerably lower. This effect can
be explained by a direct coupling of N2b to the substrate, resulting in a broadening of the
molecular orbitals. Indeed, this effect of a stromgfal-substrate interaction can also be obsemged f
the STM images in section 3.3.1.2, where the hglbone structure is no longer observable.

Figure 66shows the constant height STS investigations @NDI cyclophaned4 and11. The range
between —0.5V and +2.0 V is omitted because i loases only low conductance was found. For
cyclophanel we find three peaks at -0.878 £ 0.025 V, +2.2@/Q25 V and +2.438 + 0.025 V. While
the HOMO seems not to be influenced compared tditiear NDI 25 (-0.823 V), the LUMO shows
significant differences. In contrast to the LUMO2& (+1.325 V) we find two states close in energy at
+2.207 V and +2.438 V assigned as LUMO* and LUMO.

58



Results and Discussion

On the other hand we observe three peaks at -@9220V, +2.021+0.025V and +2.441
+ 0.025 V for asymmetric NDI cyclophaniéd (figure 66.
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Figure 66: Top: Constant height STS data for symmetric NDllaghanel adsorbed on Au(111). The peaks at
-0.878 V, +2.207 V and +2.438 V were assigned tavi@) LUMO* and LUMO. AC voltage signal parameters:
Vo=11mV and 18 mVf= 2333 Hz. Bottom: Constant height STS data fomasgtric NDI cyclophané 1
adsorbed on Au(111). The peaks at -0.922 V, +2\02hd +2.441 V were assigned to HOMO, LUMO* and
LUMO. AC voltage signal parametersy ¥ 17 mV and 21 m\f = 2333 Hz.

As discussed previously we found similar electrostouctures for both cyclophanes except an
additional splitting of the LUMO for GINDI cyclophane, as it contains two different chophores
(table 9. As expected, STS measurements revealed no is@mifchange of the HOMO positions,
while the observed splitting between LUMO* and LUM®Ilarger for CG-NDI cyclophane by about
0.2 eV.
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In conclusion, we observed from STS investigatinassplitting of the LUMO for the linear N5,

but a general broadening of the peaks, which rbated to strong molecule-substrate interactions.
Furthermore, the energy difference between the HOWMA the LUMO is significantly decreased
upon absorption compared to the relative HOMO-LUMPacing as obtained from UV/Vis
spectroscopy and molecular modellifigre 67). For the symmetric NDI cyclopharieGAUSSIAN
calculated the LUMO to be consisting of two degateeMOs. STS data provided two states close in
energy, assigned to LUMO* and LUMO. We assume thatadsorbed chromophore has a stronger
interaction with the underlying Au(111) surface @ared to the spatially separated chromophore and
therefore the LUMO* - from the adsorbed NDI - igf#d in energy. It remains unclear as to the
reason for the large observed shift of the LUMOddsorbed NDR5 compared to the symmetric NDI
cyclophanel (figure 67).

Finally, for the asymmetric @NDI cyclophanell we obtained fronGAUSSIANwo MOs assighed

as LUMO and LUMQ@,, where the observed energy difference is in gapdeanent with the UV/Vis
spectroscopy data. In addition STS measurementalexy two LUMO states close in energy. As for
cyclophanel, we assumed that LUMO?* is shifted in energy duehe interaction with the gold
surface. This effect can be observed in the enlgaepétting of LUMO* and LUMO in the STS
investigations. Furthermore we assume from previ®lsl measurements together with the reported
STS investigations that the £NIDI chromophore is adsorbed on the Au(111) surfhwe to the fact
that the relative HOMO-LUMO spacing remains unctehgompared to STS data of cyclophdne
(figure 67).
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Figure 67: Summary of the results obtained from molecular efiody with GAUSSIAN(black), UV/Vis
spectroscopy (blue) and STS investigations (red)iriear NDI25 and NDI cyclophane$ and11.
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3.3.4. Characterisation of both NDI substituted cyclophane

Because of the difficulty in distinguishing whicthromophore is lifted from the nobel metallic
surface, as described for asymmetriglDI cyclophanell, tetrasubstituted NDI cyclophan&d and

20 were synthesized. Due to the introduction of budlpstituents at both chromophores an even more
rotated arrangement of both main axes of the twd #éaks to each other is expected, minimizing a
possible FRET mechanism.

Product formation of GINDI cyclophanel19 was confirmed by'H-NMR spectrometry, mass
spectrometry and the purity was analysed by HPIf@eréstingly, HPLC using a chiral column
revealed only two peaks in a 2:1 rafiigre 68top). It was postulated that from the statistioatture
formed by the synthetic approach the first peak msas the two enantiomeric formawi(19,
(P)-19), whereas the second sharp peak arises from afo@sg(mesg-19).

On the other hand,, DI cyclophane20 revealed three peaks as expected by HPLC usirgral c
column figure 68bottom). The ratio is 1:1:0.2 implying that nugddic aromatic substitution for the

meso form is less favoured due to steric repulsion.
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Figure 68: HPLC traces of GINDI cyclophanel9 (blue line) and $NDI cyclophane20 (red line) using a
chiral column.
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The UV/Vis spectra were recorded from the HPLC ramsboth tetrasubstituted NDI cyclopharies
and20 using a reversed phase column, which afforded on¢yisolatable peak, meaning that all three
isomers, 1), (P) and themesoisomers contributed to the UV/Vis spectfigyre 69. But in fact the
UV/Vis spectra from the pure isomers recorded ftbenHPLC runs through the chiral column did not
show any variation.

Thus, both compoundd.9 and 20) displayed the expected absorption bands for NDIdhe range
between 300-400 nm. In the case of-RDI cyclophanel9 an additional absorption band at 400 nm
was observed; /NDI cyclophane20 displayed a long wavelength shifted absorptiondbaith two
maxima at 491 nm and 520 nm giving rise to theo@dur of sulphur core substituted NDlIs.
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Figure 69: UV&Vis spectra of C}NDI cyclophanel9 and S-NDI cyclophane20 recorded from the

corresponding HPLC run.
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3.3.5. Characterisation of NDI crown ether model compounds

NDI crown ether compound22 and23 (figure 7Q were characterised by NMR spectrometry, mass
spectrometry and their purity was confirmed by HRESI-MS.

22

Figure 70: Structure of NDI crown ether compouBd and23.

Figure 71 displays the absorption spectra of the NDI crowree22 and the emission spectra upon

excitation at 345, 361 and 610 nm respectively.itBiion at 345 and 361 nm reveals no fluorescence
bands between 400 and 500 nm but a weak long waytbleemission at 644 nm was detected,
resembling the mirror pattern of the highest absmmpband. Excitation at 610 nm gave rise to the

same expected mirror fluorescence band, whichifedrby 34 nm to 644 nm.
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Figure 71: Absorption (black line) and emission spectra (aodadl lines: excitation at 345, 361 and 610 nm) of

NDI crown ethe22 (17.9um in CH,Cl, at room temperature).
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3.3.5.1. Complexation studies

Cyclic polyethers are known to form complexes witktal salt$® Fascinatingly, depending on the
size of the cyclic polyethers, Baand K ions (ion radii: 149 pm and 152 pthgan form sandwich-

like complexes, which could even be isolated irstalg figure 26in section 3.1

Lately, Licchelli et al®®

reported binding of a similar NDI with the same-&Bwn-5 ethers linked
over the imide positions, but with no core substits figure 72left). Upon titration of the
corresponding NDI with barium perchlorate in acétda they observed the appearance of a broad
emission band at 440 nm. Licchedtial concluded from the titration experiments and S -spectra
the formation of a [2+2] adduct with Ba which led to this broad emission band according t
self-assembling fluorescence enhancement (red déisies in the middle sketch). As an alternative to
the reported NDI of Licchelli, we have attached ¢hewn ethers at the core of the NDI and therefore

22is a blue dye and fluorescefig(re 72right).
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22
Figure 72: Left: NDI from Licchelliet al® and the proposed formation of a [2+2] complex viith* leading to
self-assembling fluorescence enhancement (red ddistes). Right: Fluorescent N2I2 with 15-crown-5 ethers

attached at the core.
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On addition of Ba(CIg), the absorption bands @2 at 344 nm and 360 nm undergo a decrease in
intensity, a red-shift by 5 nm and get generallgaoier in line with what was reported by Licchelli
et al. (figure 73. On the other hand, the additional absorptiondb@n606 nm is not shifted, but the
decrease in intensity is much more pronouncedadty Bfter addition of 1 eq. Bano further change
can be observed at the two peaks at 574 nm andr606
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Figure 73: Absorption spectra recorded during the titratidn2@ (1:10* M in CH,CN) with Ba(ClQ), in
CH3CN (left) and titration profile (right).

Whereas a solution of NDI crown ett22 in acetonitrile (11.0* M) shows a blue-red colour, pointing
at the strong emission property of the core sulistit NDI, a deeply blue colour was observed in the
presence of barium. On contrary to the reportedréiscence enhancement between 400-500 nm we

observed a tremendous fluorescence quenching heasddition of bariumfigure 74.
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Figure 74: Emission spectra recorded during the titratio22¢1:10° M in CH;CN) with Ba(CIQ), in CH;CN;
Aexc.= 580 nm.
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In order to determine the stochiometry of the fadnesemplex a Job plot analyStswas carried out,
which is also known as the ‘method of continuousiateon’. In this method, the total molar
concentration of metal ion and ligand are held tamts but their mole fractions are varied (see
experimental part). Plotting the spectral chang22adt 606 nm against the mole fractions of these two
components a maximum at 0.5 is observed, correspgrid a 1:1 stochiometry of the formed

complex {igure 79.
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Figure 75: Job plot analyst§* revealed a 1:1 stochiometry

Titration experiments of NDI crown eth@2 with Ba* in acetonitrile figure 71 and the job plot
analysis revealed a 1:1 stochiometry. Further i®) 8SI-MS experiments were performed in order to
determine the identity of the formed complex irutioh by22 and B&".

Thus, the ESI-MS spectrum of an equimolar solutbBa(ClQ;), and22 (1-:10* M) shows a base

peak at m/z 525.0, corresponding to a,[Ba),]** complex, which is in excellent agreement with the

calculated spectrunfigure 76.

Intens. All, 0.0-0.3min (#1-#20),

x107]
525.0

1.0

051
I 7218

200 400 600 800 1000 1200 1400 1600 1800 miz
AlL, 0.0-0.3min (81#20)

0.0

Intens
x1073
1.25
1.007 /
0.754

0.503 /
0.257 / k

0.00
40004

C96H1128a2N8028 ,2100.57)

30004

20004

1000; /

0= - : . o .
505 510 515 520 525 530 535 540 miz

Figure 76: ESI-MS spectrum of the [B&2),]** complex (top: full range spectrum, middle: enlargegion of
the base peak, bottom: calculated spectrum fos(FB]*").
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In the high resolution mode the spacing betweemd#adks is 0.2figure 77, confirming the 4+
complex formation corresponding to a [2+2] addirctyhich each B ion coordinates to two

15-crown-5 units belonging to different moleculé2 (figure 7§.
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Figure 77: ESI-MS spectrum with a higher resolution of thalpat m/z 525.
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Figure 78: [2+2] adduct formation betwe&? and B&".

In the following the determination of the bindingnstant for the [2+2] complex formatiofigure 78

was tried to figure out. Obviously, the formatioh the [2+2] complex consists of several steps.
According tofigure 79 the [2+2] complex can be formed by two differewmthpvays with binding
constants i K, and K or K;, K, and K. Since we can not predict which step quenches the
fluorescence, a direct measurement of the ovenadlitg constant K was attemptefiggre 79. The
binding constant for a complex with a 1:1 stochiomeas previously shown by the Job plot analysis
(figure 79, can be easily determined by a Stern-Volmer plotsuch titration experiments the
fluorescence quenching is observed ag# Bgainst the concentration is ploted, whereaslibyge of

the linear fit provides directly the binding corsta
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Figure 79: [2+2] complex formation by two different pathwawith binding constants KK, and kK or Ky, K4

and Ks.
Thus, fluorescence quenching was recorded upatiditr with B&" as shown irfigure 8Q
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Figure 80: Fluorescence quenching &2 (1:10°M in CH;CN) upon titration with B& in CHCN;
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The Stern-Volmer plot is shown figure 81 Evidently, we do not get a linear plot and thue ean

not determine directly the binding constant frorash measurements. Furthermore, such a non-linear
behaviour can be attributed to combined staticdyméaimic fluorescence quenching procedsa@$wus,

so far it was not possible to determine the bindingstant by fluorescence quenching experiments
(see experimental part).

Acctually, we expect a static fluorescence quergprocess. But this system is too difficult sinae w
do not know clearly which complex, of the two pbssipathways for the formation of the [2+2]
complex, is able to quench the fluorescence of RIDIAt the moment ESI-MS experiments are under

investigation in order to determine the bindingstants.
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Figure 81: Stern-Volmer plot for the titration @2 with B&** in CH;CN.
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Interestingly, on addition of K(CIgto a solution oR2 in acetonitrile the absorption band at 344 nm
undergoes a bathochromic shift of 4 nm, whereasotfee at 360 nm remains at the same position
(figure 8. Additional titration with K results in the formation of a broad unstructurbdoabtion
peak at 605 nm compared to the titration witfi*Bdter addition of 2 eq. This observation pointsito

probable weaker interaction between the crown sthed the potassium ion or a different complex

formation.
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Figure 82: Absorption spectra recorded during the titratié2® (1:10* M in CH;CN) with K(CIO,) in CH,CN
(left) and titration profile (right).

While the emission spectra of a diluted solutior2®fin acetonitrile (110° M) recorded during the
titration with K* remained unchanged, a more concentrated solufic®21-10* M) resulted in
fluorescence quenching upon titration with ffigure 83. Compared to B, the complexation with

K* seems again much weaker due to the higher coatiemtneeded for fluorescence quenching.
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Figure 83: Emission spectra recorded during the titratior2®{1-10* M in CH;CN) with K(CIO,) in CH;CN;
Aexc. = 580 nm.
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Results and Discussion

In order to determine the stochiometry of the fadnesemplex a Job plot analyStswas carried out,

resulting in a maximum at around O.g(re 84. This observation suggests a different complex

formation corresponding to two potassium ions amed22 crown ether molecules or a multiple

thereof. But can this be true? Since potassium l@arilim have similar ionic radii (152 pm and

149 pm§° and the fact of isolated sandwich complexes sncidauct formation seemed unbelievable.
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Figure 84: Job plot analyst§* with a maximum at around 0.6 points to a 2:3 smoletry (K':22), which

indicates an unusual complex formation.
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Results and Discussion

Therefore, ESI-MS experiments were performed ineortb clearify the identity of the formed
complex in solution b2 and K. The ESI-MS spectrum of an equimolar solution ¢€K,) and22
(1:10" M) shows a base peak at m/z 951.1 and furtherspaa®12.0, 935.0 and 943fiy(re 85.
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Figure 85: ESI-MS spectrum of an equimolar ratio of K(GJ@nd22 (1:10* M).

The signals at m/z 912.0 and 935.0 are in factlinarged, corresponding to the uncomplexed
protonated 22]" and the sodium adduct [N2#)]" (figure 89. This interesting observation of the
sodium adduct is attributed to the prescence 6fddtions, probably coming from the glassware used.
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Figure 86: left: ESI-MS spectrum of22]" (top) and calculated spectrum (bottom); right: 488 spectrum of

[Na+22]" (top) and calculated spectrum (bottom).

So if the peak at 951.1 corresponds to thgJR),]** complex the intensity compared to the sodium
adduct is nearly the same, reflecting in a stramgetition between sodium and potassium complex

formation with the crown ethers.
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Results and Discussion

In the high resolution mode the spacing betweemtraks is nearly 0.5, confirming the 2+ complex
formation corresponding to a [2+2] adduct, in whégith K ion coordinates to two 15-crown-5 units

belonging to different molecules 22 analogous to the Bacomplex figure 87).
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Figure 87: ESI-MS spectrum of [{22),]** (top) and calculated spectrum (bottom).

Furthermore a possible 1:1 complex formation betw&and K can be neglected due to comparison

with the calculated single charged adddigufe 89.
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Figure 88: ESI-MS spectrum of [22),]** (top) and calculated spectrum of a posssibl@P{{ complex
(bottom).
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Results and Discussion

But what is the small peak at m/z 943.47 In thé h@solution mode the spacing between the different
peaks is 0.5, meaning that a doubly charged specpresent. In fact this peak corresponds to a&dhix
[NaK(22)]*" complex which is in good agreement with the caltad spectrunfigure 89.
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Figure 89: ESI-MS spectrum of [Nak()]** (top) and the calculated spectrum (bottom).

So, in conclusion from these complexation studmshined with the ESI-MS spectra we obtain for
crown ether22 with B&* a [2+2] adduct. The same [2+2] complex was deteatethe ESI-MS
spectrum for K with 22, whereas the binding constant seems to be muckewd@m the titration
experiments and therefore additional competitiothvgiodium ions into the crown ethers from the
glassware can occurkgure 90.

oBa2® d_:l_b

T Q Q
<L =
[2+2] complex
1 1
O & g b g _%
g T ® Q Q - Q

Q@ Na
[2+2] complex mixed complex

Figure 90: [2+2] complex formation wit22 and B&" or K.

This competition between potassium and sodium pdadt also be observed in the job plot analysis
which shifts the maximum to 0.@dure 84.

Moreover, Licchelliet al. also reported from the [2+2] complex formationpaitassium with their
NDI system at higher concentrations. But whereay tinly studied the competition between barium
and potassium a possible interaction with sodiuwmfthe glassware and the crown ethers could also

lead to the missing fluorescence enhancement@s isystems observed by ESI-MS.
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3.3.5.2. STM investigations of NDI crown ether model compoud 22

First STM investigations on Au(111) under UHV cdiulis at room temperature revealed clusters of
NDI crown ether22, demonstrating the deposition 22 without decompositionfigure 9J. In most
cases a cluster with a triangular shape was fourich probably consists of three intercalated

molecules.

Figure 91: STM image of clusters of molecule2] after deposition on the Au(111) surface at room

temperature (left). Enlarged region of a specifigster - probably it consists of three intercalatedlecules
(right).

On the contrary, in low temperature UHV STM image$ K mainly single molecules are identified
on the Au(111) surfacdigure 92left). Actually, two different conformations onelsurface can be
recognized by having a closer look at the singléemdes. In one case the crown ether moieties have
a “trans” arrangement to each other while by rotataround the CHNH bond (red arrow in
figure 92 they appear in the “cis” fornfigure 92right).

Figure 92: left: STM image of individual molecule22) after the deposition on a Au(111) surface ingeté&d
at 5 K; right: two different conformations of siegmoleculeson Au(111) “trans” form (top) and “cis” form

(bottom).
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3.4.Concept and design of a linear NDI system for FREBtudies

For studying the orientation facter according to Forster resonance energy transferhameem
(FRET) we designed a linear rigid NDI molecuigyre 93. As mentioned previously the bright color
for core substituted NDIs arises from a isolatetylavavelength absorption band, whose position can
be adjusted over a large range of the visible specby substitution at the 2-, 6-positions. Moregve
the fluorescence properties of the chromophore lwandictated by the chemical nature of the
substituents.

For our purpose we considered a 2,6Hlliexyloxy core substituted NDI as donor and a
2,6-din-hexylsulphanyl core substituted NDI as acceptoiFRRET. Whereas these two chromophores
should be separated by a short rigid phenyl linkéich can be varied, we proposed to attach phenyl
units at the ends with additiontrt-butyl groups in order to provide solubifity*® during the first

steps of the planned synthesis.

OsN._O

OO O~
NN

O~ N "O
variable @ FRET
OsN._O

S
o N O

Figure 93: Design of a linear NDI system for studying theeatation factor in FRET.
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3.4.1. Synthesis of a linear NDI model compound for FRET tsidies

3.4.1.1. The linear SSO,-NDI model compound

In principle asymmetridN,N’-NDIs can be built up either by a dirc®***®or a stepwisg8’ '
condensation with the appropriate amines. Os,8IDI model compound 33) consists of two
different core substituted NDIs, which are connéaieer the imide groups by a short linker. In order
to vary the bridging unit we proposed a combinatiérboth procedures for building W§8, where
each core substituted NDI is built up separatelfil®\29 should result from a direct condensatigda,

contains a saponification step as presented irethesynthesis ischeme 6
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Scheme 6:Retrosynthesis of 8,-NDI 33; X = Cl or Br; PG = protection group.

77



Results and Discussion

The protected asymmetric,-8DI 29 was proposed to be built up from a 1:1:1 mixtufesither
2,6-dichloro- or 2,6-dibromo-1,4,5,8-naphthaleraigdrboxylic acid dianhydridelQ or 26) with
4-tert-butylaniline and monoprotecte?, followed by a nucleophilic aromatic substituticeaction
with hexanethiol. On the other hand, condensatiocommercially available fert-butylaniline with

10 or 26 should yield NDI30. Following nucleophilic aromatic substitution witexanol and
subsequent saponification of only one imide functwould provide the oxygen core substituted
monoanhydride32. Final deprotection 029 and subsequent condensation with monoanhyd#ie
should afford the desired target structus®S\NDI 33.

2,6-core substituted NDIs can easily be achievennfithe corresponding dichloro or dibromo
naphthalenetetracarboxylic acid dianhydrid® 6r 26). Vollmann™* reported in 1937 the multistep
synthesis tdlO, which can be obtained from pyrene by chlorinatidl elimination and oxidation.
This procedure was further modified by the Wiirthgeosup’* where it was possible to separate the

2,6- from the 2,7-dichloro isomer on the quinoragstas presented scheme 7

cl cl
“O o “ o OO 0Lt OO )
O cl O cl cl
cl cl cl cl cl cl

c).

cl o cl
cl c |c cl
cl cl E ‘ ‘ ‘
o cl

Scheme 7:Synthetic route to 2,6-dichloro-1,4,5,8-naphthatetracarboxylic acid dianhydride; a), @), I (in
catalytic amounts), 1,2,4-trichlorobenzene, 25-10036-38 %; b) KOH, EtOH, 80 °C, 96-97 %; c) fugin
HNOs;, 0-5 °C, 32-45 %; d) fuming HNOconc. HSQ;, 100 °C, 45-49 %.

Recently two independent groups developed a one sinthesis to 2,6-dibromo-1,4,5,8-
naphthalenetetracarboxylic acid dianhydridé from commercially available3 (scheme B’*'%®

In fact by this pathway it is possible to obtaiG-2pre substituted NDIs in only three steps from
commercial availableé3, compared to the multistep synthesis 1df using noxious chlorine gas.
Interestingly, depending on the amount of bromimatagent, this approach can also be used to
synthesize 2,3,6-tribromo or even 2,3,6,7-tetralmoiDI derivatives via the corresponding

§5,76,106,115

dianhydrides:
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Ox_0._0 O«_O__0 Os_0._0 Oy 00
Br Br Br
0 —2 oy | CO) O
Br Br Br Br Br
o~ 0" o o o0 o 0~ 0" ~o o0~ O O
3 26

Scheme 8:Synthesis 026 applying a) DBI (see experimental party3d,, 140 °C, 20 h, 48 %.

Hence, a solution o8 in sulphuric acid was slowly added to a solutidrditbromoisocyanuric acid
(DBI)***™in oleum. After recrystallization a pale yellowlidovas obtained in 48 % yield, but at this
stage it was not possible to separate the formgdiiBromo-1,4,5,8-naphthalenetetracarboxylic acid
dianhydride26 from other brominated side products.

As a linking unit between the two different NDIs maoprotecteg-phenylenediamine derivativey
were needed. Whereds-Bocp-phenylenediaminé27a was obtained from Fluka the other two

monoprotected linkers were obtained frpsphenylenediamine as shownscheme 9

HZNQNHz
fy \tj)
o) >< Q
o O a0
O O O
€]
27b c 27c

27a

Scheme 9:a) benzylbromide, C}l,, rt 20 min, 21 %; b) sodium dodecyl sulphate, leémzanhydride,
H,O/CHsCN, rt, 5 min, 59 96°

According to the literature severd] N-NDIs, have been built up either by a stepWisE3or a direct
condensatiofi**'%®with the appropriate amines as previously mentio@ur attempt for building up
28 by a 1:1:1 mixture 010, 4+tert-butylaniline and27b or 27c has so far failedstcheme 10 Actually
most promising among these protection groups seéwBdcp-phenylenediamin@7a, due to the

119 and because of the

easy removal of the protection group later on (carag@ toN-Bn andN-Bz)
previously reported synthesis of asymmetric NDI lgghanes using a Boc protection strategy.
However, investigations to build &8 under basicigo-propanol/ESN or DMF/EgN) or acidic (acetic

acid) conditions by 1:1:1 mixtures df0, 27a and 4tert-butylaniline remained unsuccessful

(scheme 10
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Scheme 10Attempts for building upN, N’-NDI 28.

Despite the numerous examples in the literatudd,dfi-NDls, built up with3, and the disappointing
results so far, a different strategy over the maohgdride form, as suggested for the oxygen core
substituted NDI part, was recommended. Therefommidié formation, followed by nucleophilic
aromatic substitution with hexanethiol and sapoatibn of just one imide part was proposed to
provide the corresponding monoanhydride forsshéme 6retrosynthetic approach t82). Final
condensation of the appropriate core substitutedoawohydride form with the protected link2v
should lead t@9.

Scheme l1displays the synthesis to the desired monopratédtéN’-S,-NDI 29a Thus, condensation
of 10 or 26 with 4-ert-butylaniline provided the corresponding,-GIDI 30a or Br,-NDI 30b in low

33 and 7 % yield. Astonishingly, one already detechono core substituted by-product formation for
the condensation step 86 with 4+ert-butylaniline, showing the high reactivity of thiest halogen
exchange. So far, the difficulties in the synthemmsl isolation of GINDI 30a and Bs-NDI 30b
appeared not only from the poor solubility of thartng materials but also from the separation of
side-products, which were formed under the harsictien conditions. Nevertheless, following
nucleophilic aromatic substitution 8Da or 30b with hexanethiol provided,S\NDI 34 in reasonable

42 and 80 % yield after purification.
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Scheme 11:a) 10, 4+ert-butylaniline, CHCOOH, reflux, 15 min, 33 %26, 4+tert-butylaniline, CHCOOH,
reflux, 10 min, 7 %; b)30a DMF, K,COs; hexane-1-thiol, 65 °C, 2h, 42 % @&O0b, CH;,CN, K,CO;,
hexane-1-thiol, rt, 3 d, 80 %; c) KOtdft-butanol, reflux, 30 min, 35 %; @73, iso-propanol/E{N, reflux, 1 d.

Saponification of only one imide function o084 provided after column chromatography
monoanhydride35 as an orange-pink solid in 35 % vyield. Final corsddion with N-Bocp-
phenylenediamine2{d) indicated after workup product formation by HPESI-MS. But the isolated
red solid still contained the monoanhydrigle and two other side products. This synthetic pathwa
with the low yields obtained, clearly demonstrattes challenge of formation and separation of the
products from the generated side-products. On tiher dnand, we managed the first time to saponify
just one imide part of a 2,6- core substituted NDlis noteworthy, that saponification of the

structurally related perylene diimides is well kngif?*#

whereas for the smaller NDIs no example
can be found in the literature. Instead, undered#ffit reaction conditions for saponification to the
corresponding anhydrides, the used NDIs underwamstormations to their corresponding lactam

imides’*"
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Building up the desired oxygen core substituted oamhdride 32 seemed to be even more
challenging. Here, the trouble for the synthesi©gNDI 31 arises from the poor nucleophilicity of
hexanol §cheme @etrosynthetic approach 82). For this reason hexanol was first deprotonateld w
sodium and then added to,@IDI 30a But all attempts to isolate,@NDI 31 in reasonable amounts
failed so far, even though product formation waBdated by the green fluorescence on the TLC plate
and the correct mass in Maldi (see experimental).pliris suspected that the generated strong
nucleophile not only substitutes the halogen atamnshe core, but also opens already the imide
functional groups.

Lately, Matile et al.®

reported from a different synthetic route to obt&specially 2,6-alkoxy
substituted NDIs over a tetraester naphthalenevatere. This approach was also envisaged for the
synthesis of @NDI 31 Thus, tetraeste36 could be isolated as a yellow oil in excellent84yield

after purification gcheme 1R

Oy 0. _0O

OO Cl a)
Cl

o” O O

10

R = GHiz 36
0) R = GHg: 37

Ho P A _OH 0« _0.__0
§ OH OH
HO™ N HO ‘ ‘
HO Y, & O o~ o0 o
39

Scheme 12:a) hexanol, 1-bromohexane,®0;, reflux, 3 h, 94 % foi36 and ethanol, ethylbromide,,&Os,
reflux, 6 h, 3 % fol837; b) DMF, NaOEt, 60 °C, 7 h, 30 %; c) NaOH,® reflux, 15 h, 76 %.

Unfortunately, further nucleophilic substitution & with a mixture of previously dissolved sodium
hydride in hexanol, resulted in gel formation affigraworkup no product could be isolated. Despite
the high yield for tetraesteB6, difficulties in the isolation and purification fathe following
nucleophilic aromatic substitution step seemed legse(see experimental part). However, tetraester
formation with hexanol t@®6 was much more efficient than for the shorter ettgfivative 37, for
which it was possible to obtain single crystaldahle for x-ray analysis (see in the experimengat)p

On the other hand further nucleophilic substitutibrietraesteB7 with sodium ethoxide was achieved

according to the described procedure.
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Another pathway towards oxygen core substitutedsNids proposed by complete saponification and
nucleophilic aromatic substitution in one stephe 2,6-dihydroxy-1,4,5,8-naphthalenetetracarboxylic
acid 39, followed by closing of the teracarboxylic acidtte corresponding dianhydridecheme 12

39 was successfully synthesized fraand isolated as a fine white powder. Disappoitfingosing

of the tetracarboxylic acid to the consequent dydnide could not be achieved under various reaction
conditions.

According to the low yields for the synthesis o ttentral building blocks3Qa 30b) and especially
the unsatisfactory achievements for the developroérdn oxygen core substituted NDI, pointed
towards a strategy where the imide positions anersbielded.

From carbene chemistry it is known that introduttiof sterically demanding substituents at the
adjacent nitrogen atoms (e.g. adamantyl or 2,@&plispylphenyl) helps to prevent dimerization and
even makes them isolataBfé?® NDIs bearing bulky 2,6-diisopropylphenyl unitsthe imide parts
were reported to increase the solubility and tog@mé dye aggregation, whereas saponification ahthe
provided only the corresponding lactam imides.

As a result we choose especially 2,6-dimethylagiliBue to the introduced methyl groups at the
2- and 6- position of the phenyl units next to ilnéde parts, we expected an increased solubility an
also prevention of dye aggregation. Moreover, thethyl substituents are supposed to protect the
imide parts enough during nucleophilic core substih of the NDI, whereas the previously achieved
saponification of NDIs, applying harsher reactiamditions, should be preserved compared to the

reported 2,6-diisopropylphenyl NDls.
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Scheme 1displays the synthesis of different NDlIs and thalftarget structure,©,-NDI 49.
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Scheme 13:a) R =H: 2,6-dimethylaniline, CECOOH, reflux, 1h, 89 %; R= Cl: 2,6-dimethylaniline,
CH3COOH, reflux, 30 min, 86 %; b) hexanethiol,®0;, CH:CN, rt, 2 h, 97 %; c) NaH, hexanol, rt, 2-3 h,
95 %; d) pentylamine, ¥CO;, CH:CN, 50 °C, 1d, 75 %; e) hexylamine,®0;, CH;CN, 50 °C, 1d, 40 %;
f) Ry = H:iso-propanol/19 M NaOH, 90 °C, 5 min, 8 % &r2,6-dimethylaniline, pK6.0-6.2, reflux, 1 d, 90 %;
R; = S(CH)sCHs: NaOH/H,Oftert-butanol, reflux, 5 min, 67 %; R O(CH)sCHs: NaOH/HOf#ert-butanol,
reflux, 5min, 30 %; g)45 N-Bocp-phenylenediamine 2(78), iso-propanol/E4N, reflux, 4d, 91 %;
h) CH,CI/CRCOOH, rt, 7 h, quant.; B6, 48, iso-propanol/E{N, reflux, 4 d, 13 %.

Thus, condensation of 2,6-dichloro-1,4,5,8-naplahedetracarboxylic acid dianhydride0 with
2,6-dimethylaniline provided the central buildingodk CL-NDI (40) in excellent 86 % yield,
compared to the previously obtained yields of 3afa 7 % for NDIs30a and 30b. Following
nucleophilic aromatic substitution ¢f0 with hexanethiol, hexanol and hexylamine affordbd

intense red41), yellow (42) and blue 43) coloured dyes.
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This time both, SNDI 41 and Q-NDI 42, were isolated in high yields of 97 % and 95 %peesively
under mild reaction conditions, in contrast to delier reported SNDI 34 and particularly the
mentioned difficulties for the synthesis of agIDI analogue.

Substitution with an excess of hexylamine (32 gugvided N-NDI 43 in moderate 40 % yield,
which is in good agreement with the literature f6-nitrogen core substituted NDF*"®
Interestingly, applying the same reaction cond#icas for N-NDI 43, but adding by mistake
pentylamine (6eq.) to a suspensionddfand KCO; in CH;CN, the corresponding MDI 44 was
isolated after purification in 75 % yield. Obvioyslthis example demonstrates that the described
procedure in the literature so far for 2,6-amingbtore substituted NDIs, applying high temperasure
and using an excess of the amine or even as splgantich too harsh. Thus, the presented synthesis
of N>-NDI 44 shows that the yield can be increased by applgingwer temperature and using a
smaller excess of the corresponding amine.

Following saponification of only one imide functiah S-NDI 41 or O,-NDI 42 to the corresponding
monoanhydrides45 or 46 was achieved by using a mixture of sodium hydrexidvater and
iso-propanol. After purification by semi-preparativeversed phase HPLG-&nd GQ-monoanhydride
(45 and46) were isolated as red and orange solids in moelgtalds of 67 % and 30 % respectively.
Condensation o045 with N-Boc{p-phenylenediamine2fa and subsequent deprotection with trifluoro
acetic acid afforded8 as a red salt in 91 % yield over the two stepsalRiondensation of the red dye
48 with the yellow monoanhydride dy46 under basic conditions provided the target stmectu
S,0,-NDI 49 as an orange solid in 13 % yield after purificatity column chromatography.
Furthermore, NDBO was synthesized froi® and 2,6-dimethylaniline by condensation underiacid
conditions and isolated as a white solid in 89 #dyiFollowing saponification of only one imide tuni
of 50 to the corresponding monoanhydrifié was afforded in only 8 % vyield. Whereas for the
synthesis of core unsubstitutBd N-NDIs another pathway, namely the stepwise intradooof the
corresponding amines was envisaged. Therefore utacehtrol of the pH was required for the
differentiation in reactivity between anhydride asidarboxylic acids. Thus, monoanhydrifig was

obtained as white-grey solid in excellent 90 %digfter workup.
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3.4.2. Characterisation of linear NDlIs

All NDIs and monoanhydride derivativé®-51 have been fully characterized By- and**C-NMR
spectroscopy, mass spectrometry and their puritsyamalysed by HPLC. Furthermore, it was possible
to obtain single crystals suitable for x-ray anayfer NDIs 41 and42 as well as the monoanhydride
45 (figure 94. In all cases the 2,6-dimethylphenyl unit stapdspendicular to the planar naphthalene
core, resulting in no observation of an intermolacu-n stacking, where the hexyl chains are

disordered.

Figure 94: Solid state structures dfl, 42 and45. Left column: top view; Right column: side view.
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As previously mentioned the,@IDI (42), S-NDI (41) and N-NDI (43) were isolated as solids with
yellow, red and blue colour. The UV/Vis spectrétudse three NDIs in dichloromethane are displayed
in figure 95

The typical absorption bands between 320 and 40€bnMIDIs as a common subunit are present in
all three spectra. The two absorption bands atnBd&nd 369 nm of S\NDI 41 are bathochromic
shifted and reduced in intensity in comparisorh lbands at 344 nm and 360 nm ferNDD| 42 and
N2-NDI 43. Furthermore, all three spectra display additidvealds at longer wavelength arising from
the 2,6-disubstituted NDI chromophore, indicatingfrang electronic interaction between the différen
substituents and the naphthalene core. The absonmiaxima are located at 444 and 470 nm for the
yellow O,-NDI dye, at 533 nm with a pronounced shoulderbaiua 503 nm for the red,$IDI dye

and at 615 nm with a shoulder at 575 nm for the bluNDI dye {able 2.

An important colouristic effect for these high baihce dyes arises from the fact that only thigoar
single absorption band is shifted, depending oncdbme substituent. Moreover, the bathochromic

shifted band-shape remains almost the same, whdeabsorption bands under 400 nm remain

unchanged.
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Figure 95: UV/Vis absorption spectra of ND#L, 42 and43 (sulphur, oxygen and nitrogen substituted s
in CH,Cl, at room temperaturd?: black line,41: red line,43: blue line).
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Colour (solid) | Aaps[MM] | &max[L mol™ cmi’] | Aem[nm] Stoke shift
NDI 41 red 503 10 197
533 17 814 556 23 nm
NDI 42 yellow 444 12 429
470 17 844 485 15 nm
NDI 43 blue 575 10977
615 19 640 641 26 nm

Table 2: Optical properties of NDI41, 42 and43 in dichloromethane.

Figure 96displays the UV/Vis absorption spectra togethehhe emission spectra of ND44, 42
and43, according to the previously mentioned photolursa@sce properties of heteroalkyl core
substituted NDIs. Excitations of these differentIslDevealed the expected mirror images with stoke
shifts of 15, 23 and 26 nm, exhibiting photolumitezsce of green, orange and red lighble 2.
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Figure 96: UV/Vis absorption spectra (solid lines) togethéthwhe emission spectra (dotted lines) of NB1s
42 and43in CH,Cl, at room temperatur@.d,. = 466 nm ford2;, 525 nm for41; 615 nm for43).
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Thus, a solution of the bichromophorigGz-NDI (49) in dichloromethane displayed exactly the
expected mixed absorption band spectra of the sporeling $NDI (41) and Q-NDI (42) as shown

in figure 97 From the structural properties of the introdu@@dimethylphenyl units at the imide
positions figure 99 and the excellent matching of the absorption bamd can exclude a possible

intermolecular dye aggregation.
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Figure 97: UV/Vis absorption spectra of bichromophorigO&NDI 49 (green line; 1Quv) together with the
UV/Vis absorption spectra of ND#L, 42 (black and red line; 10m)in CH,Cl, at room temperature.

Further, a crucial condition for FRET is the spaicaverlap of the emission band of the “donor” with
the absorption band of the “acceptor”. In the csethe bichromophoric £,-NDI 49 a spectral
overlap of the emission band from the oxygen calesstuted NDI (“donor”) and the absorption band
of the sulphur core substituted NDI (“acceptor’gigdent {igure 96and97).

In fact there is an emission band at 560 nm, as agebne at 487 nm observed upon excitation of a
S,0,-NDI solution at 445 nmfigure 99. Since the detected emission bands were onliatglighifted

to higher wavelength for a more concentrated smuf?#89 nm and 566 nm; 1@M) and no change
was noticed for a more diluted oney(it), we exclude a possible intermolecular FRET precasler

the applied concentrations. Further support foeergy transfer mechanism is given by the excitatio
spectra, which demonstrates that both absorptinoddean be used to detect light emission at 560 nm.
The reduced intensity of the excitation spectrurtwben 320-500 nm, compared to the absorption

spectrum, is in agreement with the observed lighission from the oxygen core substituted NDI.
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Figure 98: Absorption (straight black line, 10v), excitation (dotted blue line; dMm; fluorescence detection at
560 nm) and fluorescence (straight red linep@Q Aey.. = 445 nm) spectra for dy in CH,Cl,.

Several NDIs have been used extensively as eleatrogptor units in molecular systems with electron
transfer due to their low reduction potentfaf®’’:7980-108.109.111,127-130

Moreover different substituents at the 2- and Gtmysof the naphthalene core show enormous effects
on the electronic properties, as presented prelyioaad therefore further analysis of the described
NDIs by cyclic voltammetry was envisaged. The ayetltammograms of S\NDI (41), O--NDI (42)

and N-NDI (43) are presented ifigure 99 All three compounds displayed two reversible oagj-
reversible reduction waves, corresponding to them#étion of radical anions and dianions.
Interestingly a continuous shift of the reductiootgmtials to more negative values fromNDI
(-0.488, -0.928) over £NDI (-0.553, -0.992) to NNDI (-0.728, -0.803) was observethifle 3.
Irreversible oxidation waves were monitored; exdbptfirst oxidation peak of the,NNDI seemed to

be quasi-reversible. Only one was recorded foNBI and Q-NDI respectively, while for MNDI

clearly two oxidation peaks were observidure 99andtable 3.
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Figure 99: Cyclic voltammograms (left: reduction wave rigbkidation wave) of @NDI (top, black lines),
S,-NDI (middle, red lines) and NNDI (bottom, blue lines).
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Also for SO,-NDI 49 a reversible reduction wave was obtainéigu¢e 10Q. Whereas the first
reduction peak seems to have a small shoulderesmrnding to the monomegIDI and SNDI, the
second reduction peak is matching perfectly to teduction of the sulphur core substituted
naphthalene unit. On the other hand, two peaks wewerded for the irreversible oxidation wave

according to each core substituted chromophiatse 3.

Epeak (V VS Ag/AQCI)

XIX* XIX® XIX* XFIX
0,-NDI 42 -0.992/-1.283 -0.553/-0.743 1.942 -
S,-NDI 41 -0,928/-1.017 -0.488/ -0.547 1.717 -
N,-NDI 43 -1.158/ -1.298 -0.728 / -0.803 1.011/ 1.09¢ .85.470

S,0,-NDI 48 -0.924 / -1.047 -0.514/-0.632 1.735/1.945 -

Table 3: Redox properties of,SNDI (41), O-NDI (42) N,-NDI (43) and SO,-NDI (49).

6,0x10° 3,0x10°

4,0x10° o
2,5x10”

2,0x10°

2,0x10°

0,04

. 1,5x10°
-2,0x10°

Current (A)
Current (A)

-4,0x10° 4 1,0x10°

-6,0x10° 5,0x10°

6
-8,0x10 0,04
-1,0x10° 4

T T T T T T T 1 -5,0x10° T T T
-16 -14 -12 -1,0 -0.8 -0,6 -04 -0,2 0,0 0,0 0,5 10 15 2,0 2,5

Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)

Figure 100: Cyclic voltammograms of £,-NDI (green lines). The shoulder in the reducticaves corresponds
to the Q-NDI part (indicated by a circle on the left).

The cyclic voltammogram obtained fogCh-NDI (49) is the sum of the cyclic voltammograms of
S,-NDI (41) and Q-NDI (42) (the shoulder stemming fromy®IDI in the reduction wave is indicated
by a circle infigure 10Q. This simple addition of the cyclic voltammograoighe individual subunits
points towards two electronically decoupled chrohwps. As previously discussed, FRET occurs in
this linear model compound.

To enlarge the series of model compounds, we amsidering various angles between the main axis

of both chromophores e.g. by usimgtaor evenortho diamino benzene linkers (see chapter 4).
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4. Summary and Outlook

In the first project, new rigid symmetric and asyatric NDI cyclophanesl( 11-20 were synthesized

and fully characterizedigure 10J.

%{mb«%@ﬁ%@é*b« =

O N (¢}

1 Ry=R,=Cl:11 R=Cl19
Ry = R, = S(CH)sCHg: 12 R = StBu:20
Ry = R, = N(CHy),CHg: 13 »s

Ry = R, = SBu: 14
Rl R, = OMe:15

= Cl; R, = OMe: 16
R1= R, = NHtBu: 17
Ri=R= N(CH2)5 18

Figure 101: Symmetric and asymmetric NDI cyclophan&sl(1-20 and linear NDI model compourib.

Symmetric NDI cyclophand was designed for STM induced light emission experits with a
compact shape required for the sublimation proadBy comparison with the monolayers obtained
for the model compoun@s, it was demonstrated that NDI cyclophahdormed a regular lateral
pattern on Au(11l) driven by self-assembling withdegradation. Furthermore, we showed with
STM images that the molecules adopt a staged agatign on the surface with one chromophore
over the other, analogous to the solid state straadfl. The lateral packing of the chromophore is
controlled by the lower chromophore, which formslitogen bonds to the neighbour providing long
chains of self-assembled cyclophanes.

In order to tune the interaction between the tweooritophores, the optical properties of one
chromophore were systematically varied by core tdulesits in the 2- and 6-position of the NDI. The
resulting optical coupling of both chromophores \wagstigated.

The tuneability of the intramolecular FRET procéssn the unsubstituted to the heteroalkyl core
substituted NDI was demonstrated with the chirahpt asymmetric NDI cyclophan#&4, 15 and18.
While intramolecular FRET was observed for the grelimethoxysubstituted cyclophai®, FRET
was increasingly suppressed, due to the bathocbramift of the absorption band of the core
substituted NDI, from the retert-butylsulfanyl cyclophanel4 to the blue piperidinyl substituted
cyclophanel8. X-Ray structure analysis of cyclophathdisplayed the formation of pillars consisting
of alternating enantiomers. A periodic alternatidietween electron-poor unsubstituted and
electron-rich core substituted NDI chromophoresgal at considerable intra- and intermolecukar
stacking interactions within these pillars. Furthere, the enrichment of both enantiomers of the
tert-butylsulfanyl cyclophanel4 was achieved by preparative HPLC and their CD tspewere

recorded. X-Ray structure analysis of cyclophdfishowed no alternation between electron-poor and
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electron-rich NDIs but contains, as in the solidteststructure observed for cyclophahea solvent
molecule in the open cavity.

Comparison of the obtained STM images of asymméifid cyclophanesl1 and 14 with those of
cyclophanel revealed not only the observation of the differemantiomers on the Au(111) surface,
but also lead to the assumption that the core utest NDI chromophore lies on the gold surface,
whereas the unsubstituted one remains spatiallgratgal from the metallic substrate. In additioe, th
electronic structures df, 11 and25 were discussed and compared according to molemddelling,

UV/Vis spectroscopy and STS investigations.

NDI model compoun@2 comprising two peripheral crown ethers as potétaiachor” groups for the
salt layers was successfully synthesized and ctesized. In addition a side produ@3j, bearing

three crown ether moieties, was isolatiégufe 103.

Figure 102: NDI crown ether model compour?® and the side produ2s.

First STM investigations at room temperature2@fon Au(111) showed the immobilization without
degradation of the crown ether units. While at raemperatur€2 tended to form clusters. Single
molecules were observed at low temperature STM @sagdopting two different conformations.
Moreover, complexation studies proved the formatainsandwich complexes with barium and
potassium, therefore expecting a higher affinityhe thin insulating salt layer compared to thesbar

gold surface.
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Light emission from the model compounds on the Aajlsurface has not been observed so far.
Nevertheless, one possibility in future to deteemivhich chromophore in the cyclophane structures
lies on the surface could be achieved by compamddhe STM pictures of cyclophan&8 and20
with those already obtained. STM induced light esmois measurements of NDI crown etl&% on

thin salt layers are currently under investigations

In the second project the synthesis of a linedmrbimophoric NDI system ¢8,-NDI 49) was realised
(figure 103.

FRET
O S
CH O D
(0] O (0] O
O S

49

Figure 103: Linear bichromophoric NDI model compound:@-NDI 49) for studies of the orientation factor in

a FRET system.

A crucial step in the synthesis of this bichromaph®DI model compound (®,-NDI 49) was the
introduction of two methyl units at the 2- and 6Gjpion of the phenyl units at the imide parts,
compared to the suggestededt-butyl units. The two methyl groups at the imidesiions blocked
sufficiently the imide structures from nucleophisitack during core substitution providing improved
yields. On the other hand, it was still possibl@pen one imide in order to form the mono-anhydride
by saponification, a procedure not yet reportethaliterature.

S,0,-NDI 49 was fully characterized byH- and**C-NMR spectroscopy, mass spectrometry and the
purity was analysed by HPLC. Fluorescence spedaipysinvestigations revealed a FRET from the
O,-NDI to the $-NDI chromophoref{gure 103, while the emission from the oxygen core subtdu
NDI was still observable. Cyclic voltammetry ob(B-NDI 49 revealed two electrochemically

separated chromophores.
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Starting from g0,-NDI 49 further bichromophoric FRET systems can be enedagor example a
S:N,-NDI system, which is supposed to be easier to leaddring its synthesis due to less reactive
nitrogen substituents instead of oxygen core suwiestis figure 104top left). An analogue to the
cyclophanel4 is suggested for comparison of the possible FRESEwved in the cyclophane structure
(figure 104top right). Furthermore, different angles betwéle® two chromophores could be easily
achieved by changing the substitution pattern ef lthidging diamine benzene linkeiiglire 104
bottom). These bichromophoric systems with differangles are particular interesting for studying

thex in the FRET processes.

FRET
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Figure 104: Future bichromophoric FRET systems
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5. Experimental Part

5.1. General Remarks
5.1.1. Solvents and Reagents

Reagents were used as received flduka AG(Buchs, Switzerland)icros AG(Basel, Switzerland),
Merck (Darmstadt, Germany) arfddrich (Buchs, Switzerland) unless otherwise stated. @Gtamof

the quality purum purum p.a.or >98 % were used without further purificationohg&nts for
chromatography and extractions were distilled ptioruse. Further solvents used for reactions
corresponded to the qualipuriss p. a., abs., over Molecular Sieviesm Fluka AG HPLC-grade
solvents were purchased and used for semi-preparatid analytical HPLC. For an inert atmosphere

Argon 5.6from PanGas AQDagmersellen, Switzerland) was used.
5.1.2. Materials and Instruments

Solvents were removed withBiichi (Switzerland) rotary evaporator. For weighing coonpds and
reagentsMettler Toledo (Switzerland) balances PB3002-L (>1g), AB265-SIHA(<1g) and
AX205 (< 100 mg) were used. A high-vacuum pump fiedwards(Sussex, England) was used for
drying compounds. For all non-aqueous reactionssglare was flame dried under vacuum and the
atmosphere was exchanged by three cycles of ewaguatd flushing with argon. For centrifugation
an IEC CENTRA-7R refrigerated centrifuge fro#affiro AG (Basel, Switzerland) was used
(5000 RPM; 10 °C; 30-40 min.). Microwave reactiavsre performed in a 50 ml screw-sealed thick-
walled glass tube (APCU-GL25; max. 15 bar) equippét a magnetic stirrer. The reaction tube was
placed in a MLS-ETHOS plus Microwave Synthesis &ysfromMLS GmbH(Leutkirch, Germany),
operated at 170 °C (measured by an ATC-FO fibr&c gansor) for 15 min with a 3 min ramp time;
power 400 W for 15 min. The pH was determined witB91 pH Meter fronMetrohm The pH Meter
was previous calibrated with a pH = 4 and a pHsolttion fromMerck Melting points (mp) were
determined on a SMP3 fro8tuartin °C.
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5.1.3. Chromatographic Methods

Analytical thin layer chromatography (TLC) was performed on 0.25 mm precoated glass plates
(5x10 cm, silica gel 60 k4, Merck AG Darmstadt, Germany), on 0.25 mm precoated glegesp
(5x10 cm, aluminium oxide 60.&, Merck AG Darmstadt, Germany) or on 0.25 mm precoated glass
plates (5x10 cm, RP-18,4, Merck AG Darmstadt, Germany). Compounds were detecte84hh
(UV) or at 366 nm (fluorescence). DescriptidiC (solvent):R:.

Preparative thin layer chromatography was performed on 2 mm precoated glass plates (R6x2

silica gel 60 b4 Merck AG Darmstadt, Germany).

For normal phase column chromatographysilica gel 60 fromFluka (0.043-0.06 mm) or basic
aluminium oxide fromFluka (Brockmann activity I, 0.05-0.15 mm) were usedr Feversed phase
column chromatography silica gel 100 G (fully endcapped) fronFluka (0.015-0.035 mm) was

used.

Analytical and semi-preparative reversed phase HPLC (RP-HPLC) was performed on
LiChrospher 100 C 18 fronMerck (5 um particle size, 250x4 mm), Reprosil 100 C18 from
Morvay Analytik GmbH3 pm particle size, 125x3 mm) and Reprosil 100 C1é&fMorvay Analytik
GmbH (5 pm particle size, 125x20 mmpnalytical gel permeation chromatography (GPC)was
performed on OligoPore froarcatech AG(Polystyrene/divinylbenzene co-polymerp® particle
size, 300x7.5 mm) with HPLC-grade solvents. Polystandards of polystyrene were obtained from
Polymer LaboratoriesAnalytical chiral phase HPLC was performed on CHIRALPAK IA from
Daicel Chemical Industries, LTamylose tris (3,5-dimethylphenylcarbamate) immabd on Sum
silica-gel, 4.6x250 mm) with HPLC-grade solvemsalytical HPLC-system: Agilent 1100 series
1100 HPLC system with solvent degasser G1379A, thimp G1312A, auto sampler G1313A,
thermostatic column housing G1316A and diode arfeydetector G1315B. All samples were filtered
prior to use.Semi-preparative HPLC-system:NovaPrep200 HPLC system with an UV detector
L-7400 and an x/y plotter.

Gas chromatography (GC/MS)was performed on Blewlett Packards890 series Il using a 25 m
5 % phenyl-methylsilicone column coupled withHawlett Packardb970 A (EIl) series mass selective
detector. Starting with a temperature of 80 °C @0 iC followed by a gradient of 10 °C/min until
270 °C.
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5.1.4. Spectroscopic Methods

Ultra Violet—Visible absorption spectra (UV/Vis) were recorded on afAgilent 8453 diode array
spectrophotometer using optical 114-@8lima cuvettes (10 mm light path). DescriptiodV/Vis

(solvent): wavelength of maxima,,) in nm (relative extinction coefficient in %).

Fluorescence spectravere measured on &himadzuRF-5301 PC spectrofluorophotometer using

optical 115F-Q3ellmacuvettes (10 mm light path) in the presence of air

Infrared spectra (IR) were measured on a FTIR-1600 Series fi@ankin Elmer Description IR
(medium): wave numbers of transmission maxima in*cintensity (s = strong, m = middle,

w = weak, br = broad).

Circular dichroism was measured on a Chirascan fréyplied Photophysic§25 °C, bandwidth:

1 nm, time per point: 1 s) using optical 114-B&Imacuvettes (10 mm light path).

'H-Nuclear magnetic resonance spectroscopyH-NMR) was performed usingBruker DPX-NMR
(400 MHz), Bruker DRX-500 (500 MHz) or &ruker DRX-600 (600 MHz) spectrometer. Solvents
for NMR were obtained fron€ambridge Isotope Laboratorie@ndover, MA, USA). CDJ was
filtered through basic alumina prior to use. Alespa were recorded at 298 K. COSY and NOESY
were recorded if necessary By. Daniel H&aussinger Description 'H-NMR (frequency, solvent):
o4 in ppm relative to residual solvent peaks (peakltiplicity: s = singlet,d = doublet,t = triplet,

g = quartetquin = quintet,m = multiplet,br = broad; coupling constanisn Hertz).

¥C-Nuclear magnetic resonance spectra’¥C-NMR) were 'H-decoupled and recorded on a
BrukerDPX-NMR (100 MHz), Bruker DRX-500 (125 MHZz) or Bruker DRX-600 (150 MHz)
spectrometer. For the assignment of carbons DERMQE and HMBC experiments were carried out
if essential byDr. Daniel HaussingerDescription **C-NMR (frequency, solventpc in ppm relative

to residual solvent peaks.
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Asymmetric NDI cyclophane numbering for NMR assigeat:

Electron impact mass spectra (EI-MS)and fast atom bombardment mass spectra (FAB-MS)
were recorded bpr. H. Nadigon afinnigan MAT 95Q for EI-MS and on &nnigan MAT 8400 for
FAB-MS in the mass spectrometry laboratory of thestiilute. As matrix for FAB-MS
m-nitro-benzene alcohol (NBA) or glycine (GLY) wased and if necessary KCl was added.
Electron spray ionisation mass spectra (ESI-MSyere recorded on Bruker Esquire 3000plus.
For HPLC ESI-MS measurements the conditions werr¢osaebulizer pressure 40 psi; dry gas flow
9 I/min and drying gas temperature 365 °C. Thewso® ChemStation was used for data acquisition.
For matrix-assisted laser desorption/ionisation mass sgtra in conjunction withtime of flight
mass analysiSMALDI-TOF-MS) a Perseptive Biosystems Vestec Mass Spectrometryu¢tsod
Voyagef" Elite Biospectrometry! Research Station was used. As matrix for MALDI-TRIB
1,8,9-anthracenetriol was used. Descriptibt§ (solvent): mass peaks in m/z. Peaks with Bitgn

less than 5 % were not considered.
5.1.5. Elemental Analysis

The elemental analys{&A) was carried out b¥d. Kirsch at the organic department withPerkin-
Elmer 240 Analyser._DescriptionEA (chemical formula, molecular weight): calcelat (calc.)
abundance of C, H, N in %; found abundance of Q\ ki %.
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5.1.6. Electrochemical methods

Electrochemical measurements were carried out étassical three electrode cell with Pt or glassy
carbon as a working electrode, a Pt mesh as coalgtetrode and an Ag/AgCl electrode in 3 M KCI
as reference electrode. Voltammetry experimentse warformed with the use of a PGSTAT 12
potentiostat (Autolab) controlled by an HP comp&fi0 personal computer using GPES software. All
solutions were prepared with dry @EN and TBABR 0.1 M as electrochemical salt with™ B of

the desired organic compound. For spectroelectroitizé experiments a solution of 1M of the
desired organic compound was used. All these axpers were carried out together with Dr. Yann

Leroux.
5.1.7. Scanning tunnelling microscopy methods

The measurements were performed on a room-tempera®T) and a home built low-
temperature (LT) scanning tunnelling microscopeM%TBoth machines were equipped with a three
chamber ultra high vacuum system (UHV). The pressuas in the range of 2210 mbar. The
LT-STM (figure 105 is equipped with a two step cooling system foolew down to 5.8 K. The
Au(111) surfaces were cleaned by*Aobn bombardment followed by annealing & 400 K).

All molecules were sublimed from a home built evapor. These measurements were done in the
group of Richard Berndt by Guillaume Schull, Marmutzen, Francesca Matino and Natalia

Schneider in Kiel.
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Helium and Nitrogen
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2} e
(ﬂangew‘:‘“‘"‘lé, el ‘
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{inside)

‘m (inside)
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Figure 105: Drawing of the home built LT-STM.
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5.2. Synthesis
5.2.1. Synthesis of NDI cyclophanes and reference substanc

1,5(1,4,5,8)-Dinaphthalenetetracarboxylic acid diirnde-3,7-di(1,3)-5tert-butyl-

benzenacycloocta-nodan (¥§

a). The yellow suspension of 1,4,5,8-naphthalerstatboxylic acid
dianhydride 8) (0.87 g, 3.2mmol) and 1,3-bis(aminomethyebt-
butylbenzene?) (0.62 g, 3.2 mmol) in 0.2 ml & and 170 mi-PrOH was
o] o os_N_o refluxed for 3 days. The reaction mixture was cddle room temperature
and filtered. The solvent was evaporated and thiglue was purified by
O‘ OO column chromatography on silica gel (&H/EtOAc 10:1) to provide the

N
N o o "N So symmetric NDI cyclophang as a white solid (32.1 mg, 1.2 %).

b). 1,4,5,8-Naphthalenetetracarboxylic acid diamied 3) (1.93 g,
7.2 mmol) was solved at 120 °C in 200 ml DMF with r8l CHCOOH.
Then 50 ml of a solution of 1,3-bis(aminomethylest-butylbenzene 2)

(0.55 g, 2.8 mmol) in 50 ml DMF was dropped in thgb a dropping funnel over 1 h. This reaction

(0]

mixture was refluxed for 4 days. Then the reactmonture was cooled to room temperature and
filtered. The solvent was evaporated and the reswas purified by column chromatography on silica
gel (CHCI,/EtOAc 10:1) to provide the symmetric NDI cyclopkah as a white solid (44.5 mg,
3.4 %).

c). The yellow suspension of 1,4,5,8-naphthalerstatboxylic acid dianhydride3) (61 mg,
0.23 mmol) and 1,3-bis(aminomethyl)té&r-butylbenzene2) (149 mg, 0.18 mmol) in 1 ml B and
450 mli-PrOH was refluxed for 3 days. The reaction mixtu&s cooled to room temperature and
filtered. The solvent was evaporated and the resigas purified by column chromatography on silica
gel (CHCI/EtOAc 10:1) to provide the symmetric NDI cyclopkdnas a white solid (59 mg, 40 %).

UHV STM investigations: The experiments were performed with a low-tempgeaSTM operated at
5.7 K in ultrahigh vacuum (below TBmbar). The Au(111) samples as well as etched &/ wipre
prepared by argon-ion bombardment and annealinglo@iyanel was deposited from a tantalum
crucible maintained at 300 °C and at a rate of @pprately 0.2 ML/min as monitored by a quartz
microbalance. During deposition a residual gassuresin the 10-8 mbar range was maintained and
the sample was kept at room temperature. The tatarscorrespond to coverage’s of approximately
0.05 monolayers. All images were recorded in ateonscurrent mode. To demonstrate the deposition
of the cyclophand without disruption, the resulting monolayers aoenpared with the monolayers
obtained for the model compou@8 consisting of a single NDI chromophore. LT-STM gea of the
molecule on Au(111). The conditions were: tunnelModtageV: = 1700 mV and tunnelling current
=79 pA.
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TLC (Si0O,; CH,CI/EtOAC 10:1):R=0.4.

UV/Vis (CHsCN): Amax (€)=232 (50 332), 343 (24 351), 358 (35 057), 379780 mot* dnt cm™).

IR (KBr): 342%r, 3077%v, 296X, 171G, 1671, 1583, 1453, 1336, 1244, 1181m, 1006n, 772n.
'H-NMR (400 MHz, CDC})): 5=8.60 (s, 8H, naphthalene), 7.44 (d, 48,,,=1.5 Hz, 2-H, 6-H),
7.31 (t, 1H 344=1.5 Hz, 4-H), 5.34 (s, 8H, GH 1.35 (s, 18H, C(CH)).

¥C-NMR (400 MHz, CDC)): =162.2, 151.3, 137.5, 130.7, 126.2, 126.1, 1252@,.4, 43.4, 34.7,
31.3.

ESI-MS (MeOH): Positiveion mode: 2568 ([3xM+N4]), 1719 ([2xM+Na]), 871 ([M+NaJ).
FAB-MS (NBA): 849 ([M]"), 793 ([CgH3:N4Og] ).

MALDI-TOF-MS : 870 ([M+Na]), 893 ([M+2xNaJ]), 1717 ([2xM+Na]), 1740 ([2xM+2xNal]),
~2567 ([3xM+Nay).

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £H\, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 232, 343, 358 and 379 nm, T = 25 °C)):=R6.5 min; m/z 867 ([M+kD+H]"), 871
([M+Nal*"), 887 ([M+K]").

EA calc. for G,H4N4Og + CH,CI, (848.91 + 84.93): C, 68.17; H, 4.53; N, 6.00; fdu@, 68.59; H,
4.96; N, 5.59.

mp: >349 °C.

GPC (OligoPore, Gum particle size, 300x7.5 mm, pure THF, flow 0.5mifl, DAD (A4t = 215, 241,

360 and 381 nm, T = 25 °C)); R17.1 min.

S Inerrs Al 0.0-0.4min (#1#22]
x10%

Figure 106: ESI-MS spectra obtained in the positive mode oynigion 871, 1719 and 2567.

103



Experimental Part
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Figure 107: Polymer standards with the corresponding retertioe (black dots), with polynomial fit (red

curve).

Complexation studies with 1,5-dimethoxynaphthalen€24):

For titration experiments 3 ml of alD® M solution of24 in CH;,CN was transferred into a cuvette for

fluorescence spectroscopy. Then cyclophhmeas once added in portions ([0(0.5 eq.) of a stock
solution of 0.1410°M in CH,CN) and once linear ND25 (10l (0.5 eq.) of a stock solution
0.1410°M in CHLCN) to this solution. The fluorescence 2 was recordedAg,.. = 295 nm) and the

titration were performed until 5eq. The bindingnstants (81.18 M and 106.17 M) were

determined by Stern-Volmer plots assuming a 1:1ptexiformation as shown figure 108
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Figure 108: Left: Stern-Volmer plot (FF at 330 nm against [M]) of titration d¥4 with cyclophanel
(81.18 MY); Right: Stern-Volmer plot (#F at 330 nm against [M]) of titration 4 with linear NDI25

(106.17 MY.
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1,3-Bis(aminomethyl)-5tert-butylbenzene (2§*%°

Hydrazine monohydrate (31 ml, 638 mmol) was slowlyded to a suspension of

5-tert-butyl-1,3-bis(phthalimidomethyl) benzenes) ((11.1 g, 25 mmol) in 300 mi

MeOH. The resulting solution was refluxed for 2Afiter cooling to room temperature
NH; NHz the reaction mixture was quenched with 200 ml 5 #M solution and extracted with
CH,CI, (4x100 ml). The solvent was evaporated and theai@ng yellow oil was distilled under
reduced pressure (1 mbar) to afford 1,3-bis(amirtbyfie5-tert-butylbenzene?) as an air-sensitive

colorless oil, which was stored under argon (3.8820%0).

IR (NaCl): 3350v, 330G, 313G, 29665, 2854v,1601m, 1478n, 1365m, 908, 73%.

'"H-NMR (400 MHz, CDC})): 6=7.20 (d, 2H,J4=1.5 Hz, 4-H, 6-H), 7.10 (t, 1HJ)y,=1.5 Hz, 2-H),
3.85 (s, 4H, Ch), 1.32 (s, 9H, C(CH),).

¥C-NMR (100 MHz, CDC}): 6=151.7, 143.2, 122.9, 122.6, 46.7, 34.6, 31.3.

ESI-MS (MeOH): Positiveion mode: 385 ([2xM)), 215 ([M+Na[), 193 ([M]").

EI-MS (70 eV): 191 ([M]), 162 ([G1H1eN]"), 135 ([GH1N]"), 57 ([GHd]").

GC-MS: R = 18.1 min; 191 ([M]), 162 ([G1H1eN]"), 57 ([GHg] ).

EA calc. for GsHooN, (192.30): C, 74.95; H, 10.48; N, 14.57; found7C,81; H, 10.33; N, 13.15.

5-tert-Butyl-1,3-bis(bromomethyl)benzene (5%

A suspension of fert-butyl-1,3-xylene 4) (32.45¢g, 200 mmol), NBS (80.45 g,

452 mmol) and AIBN (0.2 g, 1.2 mmol) in 400 ml mdtformate was irradiated with a

500-W bulb for 3 h. The solvent was evaporated #Hrel residue was dissolved in
Br Br 300 ml CHCIl,. The organic phase was washed twice with condewtra
NaHCG; solution and water, then dried over ,88, and concentrated under reduced pressure.
Recrystallization of the solid residue from hexargave the desired trt-butyl-1,3-

bis(bromomethyl)benzené)(as colorless crystals (30.77 g, 48 %).

TLC (SiO,; Hex/EtOAc 3:1)R=0.66.

'H-NMR (400 MHz, CDCJ): 8=7.33 (d, 2H/*}4s=1.5 Hz, 4-H, 6-H), 7.25 (t, 1H}y=1.5 Hz, 2-H),
4.48 (s, 4H, Ch), 1.32 (s, 9H, C(CH).

¥C-NMR (100 MHz, CDC}): 6=152.5, 137.9, 126.8, 126.2, 34.7, 33.4, 31.2.

mp: 113 °C.
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5-tert-Butyl-1,3-bis(phthalimidomethyl)benzene (6§

A mixture of 5tert-butyl-1,3-bis(bromomethyl)benzene5)( (8.47 g,

27 mmol), potassium phthalimide (10.78 g, 58 mnaill KCO; (21.95 g,

159 mmol) in 200 ml of anhydrous GEN was heated under reflux for 5 h.
Ox N o oN o The reaction mixture was cooled to room temperaamd quenched with
H % 200 ml water. After extraction with EtOAc, the coméd organic phases

were washed with brine, dried over 88, and concentrated under reduced
pressure. The residue was purified by column chtognaphy on silica gel (Hex/EtOAc 3:1 to 1:3) to
provide Stert-butyl-1,3-bis(phthalimidomethyl)benzer®) @és a white solid (10.31 g, 86 %).
Once, a stepwise reaction pathway was performed the mono phthalimide as intermediate.
Therefore Sert-butyl-1,3-bis(bromomethyl)benzené) ((234.4 mg, 0.73 mmol, 1 eq.), potassium
phthalimide (149.2 mg, 0.81 mmol, 1.1 eq.) angC®; (303.7 mg, 2.2 mmol, 3 eq.) in 30 ml of
anhydrous CBCN was heated under reflux for 2 h. The reactioxtuné was quenched with water and
extracted with EtOAc. The combined organic phaseewashed against saturated NaCl solution and
dried over Na&SQO,. Then the solvent was evaporated under reduceymes and after purification by
column chromatography on silica gel (Hex/EtOAc 3i& mono phthalimide was isolated as white

solid (131 mg, 46 %). Due to the low yield of themo phthalimide formation this reaction pathway

was not further considered for the synthesis tdrebutyl-1,3-bis(phthalimidomethyl)benzerd (

TLC (SiO,; Hex/EtOAc 2:3)R=0.62.

IR (KBr): 3462r, 3056v, 2955, 2854y, 176%, 1714, 1605, 1467, 1430m, 1393, 1340m, 1093,
95%, 733, 711s.

'H-NMR (400 MHz, CDC}): 5=7.84-7.82, 7.71-7.68 (8H, .B, spinsystem higher order, Phe),
7.38(d, 2H,*}=1.5 Hz, 4-H, 6-H), 7.32 (t, 1H3}=1.5 Hz, 2-H), 4.80 (s, 4H, GY
1.27 (s, 9H, C(CH)5).

¥C-NMR (100 MHz, CDC})): =168.0, 152.2, 136.4, 133.9, 132.1, 126.1, 12528.3, 41.7, 34.6,
31.2.

ESI-MS (MeOH): Positiveion mode: 475 ([M+Nd), 507([M+MeOH+Nal).

EI-MS (70eV): 452 ([M]), 437 ([GsHasN:04]"), 395 ([GaHisN:0u]"), 305 ([GoHiNO"),
290 ([GooH20NOT"), 160 ([G2Had ).

EA calc. for GgH24N>O, (452.51): C, 74.32; H, 5.35; N, 6.19; found: C,174 H, 5.42; N, 6.05.

mp: 183-184 °C.
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Monophthalimide:

TLC (SIO,; Hex/EtOAc 2:3)R=0.72.

'H-NMR (400 MHz, CDCJ): 5=7.85-7.83, 7.71-7.69 (4H, B, spinsystem higher order,
phthalimide), 7.43 (m, 1H, Phe), 7.32 (m, 1H, PheR8 (m, 1H, Phe), 4.82 (s, 2H, gH
4.46 (s, 2H, Ch), 1.30 (s, 9H, C(CH.).

*C-NMR (100 MHz, CDC})): 5=167.9, 152.3, 137.8, 136.5, 133.9, 132.0, 12628,3, 125.7, 123.3,
41.6, 34.7,33.7, 31.2,

EI-MS (70 eV): 386 ([M]), 306 ([GoH20NO,]").

EA calc. for GgH,oNO,Br (386.29): C, 62.19; H, 5.22; N, 3.63; found:61,74; H, 5.11; N, 3.70.

1-tert-Butoxycarbonyl-1,3-bis(aminomethyl)-5tert-butylbenzene (7§

A solution of ditert-butyl-dicarbonate (1.1 g, 5 mmol) in 80 ml dry cime was

added dropwise to a stirred solution of 1,3-bis(amethyl)-5tert-butylbenzene

(2) (2.4 g, 12.5 mmol) in 500 ml dry dioxane at 06€er 1 h. This reaction

NH, HN\n/O mixture was then warmed up to room temperatureqaletiched with water. After
o j< extraction with CHCI,, evaporation of the solvent and drying one isolate

1-tert-butoxycarbonyl-1,3-bis(aminomethyl)tBft-butylbenzene 9 as a yellow oil (0.7 g, 47 %).

Further purification by extraction gave colorledg22 %).

IR (NaCl): 3344r, 2956, 2867V, 1694, 1517/, 1372n, 126Im, 1165, 9065, 728.

H-NMR (400 MHz, CDCJ): 3=7.23 (m, 1H, 6-H), 7.18 (m, 1H, 4-H), 7.06 (m, 1B:H),
4.30 (d, 2H,*3}44=5.6 Hz, NHBoc-CH-Phe), 3.85 (s, 2H, NHCH,-Phe), 1.47 (s, 9H, Boc C(GH),
1.31 (s, 9H, C(CH}y).

¥C-NMR (100 MHz, CDC}): 8=155.9, 152.0, 138.8, 123.5, 123.3, 123.2, 110605,444.9, 34.7,
31.4, 28.4.

ESI-MS (MeOH): Positiveion mode: 585 ([2xM)), 293 ([M]).

FAB-MS (NBA): 293 ([M]"), 220 ([GaH20N20]"), 176 ([GzH1N]"), 57 ([GHq]").

EA calc. for G/H2gN,0, (292.42): C, 69.83; H, 9.65; N, 9.58; found: C,327 H, 9.32; N, 8.35.
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N, N’-Di-(1'-tert-butoxycarbonyl-1',3’-bis(aminomethyl)-5'-tert-butylphenyl)-1,4,5,8-
naphthalenetetracarboxylic acid diimide (8§

A suspension of 1lert-butoxycarbonyl-1,3-bis(aminomethyl)tBrt-
butylbenzene ) (353 mg, 1.2 mmol), 1,4,5,8-naphthalene-tetramaylic
acid dianhydride3) (162 mg, 0.6 mmol) and 1 ml &t in 70 mli-PrOH was
refluxed under an argon atmosphere for 3 days.rAfmoling to room

o temperature the solvent was evaporated and thdueesivas purified by
OO column chromatography on silica gel (Hex/EtOAc 2tb) provide the
N 0o )< protected NDI semicircl8 as a yellow solid (217 mg, 44 %).

TLC (SiO,; EtOAc/Hex 1:2)R=0.3.

IR (KBr): 339%, 2966, 1705, 166%, 1505, 1453, 1366, 1326, 1245, 1172, 91Gs, 734.

UV/Vis (CHsCN): Amax (€)=235 (65 453), 342 (26 023), 359 (43 156), 37908& mot* dnt cm’™).
'H-NMR (400 MHz, CDCJ): 3=8.66 (s, 4H, naphthalene), 7.53, 7.26, 7.24 (s, BH, 4-H, 6-H),
5.35 (s, 4H, NDI-CH-Phe), 4.27 (d, 4H3,4=5.6 Hz, NHBoc-CH-Phe), 1.43 (s, 18H, Boc C(GH),
1.31 (s, 18H, C(CH)j).

¥C-NMR (100 MHz, CDC}J): 6=162.4, 155.9, 151.9, 138.9, 136.4, 130.9, 128,21, 125.8, 125.6,
124.4,79.3, 44.8, 44.0, 34.7, 31.3, 28.3.

ESI-MS (MeOH): Positiveion mode: 855 ([M+K]), 839 ([M+NaJ).

FAB-MS (NBA): 817 (IM]"), 661 ([GoH41N4Og] "), 601 ([GsH2oN4O6] "), 57 ([CHg]").
MALDI-TOF-MS : 661 ([GoHaiN4Og] ), 601 ([GsH26NOg*).

EA calc. for GgHseN4Og (816.99): C, 70.57; H, 6.91; N, 6.86; found: C,08) H, 7.01; N, 6.50.
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N, N’-Di-(1',3'-bis(aminomethyl)-5'-tert-butylphenyl)-1,4,5,8-naphthalenetetracarboxylic aa
diimide (9)*

The protected NDI semicircl® (217 mg, 0.26 mmol) was solved in &,
and 5 ml trifluoroacetic acid was dropped to thierest solution at room

temperature. This reaction mixture was stirred ®h under an argon

SN N atmosphere. After evaporation of the solvent ookisd the deprotected NDI
CF3COOe semicircle9 as a yellow salt in quantitative yield.

() Toe
CF3C00
®

0”7 N" 0 NH

IR (KBr): 317%r, 2968n, 1706, 1666, 1456n, 1373n, 133G, 117&r, 771w, 71.

'H-NMR (400 MHz, DMSO0):5=8.73 (s, 4H, naphthalene), 8.19 (br s, 6H,3NH7.51, 7.43,
7.21 (s, 6H, 2-H, 4-H, 6-H), 5.30 (s, 4H, NDI-GRhe), 3.96 (br s, 4H, NFCH,-Phe),
1.29 (s, 18H, C(CH5).

¥C-NMR (100 MHz, DMSO0):3=162.7, 151.3, 137.1, 134.0, 130.8, 126.3, 1248,8, 124.3, 43.5,
42.3,34.5, 31.0.

ESI-MS (MeOH): Positiveion mode: 617 ([M]), 639 ([M+Na]), 1234 ([2xM]), 1850 ([3xMT]).
FAB-MS (NBA): 617 ([M]), 600 ([GsH2oN4Og] .

MALDI-TOF-MS : 767 ([M+2xH0]"), 601 ([GsH2eN4O¢] ).

EA calc. for GgHssF15N4O14 + 3CRCOOH (844.80 + 342.07): C, 48.57; H, 3.82; N, 4fazind: C,
48.71; H, 4.09; N, 4.71.
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1(1,4,5,8)-2,6-Dichloronaphthalenetetracarboxylic éid diimide-5(1,4,5,8)-naphthalenetetra-
carboxylic acid diimide-3,7-di(1,3)-5tert-butyl-benzenacycloocta-nodan (11§

a).N, N-Di-(1',3'-bis(aminomethyl)-5'tert-butylbenzene)-1,4,5,8-
naphthalenetetracarboxylic acid diimide trifluoreac acid salt 9
(228 mg, 0.27 mmol, 1 eq.) was solved in 20iRFOH and 2 ml BN.

O Ng®  OxNO  To this solution 2,6-dichloro-1,4,5,8-naphthaletreisarboxylic  acid
OO N cl dianhydride (108 mg, 0.32 mmol, 1.2 eq.) was addéen the reaction
cl ~ mixture was refluxed for 5 days. The solvents wevaporated under

N o” N0

o] o

reduced pressure and the residue was purified loyntochromatography
on silica gel (CHCI/EtOAc 10:1) to provide the asymmetric,OIDI
cyclophanell as a white solid (27.8 mg, 11 %).

b). N, N-Di-(1’,3’-bis(aminomethyl)-5'tert-butylbenzene)-1,4,5,8-
naphthalenetetracarboxylic acid diimide trifluoreac acid salt9 (122 mg, 0.14 mmol, 1 eq.) and
2,6-dichloro-1,4,5,8-naphthalenetetracarboxylicdadianhydride (74 mg, 0.22 mmol, 1.6 eq.) were
refluxed in 300 ml acetic acid for 2 days. Then teaction mixture was extracted with gH,. The
solvent was evaporated under reduced pressure bhedrdsidue was purified by column
chromatography on silica gel (GEI,/EtOAc 10:1) to yield the asymmetric £NIDI cyclophanell as
a white solid (15.4 mg, 12 %).

c). N, N-Di-(1',3'-bis(aminomethyl)-5'tert-butylbenzene)-1,4,5,8-naphthalenetetracarboxylic id ac
diimide trifluoroacetic acid sa® (130.4 mg, 0.154 mmol, 1 eq.), 2,6-dichloro-1,4/aphthalene-
tetracarboxylic acid dianhydride (51.7 mg, 0.153ahr eqg.) and 30 ml acetic acid were added into a
pressure vessel suitable for microwave reactiom®& fieaction mixture was irradiated for 15 min
(400 W, 170 °C) with a 3 min ramp time. After stopgpthe heating and allowing the reaction mixture
to cool to room temperature, the vessel was removhd solvent was evaporated and the residue
purified by column chromatography on silica gel CH/EtOAc 10:1) to provide the asymmetric
Cl,-NDI cyclophanell as a white solid (39.3 mg, 28 %).

TLC (Si0O,; CH,CI/EtOAC 10:1):R=0.4.

UV/Vis (CHiCN): Amax (€)=358 (32 237), 380 (29 716), 400 (7684 toht cm™).

'H-NMR (400 MHz, CDC}): 5=8.75, 8.62 (4H, AB, spinsystem higher order, 2’, 3’, 6', 7)),
8.63 (s, 2H, 3, 7), 7.45 (m, 4H, 2", 6”), 7.31 (fAH, 4”), 5.24 (m, 4H, 9”), 5.18 (m, 4H, 10"),
1.35 (s, 18H, 8”).

¥C-NMR (100 MHz, CDC}): 8=162.22 (11’, 12’), 160.33 (11), 159.79 (12), 1513"), 139.83
(2, 6), 137.68, 137.14 (3", 5”), 135.75 (3, 73084, 130.65 (2, 3', 6", 7"), 126.46 (2", 6")126.40,
126.30, 126.27, 125.60, 125.98 (4, 8, 9, 10, 1,5 8, 9, 10’), 124.60 (4"), 121.89 (1, 5),
43.70 (107), 43.39 (9”), 34.73 (7”), 31.31 (8")
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HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 196, 239, 360, 380 and 400 nm, T =25 °C))=R.5 min; m/z 935 ([M+kD+H]"),
939 ([M+NaJ), 955 ([M+K]".

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.3 ml/min, pressure 13-14 bar,
DAD (Aget= 196, 239, 360, 380 and 400 nm, T = 25 °C)x R4.6, 28.4 min.

FAB-MS (NBA): 954 ([M+K]"), 918 (IM]"), 861 ([CgH3oCl.N4Og] ).

MALDI-TOF-MS : 922 ([M]"), 1839 ([2xMT]).

EA calc. for GoHssCIL.N4Og + 2XCHgO, (917.80 + 176.21): C, 65.87; H, 4.98; N, 5.12;rducC,
65.98; H, 4.72; N, 5.12.

mp: >349 °C.

1(1,4,5,8)-2,6-Dif-hexylsulfanyl)naphthalenetetracarboxylic acid diinide-5(1,4,5,8)-

naphthalenetetracarboxylic acid diimide-3,7-di(1,3)5-tert-butyl-benzenacycloocta-nodan (12)

To a stirred solution of asymmetric ;ANDI
cyclophanell (2.6 mg, 0.003 mmol, 1 eq.) in

7ml HPLC i-PrOH, 3.3 mg KCO; and an

O _N. _O O-__N__O excess of hexane-1-thiol (B, 0.035 mmol,
= x S. o~~~ 12 eq.) were added. This reaction mixture was
OO NN OO refluxed for 2 h under an argon atmosphere.

ON o o N Yo The colour changed from pink to violet. The
solvent was evaporated and the residue purified

by column chromatography on silica gel

(CH.CI/EtOAc 10:1) to vyield asymmetric
S,-NDI cyclophan€l2 as a violet solid (1.04 mg, 34 %).

TLC (SiO,; CH,CI/EtOAC 10:1):R=0.75.

UV/Vis (CH:CN): Amax (€)=295 (48 800), 359 (27 659), 379 (22 606), 525935 mot* dnt cm™).
'H-NMR (500 MHz, CDC}): 5=8.65, 8.50 (4H, AB, spinsystem higher order, 2’, 3', 6', 7)),
8.48 (s, 2H, 3,7), 7.44, 7.41 (br s, 4H, 2", 6713 (br s, 2H, 4”), 5.40 (d, 2H},4=13.9 Hz, 10"),
5.34 (s, 4H, 97), 5.30 (d, 2H2},,=13.9 Hz, 10”), 3.31-2.92 (m, CH 1.93-1.71 (m, Cbh),
1.46-1.26 (m, Ch), 1.36 (s, “18H", 8”), 0.90 (m, “6H", CH).

¥C-NMR (150 MHz, CDC})): 8=162.62, 162.31, 162.18, 161.76, 151.26, 148.59,443 137.33,
130.82, 130.35, 128.03, 126.09, 125.85, 125.62,082423.49, 123.17, 118.50, “52.68-13.91".
HPLC (LiChrospher 100 C18, 250x4 mm, pure N, flow 0.5 ml/min, DAD Qg = 295, 359, 379,
510 and 525 nm, T = 25 °C)); R 23.7 min.
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HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 298, 350, 370, 490 and 520 nm, T = 25 °C)):=R30.5 min; m/z 1119 ([M+K),
1103 ([M+Na]), 1098 ([M+H20]), 1081 ([M]).

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.3 ml/min, pressure 13-14 bar,
DAD (Aget= 298, 350, 370, 490 and 520 nm, T = 25 °C)xR1.8, 23.2 min.

MALDI-TOF-MS : “1085” ([M]*).

1(1,4,5,8)-2,6-Dig-pentylamino)naphthalenetetracarboxylic acid diimide-5(1,4,5,8)-naphthalene-
tetracarboxylicacid diimide-3,7-di(1,3)-5tert-butyl-benzenacycloocta-nodan (13)

103 mg KCO; and an excess of pentylamine (1 ml,
8.627 mmol) were added to a stirred suspension of
asymmetric GFNDI cyclophane 11 (39.3 mg,
0.043 mmol, 1eq.) in 20 ml anhydrous £CH\.

P S o~ This reaction mixture was stirred at 70 °C under an
OO Sy OO argon atmosphere for two days. Then the solvent
: was evaporated under reduced pressure. The residue
was solved in CkCl, and washed against,@.
Afterwards the solvent was evaporated and the
residue purified by column chromatography on
silica gel (CHCI/EtOAc 10:1) to yield (CK(CH,)4N)>-NDI cyclophane 13) as a blue solid
(19.63 mg, 45 %).

UV/Vis (HPLC run):Ana=280, 345, 359, 380, 576, 617.

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 280, 345, 365, 570 and 615nm, T = 25°C)): {CHt).N)-NDI cyclophane
R; = 31.6 min; m/z 1020 ([M), 1042 ([M+NaJ).
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1(1,4,5,8)-2,6-Ditert-butylsulfanyl)naphthalenetetracarboxylic acid diimide-5(1,4,5,8)-

naphthalenetetracarboxylicacid diimide-3,7-di(1,3)5-tert-butyl-benzenacycloocta-nodan (145

112 mg KCQO; and an excess of 2-methyl-propane-2-thiol (1 ml,

8.88 mmol, 8.9 eq.) were added to a stirred suspensf
asymmetric GFNDI cyclophanell (117 mg, 0.127 mmol, 1 eq.)
in 20 ml anhydrous C¥CN. This reaction mixture was stirred at

room temperature under an argon atmosphere fordape The

= AN S
OO J\ OO W< colour changed from a white over an orange to ssusgension.
s

The solvent was evaporated and the residue putijedolumn

chromatography on silica gel (GEl,/Hex/CHCOOH
250:250: 8) to yield asymmetritBUS),-NDI cyclophanel4 as a
red solid (125.6 mg, 96 %).

TLC (Si0O,; CHCI/EtOAC 10:1):R=0.87.

UV/Vis (CH,CLL): Amax (€)=361 (28 872), 381 (24 306), 530 (16 078 i cm™).

'"H-NMR (400 MHz, CDC}J): 5=8.92 (s, 2H, 3, 7), 8.72, 8.53 (4H,B\ spinsystem higher order, 2,
3,6, 7), 7.44,7.41 (br s, 4H, 2", 6”), 7.1fbr s, 2H, 4”), 5.39-5.29 (m, 8H, 9”, 10”), 1.76, 18H,
SC(CH)3), 1.36 (s, 18H, 8").

BC-NMR (100 MHz, CDC}): 3=162.39, 162.37 (11, 12'), 162.26 (11), 161.91)(1151.21 (1”),
148.80 (2, 6), 137.40, 137.29 (3", 5), 130.7®0157, 130.29 (3, 7, 2’, 3, 6, 7), 126.19, 12,0
125.50, 123.72, 122.56 (4, 8, 9, 10, 1', 4', 5, ¥, 10"), 125.82 (2", 6”), 124. 41 (4”), 11938(1, 5),
48.07 (SCCHg)3), 43.58 (107), 43.37 (97), 34.71 (77), 31.39 (§CH,)3), 31.33 (8").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 196, 239, 360, 380 and 400 nm, T = 25 °C))% R1 min; m/z 1025 ([M),

1047 ([M+Na]), 1063 ([M+KJ).

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.3 ml/min, pressure 13-14 bar,
DAD (Aget = 298, 350, 370, 490 and 520 nm, T = 25 °C)xR5.2, 16.0 min.

FAB-MS (NBA): m/z 1025 ([MT), 913 ([GHaoNOsS,] ).

MALDI-TOF-MS : 1050 ([M+NaJ), “1026” ([M]") 915 ([G:2HaoN4OsS,]").

EA calc. for GoHseN4OsS, + CH40, (1025.24 + 60.05): C, 68.61; H, 5.57; N, 5.16;mMduC, 68.57;
H, 6.05; N, 4.50.
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1(1,4,5,8)-2,6-Dimethoxynaphthalenetetracarboxyliacid diimide-5(1,4,5,8)-naphthalene-
tetracarboxylic acid diimide-3,7-di(1,3)-5tert-butyl-benzenacycloocta-nodan (155

Asymmetric C}-NDI cyclophane 1l (34.47 mg, 0.038 mmol, 1eq.) and an excess ofusod
methoxide (40 mg, 0.74 mmol, 19.6 eq.) were pw& iound flask and suspended in 10 ml dry MeOH.
This reaction mixture was stirred at 50 °C underaagon atmosphere for 20 h. The solvent was
evaporated under reduced pressure and the resititerd sSn CHCI, and extracted once with,@8.
After purification by column chromatography on dligel (CHCI,/EtOAc 10:1) one could isolate
22.64 mg educt, 4 mg mono-substituted Cl-MeO-NDilaghanel6 (12 %) and 5 mg of the desired
asymmetric (MeQ}NDI cyclophanel5 (14 %) as a yellow solid.

Ox_N._0O Os_N._O

O\
O D
0” "N" o 0" "N"o

TLC (SiO,; CHCI/EtOAC 10:1):R=0.11.

UV/Vis (CH,CL): Amax (€)=346 (12 216), 361 (14 957), 383 (11 454), 44993),

466 (6 590 mot dn? cm?).

'H-NMR (400 MHz, CDC}): 5=8.57, 8.54 (4H, AB, spinsystem higher order, 2’, 3’, 6, 7)),
8.35 (s, 2H, 3, 7), 7.43, 7.41 (br s, 4H, 2", 6.14 (br s, 2H, 4”), 5.35-5.30 (m, 8H, 9", 1"
4.29 (s, 6H, OCHh), 1.37 (s, 18H, 8").

BC-NMR (100 MHz, CDCY): 3=162.26, 162.15 (11', 12’), 161.77 (2, 6), 160.38)( 160.19 (12),
151.23 (1), 137.74, 137.34 (3", 57), 130.50, @30 (2, 3, 6, 7)), 126.90 (4"), 126.31,
126.16 (2", 6"), 125.86, 125.72, 125.44, 123.31R2.83 (4, 8, 9, 10, 1’, 4, 5, 8, 9, 10,
118.79 (1, 5), 110.33 (3, 7), 57.40 (OfH!3.49 (10”), 43.35 (9”), 34.75 (7), 31.38 (B
HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager = 250, 340, 360, 450 and 460 nm, T = 25°C)): =R5.9 min; m/z 910 ([M),
932 ([M+NaJ’), 948 ([M+K]").

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.3 ml/min, pressure 13-14 bar,
DAD (Aget = 250, 340, 360, 450 and 460 nm, T = 25 °C)x R7.9, 19.8 min.

MALDI-TOF-MS : “912” (IM] ).
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Osx N.__O Os N __O

Cl
O O
O~ N O O~ N O

TLC (SiO,; CHCI/EtOAC 10:1):R=0.42.

UV/Vis (CHCN from HPLC run)A =343, 359, 380, 415, 436.

'H-NMR (400 MHz, CDCY)): 5=8.86, 8.73, 8.47, 8.47 (4H,,B, spinsystem higher order, 2’, 3’,
6',7'), 8.70, 8.28 (s, 2H, 3, 7); 7.44 (br m, 48;, 6"), 7.23 (br m, 2H, 4”), 5.57-5.45,
5.21-5.13 (m, 8H, 9”, 10”); 4.17 (s, 3H, OGH 1.37, 1.36 (s, 18H, 8").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager = 250, 340, 360, 450 and 460 nm, T = 25 °C)):=R6.4 min; m/z 931 ([M+kD]"),
936 ([M+NaJ), 951 ([M+K]").

MALDI-TOF-MS : “916” ([M]*), “937" (IM+Na]").
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1(1,4,5,8)-2,6-Ditert-butylamino)naphthalenetetracarboxylic acid diimide5(1,4,5,8)-

naphthalenetetracarboxylic acid diimide-3,7-di(1,3)5-tert-butyl-benzenacycloocta-nodan (17)

197 mg K,CO; and an excess oftert-butylamine (6 ml,
56.85 mmol) were added to a stirred suspensionsgmeetric

Cl>-NDI cyclophanell (33.1 mg, 0.036 mmol, 1 eq.) in 20 ml

0w N O 0w N O anhydrous CKCN. This reaction mixture was stirred at 70 °C
_ ~ HK under an argon atmosphere for one day. The colmamged from
OO /\LN OO orange to a red suspension. Then another 10 terethutylamine

H . .

N N0 AN N0 was added and the reaction mixture was refluxecdfather day.

The colour changed to violet-blue. Then the solvavas

evaporated under reduced pressure. The residueserasd in

CH,CI, and washed against 3 M HCI,® and saturated N&Os;
solution. Afterwards the solvent was evaporated taedresidue purified by column chromatography
on silica gel (CHCI,/EtOAc 5:1) to afford a mixture of mono- and distfased product (HPLC).
Further purification by reversed phase column clatmgraphy on silica gel (100, fully endcapped,
CH4CN) provided BuN),-NDI cyclophane 17) as a blue solid (1.77 mg, 5 %).

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 280, 345, 365, 570 and 615 nm, T = 25 °C))!BDN-NDI cyclophane R= 10.5 min;
m/z 973 ([M+HO0]"), 977 (IM+Na]), 993 ([M+K]"); (‘BuN),-NDI cyclophane R= 15.7 min; m/z
992 (M), 1014 ([M+Na]), 1030 ([M+KJ).
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1(1,4,5,8)-2,6-Dipiperidinylnaphthalenetetracarboxiic acid diimide-5(1,4,5,8)-naphthalene-
tetracarboxylic acid diimide-3,7-di(1,3)-5tert-butyl-benzenacycloocta-nodan (185

To a stirred suspension of asymmetric-EDI cyclophanell
(38.7mg, 0.042 mmol, 1eq.) in 20 ml anhydrous ;CH
166 mg KCO; and an excess of piperidine (0.5 ml, 5.06 mmol,
o0 N O 0w N. _O 120 eq.) were added. This reaction mixture wasestiat 70 °C
O under an argon atmosphere for one day. The colbanged
O O‘ O immediately to red and over night to blue. The spntvwas
N 0 evaporated under reduced pressure and the resaluedsin
CH,CI, and extracted once with,8. Purification by column
chromatography on silica gel (GEl,/EtOAc 25:1) provided
asymmetric ((CH)sN),-NDI cyclophane 18 as a blue solid
(30.3 mg, 71 %).

TLC (SiO,; CHCI/EtOAC 10:1):R=0.87.

UV/Vis (CH,CLL): Amax (€)=310 (30 879), 359 (27 385), 377 (23 294), 615X24 mofl* dnt cm?).
'H-NMR (400 MHz, CDC}): 5=8.48, 8.40 (4H, AB, spinsystem higher order, 2’, 3', 6', 7)),
8.15 (s, 2H, 3, 7), 7.42, 7.36 (br s, 4H, 2", 6"5.85 (br s, 2H, 4”), 5.36, 5.34, 5.27,
5.22 (d, 8H, 2Jy=14.4, 14.2, 14.4, 142 Hz, 97, 10"), 3.19 (m, AHpiperidine CH),
3.14 (m, 4H, piperidine CHi, 1.78, 1.71 (m, 12H, piperidine GH

BC-NMR (100 MHz, CDCJ): 5=162.36, 162.07 (11", 12"), 162.02 (11), 160.912), 151.54 (1"),
151.27 (2, 6), 137.90, 136.62 (3", 57), 130.4430139 (2, 3’, 6, 7’), 125.97, 125.93 (2", 6"),
125.80, 125.07, 124.82, 124.72, 124.34 (4, 8, 9110, 5', 8, 9, 10), 123.32 (1, 5), 121.14),
108.30 (3, 7), 53.6 (piperidine GH 43.57 (10”), 43.50 (9"), 34.70 (7"), 31.38 (8 26.2,
23.9 (piperidine CH).

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £H\, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget = 280, 345, 365, 570 and 615nm, T = 25 °C)):=R14.3 min; m/z 1016 ([M),
1038 ([M+NaJ).

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.3 ml/min, pressure 13-14 bar,
DAD (Aqet= 310, 358, 375, 560 and 607 nm, T = 25 °C)x=R7.6, 18.8 min.

MALDI-TOF-MS : “1016” ([M]*).
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1,5(1,4,5,8)-2,6-Dichloronaphthalenetetracarboxyliacid diimide-3,7-di(1,3)-5tert-butyl-benzena

cycloocta-nodan (19)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic dadianhydride %)
(499 mg, 1.48 mmol, 1 eq.) was solved in 300 mtiacid at 120 °C.
1,3-bis(aminomethyl)-%ert-butylbenzene 2) (334 mg, 1.74 mmol,

OsN._O 0Oy _N_O 1.2 eq.) solved in 80 ml acetic acid was droppet ithis yellow

Cl N Cl solution over 1 h. This reaction mixture was furtrefluxed for 2 days.
cl OO cl = Then it was cooled to room temperature and theestlevaporated
O N o Oo7°N"To under reduced pressure. The residue was suspemdéhioromethane
and filtered in order to remove the insoluble parisrther purification
of the filtrate by column chromatography on silgal (CHCI,/EtOAC

10:1) provided racemic GNDI cyclophane19 as a white solid

(38.9 mg, 2.7 %).

TLC (SiO,; CH,CI/EtOAC 10:1):R=0.88.

UV/Vis (CHCN from HPLC run)A.=249, 358, 380, 400.

'"H-NMR (difficult to measure due to solubility reason€)04MHz, CDC}): 8=8.70 (br, 4H,
naphthalene), 7.47 (br, 4H, Phe), 7.30 (br, “2HieR 5.36 (br, 8H, C}H, 1.35 (br, “18H", C(CH)3).
HPLC (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aqet = 200, 235, 358, 380 and 400 nm, T = 25 °C)xR.4 min.

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C¥CN:EtOH, flow 0.4 ml/min, pressure 18-19 bar,
DAD (Aqet= 200, 235, 358, 380 and 400 nm, T =25 °C)x=R8.2, 20.0 min.

FAB-MS (NBA): 987 (IM]"), 931 ([GeH26ClaN4Og]").

MALDI-TOF-MS : 989 (IM]").
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1,5(1,4,5,8)-2,6-Dtert-butylsulfanyl)naphthalenetetracarboxylic acid diimide-3,7-di(1,3)-5tert-
butyl-benzenacycloocta-nodan (20)

48 mg KCO; and an excess of 2-methyl-propane-2-thiol
(0.5 ml, 4.44 mmol, 450 eq) were added to a stirred
suspension of racemic &NDI cyclophanel9 (9.86 mg,
0.01 mmol, 1 eq.) in 5 ml HPLC GBN. This reaction

OsN._O
mixture was stirred at room temperature under gorar

OxN._O
S‘é X s
J\ O‘ K atmosphere for 2 days. Then the solvent was evegabra
S ><s =
0~ "N o

under reduced pressure and the residue solved in

M dichloromethane and washed once again€. Hrurther
purification by reversed phase column chromatograph
on silica gel (100 ¢, fully endcapped, CYCN to

CH,CI,) provided $NDI cyclophane 2Z0) as a red solid (5.04 mg, 42 %).

TLC (SiO; CH,Cl,): R=0.46.

UV/Vis (HPLC run):Ama=267, 297, 356, 372, 489, 520.

'H-NMR (500 MHz, CDCJ): 3=8.90 (s, 4H, naphthalene), 7.38 (s, 4H, phe), 872H, phe),
5.37 (d, 4H,%4=14.3 Hz, CH), 5.29 (d, 4H,%},4=14.3 Hz, CH), 1.65 (s, 36H, SC(Chk),
1.37 (s, 18H, C(CH)5).

¥C-NMR (150 MHz, CDC}): =162.37, 161.82, 151.19, 148.00, 137.08, 131.82,8R 124.65,
122.44,121.69, 121.11, 48.62, 43.79, 34.73, 3BT 42.

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget = 297, 356, 371, 490 and 521 nm, T = 25 °C)):=R16.1 min; m/z 1239 ([M+K),
1223 ([M+NaJ).

HPLC (CHIRALPAK IA, 4.6x250 mm, 50:50 C}CN:EtOH, flow 0.4 ml/min, pressure 18-19 bar,
DAD (Aget= 298, 350, 370, 490 and 520 nm, T = 25 °C)=R1.9, 12.3, 12.8 min.

119



Experimental Part

5.2.2. Synthesis of NDI crown ethers

N,N’-Diphenyl-2,6-dichloro-1,4,5,8-naphthalenetetracarbxylic acid diimide (21)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylidatianhydride (980 mg,
2.91 mmol, 1 eq.) was suspended in 40 ml acetit dtiis suspension was heated to
reflux and then one added over the refluxing coedeaniline (1.3 ml, 14.25 mmol,
4.9 eq.) all at once. The colour changed immedidtelm yellow to dark red. The
reaction mixture was refluxed for another 20 mind aimen cooled to room
temperature. The solvent was evaporated under eddpressure and the residue
was suspended in acetic acid. After centrifugatiensolvent was decanted off. This

step was repeated two times. Then dichloromethaseadded to the tube and after

centrifugation the solvent was decanted off. Ttep svas repeated three times until the red colas w

nearly disappeared and,N’-diphenyl-2,6-dichloro-1,4,5,8-naphthalenetetraoayitic acid diimide

(21) was isolated as a violet solid (901 mg, 64 %).

'"H-NMR and™*C-NMR were not possible to measure due to solubilitpjems.
EI-MS (70 eV): 543 (mono aniline substituted produc86 4M]").
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N,N’-Diphenyl-2,6-di(2’-aminomethyl-15'-crown-5’)-1,4,58-naphthalenetetracarboxylic acid
diimide (22)

2-Aminomethyl-15-crown-5 (500 mg, 2 mmol, 4.7 eqds added to a suspensionNgN’-di-phenyl-
2,6-dichloro-1,4,5,8-naphthalenetetracarboxylidatiimide 1) (210 mg, 0.43 mmol, 1 eq.) in 20 ml
toluene and 2 ml BM. This reaction mixture was refluxed for 3 daybeTsolvent was evaporated and
the residue was purified by column chromatographysitica gel (CHCl./Hex/EEN 10:3:0.5). The
blue solid was solved in GBI, and washed once with 1 M HCI and once with satgrddaHCQ
solution. After evaporation of the solvert,N’-diphenyl-2,6-di(2’-aminomethyl-15’-crown-5’)-
1,4,5,8-naphthalenetetracarboxylic acid diimi@&) (was isolated as a blue solid (83.3 mg, 21 %). In
addition a side product bearing three 15-crown+fswould be isolated (30.33 mg, 7 %).

TLC (SiOy; CH,Cl/Tol/Et:N 5:5:0.5):R=0.27.

UV/Vis (MeOH): Anax (€)=281 (22 469), 345 (9 899), 361 (10 609), 610704 mol* dn? cnib).
'H-NMR (400 MHz, CDC}): 8=9.48 (t, 2H23}.4=5.7 Hz, NH), 8.33 (s, 2H, naphthalene), 7.58 t, 4
$34=7.4 Hz, Phe), 7.51 (t, 28}4+=7.4 Hz, Phe), 7.31 (d, 4A}+=7.4 Hz, Phe), 3.87-3.62 (m, 42H,
crown ether).

¥C-NMR (100 MHz, CDC})): 3=166.32, 163.25, 149.80, 135.40, 129.42, 128.78,.652 126.22,
121.77, 119.25, 102.27, 78.28, 71.32, 71.02, 700973, 70.57, 70.55, 70.47, 70.38, 44.55.
HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, GEN:H,O/TFA(0.1%)/CHCN(1%) 50:50,
flow 0.4 ml/min, pressure 140 bar, DAD\4;= 220, 280, 340, 360 and 600 nm, T =25 °C)):
R, = 16.3 min; m/z 913 ([M), 935 ([M+Nal).

FAB-MS (NBA): 913 ([M]"), 693 ([GgHaN,Og] ).
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©

/\/ j) QJ

</OQ
TLC (SiOy; CH,Cl/Tol/Et;N 5:5:0.5):R=0.08.
UV/Vis (HPLC run):A =282, 346, 364, 612.
'H-NMR (400 MHz, CDC)): 8=9.61 (t, 1H,%}4=5.4 Hz, NH), 9.45 (t, 1H>}4=5.4 Hz, NH),
8.28,8.26 ( s, 2H, naphthalene), 7.57 (t, 2M,=7.4 Hz, Phe), 7.50 (t, 1HJ}y=7.4 Hz, Phe),
7.32 (d, 2H33}=7.1 Hz, Phe), 4.34-3.64 (m, 63H, crown ether).
HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, GEN:H,O/TFA(0.1%)/CHCN(1%) 50:50,
flow 0.4 ml/min, pressure 140 bar, DAD\4;= 210, 250, 300, 400 and 600 nm, T =25 °C)):

R, = 6.7 min; m/z 1069 ([M), 1091 ([M+Na]).
FAB-MS (NBA): 1069 ([M]), 894 ([GaHsaN,O14").

Complexation studies of NDI crown ether 22 with BaGOg and KCIO:

For Job plot analysis stock solutions of NDI crowther 22, BaCbOg and KCIQ were made
(1:10*M). Then 14 different solutions with different c@mtrations were measured by UV&Vis
(table 3) and Job plot analysis showed maximaSatdd.B&* and 0.6 for K.

NDI crown ethe22 BaClLOg or KCIO,
2.9 ml (9.66610° M) 0.1 ml (210° M)
0.3 ml (:10° M) 2.9 ml (9.66610° M)

As discussed in section 3.3.5.1 a 1:1 complexnsiéal according to ESI-MS measurements, whereas
the shift for K is explained by a weaker binding constant and @titipn with sodium ions from the

glass ware.
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As discussed in section 3.3.5.1 the binding comnstagording to a system with three complex
constants was analysed. The Stern-Volmer plot staove¢ a linear behaviour as expected for a 1:1
complex formation. The observed curve can come feonombined dynamic and static quenching
procesg! Thus, ploting (KF-1)/[Q] against [Q] results in a linear functi¢iigure 109 from which
Kaynamic and Ksaic can be determined by solving the quadratic eqnat(g2 —Kd +S =0, whereas | is
the intercept and S the slope. For our case-16°4and S = 310" this quadratic equation is not
possible to solve. We propose that for our systeiy a static quenching process is responsible, but
the system is complicated because we do not knashvdomplex already quenches the fluorescence.
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6000000
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0’ 4 Datenreihenl
4000000

—— Linear (Datenreihenl)
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Figure 109: Linear function for a combined dynamic and stafienching process, which is in our case not

possible to solve.
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1,5-Dimethoxy-naphthalene (24f

o 1,5-Dihydroxy-naphthalene (1.57 g, 9.8 mmol, 1.ed.)63 g KkCO; and 300 ml dry
O acetone were added into a two necked round flakknTodomethane (2 ml, 21.7 mmol,
2 eq.) was added and the reaction mixture wasxedifor 1 day. Then the solvent was
evaporated under reduced pressure and the redidifiegh by column chromatography on
silica gel (CHCI,) to afford 1,5-dimethoxy-naphthaler#4) (1.01 g, 55 %).

UV/Vis (CHCk): Ama=231, 296, 312, 330.

'H-NMR (400 MHz, CDC}): 5=7.86 (d, 2H,°3}4=8.0 Hz), 7.40 (t, 2H3},4=8.0 Hz), 6.86 (d, 2H,
334u=7.7 Hz), 4.00 (s, 6H, CH

EI-MS (70 eV): 188 ([M]), 173 ([G1HsO3]").

EA calc. for G;H1;0; (188.22): C, 76.57; H, 6.43; found: C, 75.54; t§16

mp: 180-181 °C.

N, N’-Di-(4'- tert-butylphenyl)-1,4,5,8-naphthalenetetracarboxylic ad diimide (25)"*#*

Q o] 1,4,5,8-Naphthalenetetracarboxylic acid dianhydri@
%—QNN@—% (118 mg, 0.44 mmol), Zert-butylaniline (0.18 ml,

o O 0 1.12 mmol) and 5 ml acetic acid were refluxed farh2
After cooling to room temperature the reaction mmigt was quenched with water, extracted with
CH,CI, and dried over N&QO,. The solvent was evaporated and the residue waseduby column
chromatography on silica gel (GEl,) to provide the linear NDI model compou8 as a yellow
solid (86 mg, 37 %).

STM investigations: RT-STM images of the molecule on Au (111). Theditions were: coverage
® = 0.5 monolayers (ML), bias voltage = 2431 mV and tunnelling currelt = 186 pA.

TLC (SiO,; CH,Cl,): R=0.4.

UV/Vis (CHsCN): Amax (€)=235 (45 732), 341 (17 066), 357 (27 428), 377q8& motl* dnt cm™).

IR (KBr): 3500r, 3069n, 2956, 2856v, 1706, 1672, 157&, 151k, 1444 135G, 125G, 1194,
111Im, 978, 83%, 761s, 711m, 556.

'"H-NMR (400 MHz, CDC}): 5=8.84 (s, 4H, naphthalene), 7.60 (4HBA spinsystem higher order,
Phe), 7.27 (4H, /B, spinsystem higher order, Phe), 1.40 (s, 18H, §CH

¥C-NMR (100 MHz, CDC}): =163.0, 152.0, 131.7, 131.4, 127.7, 127.1, 1226,6, 34.8, 31.3.
ESI-MS (MeOH): Positiveion mode: 531 ([M]), 553 ([M+NaJ), 585 ([M+MeOH+Na]).

EI-MS (70 eV): 530 ([M]), 515 ([G3H2/N204] ).

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 191, 235, 340, 357 and 375 nm, T = 25 °C)x=R.5 min.

EA calc. for G4H3oN,0O4 (530.62): C, 76.96; H, 5.70; N, 5.28; found: C, 9% H, 5.74; N, 5.10.
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mp: >349 °C.

5.2.3. Synthesis of linear NDI's

Dibromoisocyanuric acid (DBI)"'**’

H To a solution of cyanuric acid (12.9 g, 99.95 mmbleq.) and LiOHH,0O (4.84 g,
OTNTO 115.35 mmol, 1.2 eq.) in 11 of @ one added at 25 °C B(20 ml, 389.19 mmol,
Br” I B 3.9 eq.). This reaction mixture was stirred for arid then cooled with an ice bath for
15 min. The precipitate was filtered off and washeth H,O. After drying at the high vacuum
dibromoisocyanuric acidDBIl) was isolated as a white solid (10.9 g, 38 %) aseld without further

purification.

EI-MS (70 eV): 362.7 ([BrsN:O4]"), 284.8 ([GHBr.N;O3]*), 206.9 ([GH.BrN:;O4"),
229.0 ([GH3N304]").
EA calc. for GHBI,N;0; (286.87): C, 12.56; H, 0.35; N, 14.65; found: 6,3D; H, 0.89; N, 18.00.

2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic acidlianhydride (26)

Ox_0._0 A solution of 1,4,5,8-naphthalenetetracarboxylicdatianhydride (1 g, 3.73 mmol,
Br 1eq.) in 32 ml KSO, was slowly added to a solution of dibromoisocyanur
Br OO acid O©BI) (2.1 g, 7.32 mmol, 2 eq.) in 22 mb$D, and the resulting mixture was
0”0”0 stirred at 140 °C for 20 h. The reaction mixtureswhen poured on ice and the
precipitate was filtered off and dried at the higttuum. The yellow solid was recrystallized g5,
and 2,6-dibromo-1,4,5,8-naphthalenetetracarboxgticd dianhydride 46) was isolated as a pale

yellow solid (756 mg, 48 %).

'"H-NMR and™*C-NMR were not possible to measure due to solubilitpjems.
EI-MS (NBA): 423 ((M["), 382 ([GsH4BrLO4]"), 345 ([G.HsBrOg"), 229.0 ([GHaNsO4").
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N-Benzyl-benzene-1,4-diamine (27b)

p-Phenylenediamine (3.17 g, 29.3 mmol, 1 eq.) whseddn 70 ml CHCI,. To this solution
EP benzylbromide (1 ml, 8.4 mmol, 0.3 eq.) was addezhae. The reaction mixture was further
wy Stirred at room temperature for 20 min. Then 1 MiM@s added until pHL and washed
once with CHCI,. Further 5 M NaOH solution was added until§dl9 and extracted three
times with CHCI,. The combined organic phases were dried oveS8aand the solvent
Nz was evaporated under reduced pressure. The slighalyn residue was purified by column
chromatography on silica gel (EtOAc) to providebenzyl-benzene-1,4-diamin27b) as yellow oil

(0.35 g, 21 %).

TLC (SiO,; EtOAC): R=0.5.

'H-NMR (400 MHz, CDC}): 8=7.34-7.27 (m, 4H, Bz), 7.25-7.20 (m, 1H, Bz), 6652 (2H, AB,
spinsystem higher order, Phe), 6.49-6.47 @B, spinsystem higher order, Phe), 4.20 (s, 2H)CH
3.34 (br s, 3H, NH, Nb).

¥C-NMR (100 MHz, CDC}): 5=141.2, 139.8, 137.7, 128.3, 127.4, 126.9, 116.3,3, 49.2.

ESI-MS (MeOH): Positiveion mode: 199 ([M)).

N-(4-Amino-phenyl)benzamide (27¢¥’

Sodium dodecyl sulfate (42.02 mg, 0.146 mmol, @2 was added to a solution of
9 p-phenylenediamine (1.04 g, 9.62 mmol, 1 eq.) inm%,0. To this mixture a solution of

nH  benzoic anhydride (2.12 g, 9.34 mmol, 1 eq.) im2@ry CHCN was added all at once.
© The colour changed immediately to grey and a wbkitéd precipitated. The reaction

mixture was stirred at room temperature for furtbenin. The solvent was evaporated

O

NH
® @3| under reduced pressure and the residue purifiecbluymn chromatography on basic alox
C
(EtOAC) to provide a yellow oil. It was solved in@H and acidified with 1 M HCI until a
solid precipitated. This white solid was filtereddadried to yieldN-(4-Amino-phenyl)benzamide

(279 (1.42 g, 59 %).

H-NMR (400 MHz, DMSO): 3=10.44 (s, 1H, NH), 10.04 (br s, 3H, M} 7.98-7.96 (2H,
spinsystem higher order), 7.89-7.86 (2dinsystem higher order), 7.62-7.58 (1H, spinsystegher
order), 7.56-7.52 (2H, spinsystem higher ordef5+.33 (2H, spinsystem higher order).

¥C-NMR (100 MHz, DMS0)3=165.6, 138.6, 134.5, 131.6, 128.3, 127.6, 1223,2], 121.2.
ESI-MS (MeOH): Positiveion mode: 447 ([2xM-HCI+N4d), 235 ([M-HCI+Na]) 213 ([M-HCI]").
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N-(4'-tert-butylphenyl)-N’-(N-BocH-phenyl)-2,6-dichloro-1,4,5,8-naphthalenetetracarbeylic

acid diimide (28)
a). 2,6-Dichloro-1,4,5,8-naphthalenetetracarboxydid dianhydride (69.68 mg,
0.21 mmol, 1leq.) was suspended in 90mPrOH and 1ml EN.
N-Bocp-phenylenediamine (42.84 mg, 0.21 mmol, 1 eq.) dndrt-butylaniline

Ox N~ 20 (0.03 ml, 0.19 mmol, 1 eqg.) were added and thetigacnixture was refluxed

OO € under an argon atmosphere for 21 h. After 5 mindibletion turned black. The
cl solvent was evaporated and the residue purifieccdlymn chromatography on

o~ N "0 silica gel (CHCI,/MeOH 5:1 to 5:2). Unfortunately no product forneaticould be

detected by NMR or ESI-MS.

o, NH b). A solution of N-Bocp-phenylenediamine (119.4 mg, 0.57 mmol, 1 eqg.) and
W I 4-tert-butylaniline (0.1 ml, 0.62 mmol, 1 eq.) in30 ml dyMF and 1 ml EN was
slowly dropped into an orange solution of 2,6-Dicbl1,4,5,8-naphthalenetetracarboxylic acid
dianhydride (193.1 mg, 0.57 mmol, 1 eq.) in 40 m} ®MF at room temperature over 3 h. This
reaction mixture was further heated at 40 °C fohl17Then the solvent was removed at the high
vacuum at 40 °C and a black solid was isolatedotimhately no product formation could be detected
by NMR or ESI-MS.
¢). 2,6-Dichloro-1,4,5,8-naphthalenetetracarboxyiid dianhydride (69.91 mg, 0.21 mmol, 1 eq.)
was suspended in 90 ml acetic adidBocp-phenylenediamine (49.79 mg, 0.24 mmol, 1 eq.) and
4-tert-butylaniline (0.04 ml, 0.25 mmol, 1 eq.) were addedl the reaction mixture was refluxed
for 18 h. After 5 min the solution turned black. fhe cooled reaction mixture 100 mji®lwas added
and further extracted with dichloromethane. The loioed organic phases were once washed against
saturated N&ZLO;. Then the solvent was evaporated under reducessyme and a violet solid was
isolated. Without further purification the cruddidovas solved in 20 ml C}l,. 46.16 mg KCOs
and an excess hexane-1-thiol (0.5 ml, 3.55 mmoledly were added. This reaction mixture was
refluxed under an argon atmosphere for 3 h. Theesblwas removed and the residue purified by
column chromatography on silica gel (&H,). An orange solid was isolated (15.37 mg, 10 %ictvh
turned to beN,N’-di-(4’-tert-butylphenyl)-2,6-di-(-hexylsulfanyl)-1,4,5,8-naphthalenetetracarboxylic
acid diimide 80a).
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N-(4'-tert-butylphenyl)-N’-(N-BocH-phenyl)-2,6-di-(h-hexylsulfanyl)-1,4,5,8-naphthalene-
tetracarboxylic acid diimide (29a)
S, monoimide 85 (7.29 mg, 0.012 mmol, 1 eq.) amd
Bocp-phenylenediamine (5.71 mg, 0.027 mmol, 2.3 eq.)
were suspended in 20 mPrOH and 0.1 ml BN. The red
O _N. _O reaction mixture was refluxed for one day. Thendbeled
S._~_~_~ Solution was washed against saturategQg solution and
NN OO the solvent was removed under reduced pressure. The
0N Yo residue was purified by column chromatography dicasi
gel (CHCI; to CHCIl,/MeOH 10:2) and 7.77 mg of a red
solid could be isolated. The isolated red solil stintains
\kOTNH S, monoimide 29a (R, = 9.2 min) and two other side

o}
products (R= 19.0, 21.7 min).

HPLC-ESI-MS (LiChrospher 100 C18, 250x4 mm, pure £, flow 0.2 mi/min, DAD Qget = 263,
295, 367, 487 and 522 nm, T = 25 °C)):=R10.8 min, m/z 1682 ([2xM+K), 1662 ([2xM+Na]),
1553 ([2XQ3H47N306SZ+N8.]+), 1532 ([2XQgH47N306SQ]+).

N,N’-Di-(4'-tert-butylphenyl)-2,6-dichloro-1,4,5,8-naphthalenetetraarboxylic acid diimide (30a)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylicdadianhydride 10) (232.5 mg,
0.69 mmol, 1 eq.) was solved under reflux in 30awétic acid. To this solution
4-tert-butylaniline (0.3 ml, 1.87 mmol, 2.7 eq.) was ad@d¢dnce and the orange
Ox_N._O solution turned immediately black. This reactiorxtmie was further refluxed for
Cl 15 min. After cooling to room temperature the gpegcipitate was filtered off and
cl OO washed with HO. Drying at the high vacuum providedl,N’-di-(4’-tert-
0~ °N" o butylphenyl)-2,6-dichloro-1,4,5,8-naphthalenetedraoxylic acid diimide 30a) as
a fine grey powder (134 mg, 33 %).

IR (KBr): 3063, 2964, 287w, 171&, 1676, 1566, 1511n, 1421, 1358, 131%, 122%, 913n,
824m, 759m, 716m, 564m.

'H-NMR (400 MHz, CDC}): 5=8.85 (s, 2H, naphthalene), 7.60, 7.25 (8HBAspinsystem higher
order, Phe), 1.40 (s, 18H, C(G)H).

¥C-NMR not enough soluble.

FAB-MS (NBA): “599” ([M] ).

EA calc. for GsH2¢CIoNO,4 (599.51): C, 68.12; H, 4.71; N, 4.67; found: C,5336 H, 4.45; N, 4.30.
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N,N’-Di-(4'-tert-butylphenyl)-2,6-dibromo-1,4,5,8-naphthalenetetracdboxylic acid diimide (30b)

2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic adi@nhydride 26) (716 mg,
1.68 mmol, 1 eq.) was solved under reflux in 40amétic acid. To this solution
4-tert-butylaniline (0.7 ml, 4.36 mmol, 2.6 eq.) was addédnce and the yellow

O N0 solution turned immediately red. This reaction migt was further refluxed for

OO B 10 min. After cooling to room temperature the vigleecipitate was filtered off and
washed with BO. Further purification by column chromatography eiica

o” N "0 (CH.Cl,) provided N,N’-di-(4’-tert-butylphenyl)-2,6-dibromo-1,4,5,8-naphthalene-
tetracarboxylic acid diimide30b) as a yellow solid (82.7 mg, 7 %). The mono
substituted by product could also be isolated ir88@ng as a violet solid. Another
fraction was isolated after column chromatograyituy,it was not clear bH-NMR

what the compound could be (purple solid 52.2 mg).

'"H-NMR (400 MHz, CDC}): 3=9.06 (s, 2H, naphthalene), 7.60, 7.25 (8HBAspinsystem higher
order, Phe), 1.40 (s, 18H, C(G)y).

¥C-NMR not enough soluble.

EI-MS (300 °C): 686 ([M]), 671 ([GzH25BroN,O4]"), 593 ([GaH2sBrN,O4] ).

FAB-MS (NBA): 686 ([M]").

EA calc. for G4H,gBroN,0, (688.41): C, 59.32; H, 4.10; N, 4.07; found: C,/A8 H, 4.09; N, 3.78.
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N,N’-Di-(4'- tert-butylphenyl)-2,6-di-(n-hexyloxy)-1,4,5,8-naphthalenetetracarboxylic acid
diimide (31)

a). 1.92 g Na was solved in 70 ml hexane-1-ol. 35 ml of
this solution was added tN,N’-di-(4'-tert-butylphenyl)-
2,6-dichloro-1,4,5,8-naphthalenetetracarboxylicaci
0w N. _O diimide 3038 (230.6 mg, 0.39 mmol, 1 eq.). This reaction
o._~_~_~ Mixture was further stirred at room temperature Xatays
NN O‘ under an argon atmosphere. Then the mixture was
N 0o quenched with 150 ml 1 M HCI and extracted with,CHl
The combined organic phases were washed against
saturated N&O; and dried over N&O, solution. The
solvent was evaporated under reduced pressure lend t
yellow residue was purified by column chromatogsaph silica (CHCI,). Unfortunately no product
formation was observed by NMR or ESI-MS.
b). 1.4 g Na was solved in 25 ml hexane-1-ol. 15 mthid solution was added to a suspension of
N,N’-di-(4’-tert-butylphenyl)-2,6-dichloro-1,4,5,8-naphthalenetedrboxylic acid diimide 308
(124 mg, 0.21 mmol, 1 eq.) in 20 ml dry tolueneisTieaction mixture was further stirred at room
temperature for 3 h under an argon atmosphereofyedblution). Then 70 ml acetic acid was added
and stirred at 120 °C for 0.5 h. After cooling tmm temperature the mixture was diluted with,CH
and washed with }0 and saturated N@O; solution. After drying over N8O, the solvent was
evaporated. The yellow residue was further purifigdcolumn chromatography on silica (&h).

Product formation31) was only detected by TLC (green fluorescent caimpd and Maldi-MS.

TLC (SiOy; CH.Cl,): R=0.5.
MALDI-TOF-MS : 733 ([M])
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N,N’-Di-(4'- tert-butylphenyl)-2,6-di-(n-hexylsulfanyl)-1,4,5,8-naphthalenetetracarboxyli@acid
diimide (34)

a).N,N’-Di-(4'-tert-butylphenyl)-2,6-dichloro-1,4,5,8-
naphthalenetetracarboxylic acid diimid80§ (94.7 mg,
0.16 mmol, 1 eq.) was solved in 8 ml dry DMF. Tasth
solution one added 110 mg.®O; and hexane-1-thiol
Se (0.1 ml, 0.71 mmol, 4.4 eq.). This reaction mixtukas
g OO further stirred at 65 °C for 2 h under an argoncsphere.
Then the mixture was quenched with ice water and
extracted with CEKCl,. Further the solvent was evaporated
under reduced pressure and the residue purifiecbliynn
chromatography on silica gel (GEl/Hex 2:1). After
evaporation of the solverd,N’-di-(4'-tert-butylphenyl)-2,6-di«-hexylsulfanyl)-1,4,5,8-naphthalene
tetracarboxylic acid diimide3d) was isolated as a orange solid (50.5 mg, 42 %).
b). N,N’-Di-(4’-tert-butylphenyl)-2,6-dibromo-1,4,5,8-naphthalenetetracaylic acid diimide 80b)
(73.0 mg, 0.11 mmol, 1 eq.) and 143 mgCK; were suspended in 18 ml gEN. To this suspension
an excess of hexane-1-thiol (5 ml, 35.5 mmol) waded and the reaction mixture stirred at room
temperature for 3 days. After removal of the soly¢he orange residue was purified by column
chromatography on silica gel (GEl,). After evaporation of the solvent under reducedsgure
N,N’-di-(4’-tert-butylphenyl)-2,6-di4-hexylsulfanyl)-1,4,5,8-naphthalenetetracarboxgliid diimide

(34) was isolated as a orange solid (65 mg, 80 %).

TLC (SIO,; CH,Cly/Hex 2:1):R=0.4.

UV/Vis (CHCh): Amax (€)=298 (55 036), 353 (13 257), 370 (16 036), 534828 mol* dnt cm?).
'H-NMR (400 MHz, CDC}): 5=8.77 (s, 2H, naphthalene), 7.59, 7.27 (8HBAspinsystem higher
order, Phe), 3.16 (t, 48}=7.4 Hz, CH), 1.82 (quin, 4H3}4+=7.5 Hz, CH), 1.52 (m, 4H, CH),
1.39 (s, 18H, C(CH)s), 1.31 (m, 8H, Ch), 0.89 (t, 6H>3}4,=7.0 Hz, CH).

¥C-NMR (100 MHz, CDC}): 6=163.6, 162.8, 151.9, 149.5, 131.8, 128.7, 12726,5, 125.5, 124.1,
119.4, 34.8, 32.3, 31.4, 30.9, 28.8, 27.9, 22.9).14

HPLC-ESI-MS (LiChrospher 100 C18, 250x4 mm, pure £, flow 0.2 ml/min, DAD Qget = 263,
295, 367, 487 and 522 nm, T = 25 °C))=R15.5 min; m/z 804 ([M+CKCN]"), 1546 ([2xM+H0]"),
1549 ([2xM+Na]).

EI-MS (70 eV): 762 ([M]).

FAB-MS (NBA): “763" ([M] ).

EA calc. for GeHssN.O,4S; (763.06): C, 72.41; H, 7.13; N, 3.67; found: C,50t H, 6.98; N, 3.43.
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N-(4'-tert-butylphenyl)-2,6-di-(n-hexylsulfanyl)-1,8-naphthalenedicarboxylic acid inde-4,5-
naphthalenedicarboxylic acid anhydride (35)

To a solution of N,N-di-(4'-tert-butylphenyl)-2,6-di-g-
hexylsulfanyl)-1,4,5,8-naphthalenetetracarboxyticla
diimide 34) (21.9 mg, 0.03 mmol, 1 eq.) in 10 tekt-butanol
Oy N~ 20 one added a KOH#rt-butanol solution (0.3 ml, 0.21 mmol,
OO S\~ 7 eq. KOH). This reaction mixture was refluxed 8 min.
NN Then the cooled solution was quenched witl®Hind acetic
0”0 O acid. After extraction with CKLCl, the solvent was evaporated
under reduced pressure and the residue purifiedcdlymn chromatography on silica gel
(CH,CI,/Hex/CH,COOH 8:4:0.2). The Smonoimide 85) was isolated as orange-pink solid (6.33 mg,
35 %).

TLC (SiO;; CH,Cl,/Hex/CH;,COOH 8:4:0.2)R=0.3.

UV/Vis (HPLC run):Anax = 266, 296, 346, 362, 490, 520; side produGtHEN,0sS;) Amax = 222,
256, 300, 424dr, 496or.

'H-NMR (400 MHz, CDC}): 6=8.76 (s, 1H, naphthalene), 8.70 (s, 1H, naphtledléh58 (2H, AB,
spinsystem higher order, Phe), 7.24 (2B, spinsystem higher order, Phe), 3.22 (t, PH,=7.2 Hz,
CH,), 3.19 (t, 2H3)4=7.2 Hz, CH), 1.87 (quin, 2H3J4+=7.1 Hz, CH), 1.83 (quin, 2H>J4,,=7.1 Hz,
CH,), "1.55 (m, 4H, CH)", 1.38 (s, 9H, C(CH3), 1.35 (m, 8H, CH), 0.91 (t, 3H2},,=6.8 Hz, CH),
0.90 (t, 3H2},4=6.8 Hz, CH).

¥C-NMR (100 MHz, CDCJ): 6=163.2, 162.3, 152.1, 151.2, 150.0, 131.5, 13®8,6], 127.7, 127.5,
126.6, 124.9, 120.1, 115.3, 34.8, 32.4, 32.2, 38, 28.7, 28.0, 27.7, 22.5, 14.0.

HPLC-ESI-MS (LiChrospher 100 C18, 250x4 mm, pure £, flow 0.2 ml/min, DAD Qget = 263,
295, 367, 487 and 522nm, T = 25°C)) R 9.1 min; m/z 1287 ([2xM+N4}, side product
(CasHsN20:S) R, = 22.2 min, m/z 1489 ([2xM+D]"), 1493 ([2xM+Nal).

FAB-MS (NBA): 734 ([CisHsN,05S,]"), 632 ([MT).
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2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic aditetrahexyl ester (36)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylicdadianhydride 10) (608.1 mg,
1.8 mmol, 1 eq.) was suspended in 15 ml hexanoll&ndl 1-bromohexane. To this
suspension fCO; (1.1 g, 7.9 mmol, 4.4 eq.) was added and the maxtefluxed for
3 h, while the yellow suspension turned brown. Tdmction mixture was cooled to
room temperature, evaporated to dryness, redigsolvé€H.Cl, and washed with
H,0. The combined organic phases were further dned NaSO, and the solvent
was evaporated under reduced pressure. Purificetiarolumn chromatography on
silica (CHCl,/Hex 3:1) and bulb distillation provided 2,6-dictdel,4,5,8-
naphthalenetetracarboxylic acid tetrahexyl es36y &s a yellow oil (1.208 g, 94 %).

'H-NMR (400 MHz, CDC{): 8=7.92 (s, 2H, naphthalene), 4.34-4.30(m, 10H,,)CH.83-1.75
(m, 10H, CH), 1.45-1.44 (m, 10H, CH}, 1.36-1.32 (m, 20H, CH, 0.93-0.88 (m, 12H, CHl

3C-NMR (100 MHz, CDCJ): 8=166.4, 165.7, 133.0, 132.1, 132.0, 131.7, 128614,666.3, 31.4,
31.3,28.3, 28.2, 25.6, 25.5, 22.5, 13.9.

ESI-MS (MeOH): Positiveion mode: 1440 ([2xM+N4), "751" ([M+K]"), "734" ([M+NaJ").
MALDI-TOF-MS : 746 (IM+K]"), 730 ([M+Na]).

2,6-Dihexoxy-1,4,5,8-naphthalenetetracarboxylic aditetrahexyl ester

a). 2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylicacid
dianhydride {0) (557 mg, 1.7 mmol, 1 eq.) was suspended
in 70 ml hexanol. To this suspension,GdO; (2.1 g,
o o 15.5 mmol, 9.4 eq.) was added and the mixturexeéitfor
O~~~ One day. The slurry brown reaction mixture was eddb
N OO room temperature, dissolved in g, and washed with

H,O. The combined organic phases were further dried o

pressure. Purification by column chromatographysitina
(EtOAc/Hex 1:2) and bulb distillation provided allpey
oil. Unfortunately no product formation was detectay
ESI-MS or'H-NMR.

o)
o)
% NaSO, and the solvent was evaporated under reduced

b). 1.2g NaH was solved in 10 ml hexanol. To te™ution 2,6-dichloro-1,4,5,8-naphthalene-
tetracarboxylic acid tetrahexyl est&6) (1.056 g, 1.5 mmol, 1 eq.) in 5 ml dry DMF wagled at

once. Suddenly a gel formation was observed. Tdlisvgs heated to 140 °C in order to get a solution
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again. This reaction mixture was further heated2fr Then the reaction mixture was cooled to room
temperature and the solvent evaporated at thevaighum. The residue was diluted with £ and
washed against . Purification by column chromatography on sil{EaOAc/Hex 1:2) gave yellow
oil (482 mg). Unfortunately no product formationsxdetected by ESI-MS 0H-NMR.

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic aditetraethyl ester (37)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylicdadianhydride 10) (515.8 mg,
1.5mmol, 1leq.) was suspended in 5ml ethanol &mil ethyl bromide
(68.2 mmol). To this suspension®0; (1.01 g, 7.3 mmol, 4.9 eq.) was added and
the mixture refluxed for 6 h, while the yellow sesgion turned brown. The

reaction mixture was cooled to room temperaturapetated to dryness, redissolved

in CH,Cl, and washed with ¥ (H,O phase remained orange). Then the solvent
was evaporated under reduced pressure and subsemuditation by column chromatography on
silica (CHCI,) provided 2,6-dichloro-1,4,5,8-naphthalenetetrcaylic acid tetraethyl esteBY) as a
colorless solid (22.47 mg, 3 %).

Despite the fact, that the way of Matile for symiisang 2,6-alkoxy substituted NDIs over a tetraeste
naphthalene derivative didn’'t work with hexanolias possible to obtain single crystals upon slow
evaporation from a diluted solution 8f7 in CH,Cl, suitable for x-ray analysidigure 110. So,

tetraesteB7 crystallizes with an inversion center, whereasa$ier moieties are rotated by 50-58° out

of the naphthalene plane.

)

Figure 110: Solid state structure &f7; top view (left) and front view (right).
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Experimental Part

2,6-Diethoxy-1,4,5,8-naphthalenetetracarboxylic aditetraethyl ester (38)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic dad¢etraethyl ester 3()

<) <3 (22.47 mg, 0.05 mmol, 1 eq.) was solved in 3 ml DM this solution

o NaOEt (11 mg, 0.16 mmol, 3.2 eq.) was added andnthéure heated at

~5 OO 60 °C for 7 h. Then the reaction mixture was quedchvith HO and

o=\ 0 extracted with CkCl,. The solvent was evaporated under reduced pressure

<O <3 and further purification by column chromatography silica (EtOAc/Hex

2:8) provided 2,6-diethoxy-1,4,5,8-naphthalenetatrboxylic acid tetraethyl esteB8) as a yellow
solid (7.6 mg, 30 %).

'H-NMR (400 MHz, CDCJ): 8=7.94 (s, 2H, naphthalene), 4.43-4.38(m, 12H,,)CH.43 (t,
334u=7.2 Hz, 19H, CH).

2,6-Dihydroxy-1,4,5,8-naphthalenetetracarboxylic ad (39)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylicdadianhydride 10) (193.5 mg,
0.57 mmol, 1 eq.) and NaOH (196.5 mg, 4.91 mmal e8}.) were solved in 40 ml
H,O at reflux. This reaction mixture was further leeator 15 h. After cooling to
o room temperature # and 10 ml 1 M HCI were added. The white precipitaas
OH OH  geparated by centrifugation (1000 RPM; 15 °C; 15.)niAfter drying at the high
vacuum 2,6-dihydroxy-1,4,5,8-naphthalenetetracarboxylied a89) was isolated as a white solid
(146 mg, 76 %). Several attempts to get the diamtdgdailed (e.g. boiling in CECOOH, xylene or

closing with acetic acid anhydride).

'H-NMR (400 MHz, DMS0)®=13.97-13.78 (br, 4H, COOH), 7.99 (s, 2H, naphthe)e
¥C-NMR (100 MHz, DMS0)3=167.0, 165.9, 134.1, 132.8, 130.6, 130.3, 127.2.
EI-MS (70 eV): 336 ([M]), 292 ([GaH:Og]").
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Experimental Part

N,N’-Di-(2’,6’-dimethylphenyl)-2,6-dichloro-1,4,5,8-nafhthalenetetracarboxylic acid diimide
(40)

2,6-Dichloro-1,4,5,8-naphthalenetetracarboxylic dadianhydride 10) (1.316 g,
/©\ 3.90 mmol, 1 eq.) was suspended in 50 ml acetit. ddiis suspension was heated
OxN~z©  to reflux and then 2,6-dimethylaniline (1.2 ml, @:&mol, 2.5 eqg.) was added
OO € through the reflux condenser at once. This reactioture was further refluxed for
cl 30 min. After cooling to room temperature the raactmixture was centrifuged
0™ N° 7O (5000 RPM; 10 °C; 30 min.). After decantation of $olvent the solid residue was
\©/ suspended in ¥ and centrifuged again. Final drying at the higlhuum provided
N,N’-di-(2’,6'-dimethylphenyl)-2,6-dichloro-1,4,5,8-nhthalenetetracarboxylic acid

diimide (40) as an orange solid (1.825 g, 86 %).

IR (KBr): 338r, 2918, 1718&, 1675, 1563n, 1474m, 141%, 1358n, 131G, 1228, 91X, 835m,
768s, 708m, 530m, 440m.

'"H-NMR (400 MHz, CDC}): 5=8.91 (s, 2H, naphthalene), 7.34 (2H, A part of MB» spinsystem
higher order, Phe), 7.26 (4H, B part of the,Adpinsystem higher order, Phe), 2.15 (s, 12H;)CH
¥C-NMR (100 MHz, CDC}J): =160.18, 159.79, 140.86, 136.46, 135.18, 132.79,4R 128.80,
127.99, 126.25, 122.61, 17.86.

EI-MS (70 eV): 542 (IM]), 693 ([GeH17CI2N204]*).

EA calc. for GoH»CIoNO,4 (543.40): C, 66.31; H, 3.71; N, 5.16; found: C,A5H, 3.69; N, 5.12.
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Experimental Part

N,N’-Di-(2’,6'-dimethylphenyl)-2,6-di-(n-hexylsulfanyl)-1,4,5,8-naphthalenetetracarboxyli@acid
diimide (41)

N,N’-Di-(2’,6'-dimethylphenyl)-2,6-dichloro-1,4,5,8-
/Q\ naphthalenetetracarboxylic acid diimidetQf (1.073 g,
Os_N.__0O 1.97 mmol, 1 eqg.) and X0O; (512 mg, 3.70 mmol, 2 eq.)
S.~_~_~ Were suspended in 30 ml dry gEN. Then hexane-1-thiol
AN g O‘ (A ml, 7.10 mmol, 3.6 eq.) was added and the macti
oC N Yo mixture stirred for 2 h under an argon atmosphém@am
\©/ temperature. To the orange suspension@Hwas added
and washed once with,8. The solvent was evaporated
under reduced pressure and the residue purifiedcdymn chromatography on silica gel
(CH,Cl/Hex/CH,COOH 10:1:0.2) to yield\,N-di-(2’,6’-dimethylphenyl)-2,6-di4¢-hexylsulfanyl)-
1,4,5,8-naphthalenetetracarboxylic acid diimid#) @s a red solid (1.357 g, 97 %).

TLC (SiO,; CHCly/Hex/CH,COOH 10:1:0.2)R=0.8.

UV/Vis (CH,CLL): Amax (€)=298 (48 068), 353 (8 156), 369 (10 985), 533§1Z mol* dnt cm™).

IR (KBr): 344%r, 2925, 2856n, 170%, 1665k, 1545, 143%, 1362v, 132G, 123X, 1162v, 917m,
838m, 767, 711m, 583w, 531Im.

'H-NMR (400 MHz, CDC}J): 8=8.83 (s, 2H, naphthalene), 7.31 (2H, A part of AR spinsystem
higher order, Phe), 7.24 (4H, B part of the ,ABpinsystem higher order, Phe), 3.21 (t, 4H,
334u=7.4 Hz, CH), 2.15 (s, 12H, PheG} 1.85 (quin, 4H334,=7.5 Hz, CH), 1.55 (m, 4H, CH),
1.33 (m, 8H, CH), 0.89 (t, 6H33,,=7.0 Hz, CH).

¥C-NMR (100 MHz, CDCJ): 6=162.7, 161.8, 149.7, 135.3, 133.2, 129.1, 1288,6], 125.9, 124.0,
119.2, 32.2, 31.3, 28.7, 27.8, 22.4, 17.9, 14.0.

FAB-MS (NBA): 707 ([M]), 623 ([GeHaaN204S]"), 539 ([GoH2N204S,]").

MALDI-TOF-MS : 707 ([MT").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 298, 353, 370, 500 and 534 nm, T = 25 °C))% B5.0 min; m/z 707 ([M).

EA calc. for GoH4eN20,4S; (706.96): C, 71.36; H, 6.56; N, 3.96; found: C,0BL H, 6.60; N, 3.86.
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Experimental Part

N,N’-Di-(2’,6'-dimethylphenyl)-2,6-di-(n-hexyloxy)-1,4,5,8-naphthalenetetracarboxylic acid
diimide (42)

a). NaH (33.6 mg, 1.4 mmol, 6 eq.) was solved innl
/Q\ hexane-1-ol and diluted with another 20 ml hexamw-1
Os_N._0O This solution was slowly dropped into an orange-red
O._~_~~_~ Ssuspension oN,N-di-(2’,6'-dimethylphenyl)-2,6-dichloro-
AN O‘ 1,4,5,8-naphthalenetetracarboxylic acid diimid6) (129.6
oF N "o mg, 0.24 mmol, 1 eq.) in 30 ml hexane-1-ol at room
\©/ temperature over 42 min. The reaction mixture weathér
stirred for 1.5 h at room temperature. Then transteto a
separation funnel with Ci€l, and washed with 3. The solvents were evaporated under reduced
pressure and following purification by column chadography on silica gel (G&l,/Hex/CHCOOH
20:1:0.2) provided N,N'-di-(2’,6'-dimethylphenyl)-2,6-di4-hexyloxy)-1,4,5,8-naphthalenetetra-
carboxylic acid diimide4?2) as a bright orange solid (153.2 mg, 95%).
b). NaH (629 mg, 26.21 mmol, 7.8 eq.) was solveBdmml hexane-1-ol and diluted with another 30
ml hexane-1-ol. This solution was slowly droppetbian orange-red suspensionN’-di-(2',6'-
dimethylphenyl)-2,6-dichloro-1,4,5,8-naphthalenetesirboxylic acid diimide 40) (1.825 g, 3.36
mmol, 1 eq.) in 150 ml hexane-1-ol at room tempgeabver 2 h. The reaction mixture was further
stirred for 1 h at room temperature and 10 min Ggt’6. Then the solvent was evaporated under
reduced pressure and after purification by colurhmomatography on silica gel (GEIl./Hex/
CH;COOH 20:1:0.2) N,N-di-(2’,6’-dimethylphenyl)-2,6-di4(-hexyloxy)-1,4,5,8-naphthalene-
tetracarboxylic acid diimide4@) was isolated as a bright orange solid (1.26685)6

TLC (SiO;; CH,Cly/Hex/CH,COOH 10:1:0.2)R=0.5.

UV/Vis (CH,Cl,): Amax (€)=255 (44 507), 343 (12 156), 361 (14 358), 444429), 470 (17 844 mdl
dn?® cmih).

IR (KBr): 343(br, 2926, 285", 170%, 1672, 157%, 144%, 1364n, 1329, 1296n, 12175, 1000n,
906m, 857m, 765, 702w, 531w.

'H-NMR (400MHz, CDCJ): 5=8.58 (s, 2H, naphthalene), 7.30 (2H, A part of ARy spinsystem
higher order, Phe), 7.23 (4H, B part of the A#insystem higher order, Phe), 4.42 (t, 2,=6.8
Hz, CHy), 2.15 (s, 12H, PheG} 1.97 (quin, 4H3},4=7.1 Hz, CH), 1.51 (m, 4H, Ch), 1.33 (m, 8H,
CH;,), 0.87 (m, 6H, Ch).

¥C-NMR (100MHz, CDC}): 5=161.8, 160.6, 160.2, 135.4, 133.6, 128.9, 1283,4] 124.5, 120.2,
111.2,70.8, 31.3, 28.9, 25.4, 22.5, 17.9, 13.9.

FAB-MS (NBA): 675 (IM]"), 591 ([GeH34N206] "), 507 ([GoH22N206] ).

MALDI-TOF-MS : 675 ([M]").
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Experimental Part

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget = 250, 340, 360, 450 and 460 nm, T = 25 °C))}=R.7 min; m/z 1387 ([2xM+K), 1371
([2xM+Na]"), 675 (IM]").

EA calc. for GoH4eN2Og (674.83): C, 74.75; H, 6.87; N, 4.15; found: C,644 H, 6.92; N, 4.09.

N,N’-Di-(2’,6’-dimethylphenyl)-2,6-di-(n-hexylamino)-1,4,5,8-naphthalenetetracarboxylic adi
diimide (43)

N,N’-Di-(2’,6’-dimethylphenyl)-2,6-dichloro-1,4,5,8-
/©\ naphthalenetetracarboxylic acid diimidé0y (128.1 mg,
Oy N 0 0.236 mmol, 1 eq.) and,KO; (82.9 mg, 0.56 mmol, 2 eq.)
O‘ N~~~ were suspended in 20 ml HPLC @N. Then hexylamine
NN (1 ml, 7.56 mmol, 32 eq.) was added, whereas thsuco
0" 'N” 7O changed immediately from orange to red. The reactio
\©/ mixture was further stirred for one day under agoar
atmosphere at 50 °C. The solvent was evaporatedrund
reduced pressure and the residue purified by reslephase column chromatography on silica gel
100 Gg (CH;CN to CHCI,) to yieldN,N’-di-(2’,6’-dimethylphenyl)-2,6-di4-hexylamino)-1,4,5,8-
naphthalenetetracarboxylic acid diimidE)as a blue solid (63.67 mg, 40%).

TLC (SiO; CH,Cly): R=0.6.

UV/Vis (HPLC run):An.=281, 344, 362, 570, 614.

'H-NMR (400MHz, CDC}): 6=9.31 (t, 2H,3J4=5.1 Hz, NH), 8.27 (s, 2H, naphthalene), 7.32 (2H,
A part of the AB spinsystem higher order, Phe), 7.25 (4H, B pathefAB, spinsystem higher order,
Phe), 3.48 (q, 4H3.=7.1 Hz, CH), 2.15 (s, 12H, PheG} 1.75 (quin, 2H2334,=7.3 Hz, CH),
1.44 (m, 4H, CH), 1.31 (m, 8H, Ch), 0.88 (t, 6H33,,=7.0 Hz, CH).

¥C-NMR (100MHz, CDC}): 5=165.7, 162.4, 149.6, 135.4, 133.8, 129.0, 1286,2, 122.0, 119.0,
101.8, 43.3, 31.4, 29.2, 26.7, 22.5, 17.8, 14.0.

FAB-MS (NBA): 673 (IM]").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget = 280, 345, 365, 570 and 615 nm, T = 25 °C):=R21.2 min; m/z 695 ([M+N4),
673 ([M]").

EA calc. for GoH4eN4O4 (672.87): C, 74.97; H, 7.19; N, 8.33; found: C,1”R H, 7.09; N, 7.50.
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Experimental Part

N,N’-Di-(2’,6’-dimethylphenyl)-2,6-di-(n-pentylamino)-1,4,5,8-naphthalenetetracarboxylic ad
diimide (44)

N,N’-Di-(2’,6’-dimethylphenyl)-2,6-dichloro-1,4,5,8-
/©\ naphthalenetetracarboxylic acid diimid&d) (74.02 mg, 0.136
Ox-N2© H mmol, 1 eq.) and 102 mg,&O; were suspended in 2 ml HPLC

OO NN CH,CN. Then pentylamine (0.1 ml, 0.863 mmol, 6 eq.swa
S , :
N added, whereas the colour changed immediately &n@ange to

red. The reaction mixture was stirred for one daglar an argon

\©/ atmosphere at 50 °C, whereas the colour changedképly

blue. The solvent was evaporated under reducedymesind the residue purified by reversed phase
column chromatography on silica gel 109; CCH;CN to CHCI,) to yield N,N’-di-(2’,6’-dimethyl-
phenyl)-2,6-di-(-pentylamino)-1,4,5,8-naphthalenetetracarboxyli atimide @4) as a blue solid
(65.4 mg, 75%).

TLC (SiO,; CH,Cl,): R=0.5.

UV/Vis (CHsCN): Amax (€)=281 (36 967), 345 (12 972), 362 (14 715), 615640 mot* dnt cm’™).
'H-NMR (400MHz, CDCY): 6=9.31 (t, 2H3J4=5.1 Hz, NH), 8.26 (s, 2H, naphthalene), 7.32 (&H,
part of the AB spinsystem higher order, Phe), 7.25 (4H, B pathefAB, spinsystem higher order,
Phe), 3.48 (q, 4H}1=7.1 Hz, CH), 2.15 (s, 12H, PheG} 1.75 (quin, 4H34,=7.2 Hz, CH), 1.44-
1.33 (m, 8H, CH), 0.90 (t, 6H33,,=7.1 Hz, CH).

¥C-NMR (100MHz, CDC}): 5=165.7, 162.4, 149.6, 135.5, 133.8, 129.0, 1286,2, 122.1, 119.0,
101.8, 43.3, 29.2, 29.0, 22.3, 17.8, 13.9.

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget = 280, 345, 365, 570 and 615 nm, T = 25 °C))=R5.1 min; m/z 668 ([M+N4], 646

(MI).
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Experimental Part

N-(2’,6'-dimethylphenyl)-2,6-di-(n-hexylsulfanyl)-1,8-naphthalenedicarboxylic acid inde-4,5-
naphthalenedicarboxylic acid anhydride (45)

208.32 mg NaOH was solved in a mixture of 10 mOH
/©\ and 10 mitert.-butanol. Then 0.8 ml of this NaOH solution
Os_N._O (0.208 mmol, 0.8 eq.) was added in one lot to hxafg
S~~~ solution ofN,N-di-(2’,6’-dimethylphenyl)-2,6-di4G-hexyl-
AN g OO sulfanyl)-1,4,5,8-naphthalenetetracarboxylic acitmidie
0”0”0 (41) (153.43 mg, 0.217 mmol, 1 eq.) in 20 tait.-butanol.
The colour changed immediately from red to dark fdge reaction mixture was further refluxed for 5
min. After cooling to room temperature the solvemntse removed under reduced pressure. Then the
residue was solved in GHI, and washed with C}€OOH. The solvents were evaporated and further
purification by semi-preparative reversed phase EIRReprosil 100 C18 from, gm particle size,
125x20 mm, CHCN) providedS, monoimide 45) as a dark red solid (87.33 mg, 67%).

TLC (SiO,; CHCly/Hex/CH,COOH 10:1:0.2)R=0.7.

UV/Vis (HPLC run):An.=294, 344, 362, 495, 524.

'H-NMR (400MHz, CDC}J): 6=8.77 (s, 1H, naphthalene), 8.71 (s, 1H, naphtledJéh31 (1H, A part
of the AB, spinsystem higher order, Phe), 7.24 (2H, B pathefAB, spinsystem higher order, Phe),
3.25 (t, 2H234=7.5 Hz, CH), 3.19 (t, 2H33},,=7.3 Hz, CH), 2.13 (s, 6H, PheC}{ 1.88 (quin, 2H,
8344=7.3 Hz, CH), 1.84 (quin, 2H23}4=7.3 Hz, CH), "1.59 (m, 4H, CH)", 1.36 (m, 8H, Ch),
0.91 (t, 3H23},4=6.8 Hz, CH), 0.90 (t, 3H3}44=6.9 Hz, CH).

¥C-NMR (100MHz, CDC}): 5=162.3, 161.3, 159.3, 158.2, 151.3, 150.1, 1383,9, 130.3, 129.2,
128.7, 128.7, 127.5, 125.6, 124.6, 120.2, 120.04,32.2, 31.3, 31.3, 28.7, 28.7, 28.0, 27.6, 22.5,
17.9, 14.0, 14.0.

FAB-MS (NBA): 604 ([M]), 520 ([GaH2sNOsS;] "), 436 ([GoH1NOsS,]*).

MALDI-TOF-MS : 605 ([M]").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 298, 353, 370, 500 and 534 nm, T = 25 °C))x B.1 min; m/z 642 (IM+K]), 604 (IM]).
EA calc. for GJH3:NOsS, (603.79): C, 67.64; H, 6.18; N, 2.32; found: C,& H, 6.06; N, 2.31.
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Experimental Part

N-(2’,6'-dimethylphenyl)-2,6-di-(n-hexyloxy)-1,8-naphthalenedicarboxylic acid imide-%-
naphthalenedicarboxylic acid anhydride (46)

208.32 mg NaOH was solved in a mixture of 10 rsOH

/©\ and 10 mltert.-butanol. Then 0.8 ml of this NaOH

O _N. _O solution (0.208 mmol, 0.9 eq.) was added in onedoa
o._~_—~_~ refluxing solution ofN,N-di-(2’,6’-dimethylphenyl)-2,6-

NN O‘ di-(n-hexyloxy)-1,4,5,8-naphthalenetetracarboxylic  acid

o o0 Yo diimide @2) (153.22 mg, 0.227 mmol, 1 eq.) in 20 ml
tert.-butanol. The colour changed immediately fromgwlito red. The reaction mixture was further
refluxed for 5 min. After cooling to room tempernauthe solvents were removed under reduced
pressure. Then the residue was solved in@Hand washed with C}£OOH. The solvents were
evaporated and purification by column chromatogyaghsilica gel (CHCI,/Hex/CHCOOH 8:4:0.2)
gave a yellow-orange solid. Further purification d®mi-preparative reversed phase HPLC (Reprosil
100 C18 from, 5um particle size, 125x20 mm, GEN) providedO, monoimide 46) as an orange
solid (38.41 mg, 30%).

TLC (SiO,; CHCly/Hex/CH,COOH 10:1:0.2)R=0.4.

UV/Vis (HPLC run):An.=245, 338, 354, 440, 464.

'H-NMR (500MHz, CDC}): 5=8.55 (s, 1H, naphthalene), 8.50 (s, 1H, naphtiedJeh30 (1H, A part
of the AB, spinsystem higher order, Phe), 7.23 (2H, B pathefAB, spinsystem higher order, Phe),
4.47 (t, 2H344=6.4 Hz, CH), 4.40 (t, 2H3},,=6.6 Hz, CH), 2.13 (s, 6H, PheG} 1.99 (m, 4H,
CHyp), 1.61 (m, 2H, Ch), 1.52 (m, 2H, CH), 1.39 (m, 4H, CH), 1.33 (m, 4H, Ch), 0.92 (m, 3H,
CHs), 0.88 (m, 3H, Ch).

¥C-NMR (125MHz, CDC}): 5=161.4, 161.4, 160.5, 159.9, 159.7, 155.2, 1383,4, 129.1, 128.6,
128.5, 125.9, 124.2, 123.5, 121.6, 120.0, 112.7,a071.1, 71.0, 31.3, 31.3, 28.9, 25.4, 22.5,,17.9
14.0, 14.0.

MALDI-TOF-MS : 595 ([M+Na]), 571 ([M[").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager = 250, 340, 360, 450 and 460 nm, T = 25 °C))x R.0 min; m/z 572 ([M).
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Experimental Part

N-(2’,6'-dimethylphenyl)-N’-(N-Bocp-phenyl)-2,6-di-(h-hexylsulfanyl)-1,4,5,8-

naphthalenetetracarboxylic acid diimide (47)

S; monoimide ¢5) (87.33 mg, 0.145 mmol, 1 eq.) ahd
/@\ Boc{p-phenylenediamine (30.98 mg, 0.149 mmol, 1 eq.)
were solved in 17 mtProH and 1 ml EN. This reaction
OO S\ mixture was refluxed under an argon atmospheredfor
NN days. Then the solvent was removed under reduced
0" N O pressure and the residue was purified by column
chromatography on silica gel (GEl,/Hex 8:4 to 8:1 to
CH.Cl,/MeOH 100:1) to afford BogSNDI (47) as a red

HN.__O
1,( W< solid (104.5 mg, 91%).

TLC (SiO,; CH,Cl,): R=0.7.

UV/Vis (HPLC run):A =262, 294, 350, 366, 490, 520.

'H-NMR (400MHz, CDC}): 5=8.80 (s, 1H, naphthalene), 8.78 (s, 1H, naphtledJeh57 (2H, AB,
spinsystem higher order, Phe), 7.31 (1H, A pathefAB, spinsystem higher order, Phe), 7.24 (2H, B
part of the AB spinsystem higher order, Phe), 7.24 (2EBAspinsystem higher order, Phe), 6.67 (s,
1H, NH), 3.19 (t, 2H3J4,=7.8 Hz, CH), 3.17 (t, 2H3},4=7.8 Hz, CH), 2.15 (s, 6H, PheGJ} 1.83
(quin, 4H, %34=7.5 Hz, CH), 1.55 (m, 13H, BOC CH+ CH,), 1.33 (m, 8H, Ch), 0.88 (t, 6H,
3341=6.8 Hz, CH).

¥C-NMR (100MHz, CDC}): 5=163.7, 162.8, 162.7, 161.8, 152.4, 149.7, 14%86,1, 135.4, 133.2,
129.1, 129.1, 128.7, 128.6, 125.8, 124.2, 123.9,4,1119.0, 32.2, 31.3, 29.7, 28.8, 28.8, 28.33,27.
22.5,17.9, 14.0.

FAB-MS (NBA): 794 ([M]), 739 ([C1HaN306S] "), 654 ([GsH31N306S,]").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £LHN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager = 298, 353, 370, 500 and 534 nm, T = 25 °C)) B.8 min; m/z 852 ([M+CkCN+H,O]"),
832 ([M+K]"), 816 ([M+Na[), 794 (IM]"), 739 ([C::H4xN:O6S:] ).

EA calc. for GsHs:N3OeS; (794.03): C, 68.07; H, 6.47; N, 5.29; found: C,088 H, 6.42; N, 5.23.

143



Experimental Part

N-(2’,6'-dimethylphenyl)-N’-(4’-aminophenyl)-2,6-di-(h-hexylsulfanyl)-1,4,5,8-

naphthalenetetracarboxylic acid diimide (48)

BocS NDI (47) (104.5 mg, 0.132 mmol, 1leq.) was solved in 5
/Q\ ml dry CHCIl,. Then 2 ml CECOOH was added to the solution

and stirred for 7 h at room temperature under agorar
S
g OO atmosphere. The colour changed from pink to daoketi Then

N o the solvent was evaporated an#ll8, was isolated as a dark red

Oy N._O

solid (quantitative).
®NH3 C|:3<:ooe
UV/Vis (HPLC run):Aa=296, 350, 366, 490, 518.
A sample for NMR analysis was solved in £LH and run over a short basic alox column in order to
obtain the amine.
'H-NMR (400MHz, CDC}): 3=9.15 (br, 2H, NH) 8.50 (s, 1H, naphthalene), 8.46 (s, 1H,
naphthalene), 7.50 (4H,,B; spinsystem higher order, Phe), 7.31 (1H, A pathefAB;, spinsystem
higher order, Phe), 7.21 (2H, B part of the A®insystem higher order, Phe), 2.83 (t, Zk,=6.7
Hz, CH), 2.77 (t, 2H334=6.7 Hz, CH), 2.12 (s, 6H, PheG){ 1.72 (quin, 2H334=6.7 Hz, CH),
1.63 (quin, 2H3344=6.7 Hz, CH), 1.45 (m, 4H, Ch), 1.29 (m, 8H, Ch), 0.86 (m, 6H, Ch).
¥C-NMR (100MHz, CDC}): 5=163.3, 162.5, 162.4, 161.5, 149.7, 149.6, 13538,8, 132.9, 130.8,
129.2, 128.6, 128.4, 128.0, 125.6, 125.5, 124.8,92123.7, 119.2, 118.8, 32.2, 31.4, 31.3, 28.9,
28.8, 27.7, 27.6, 22.4, 18.0, 13.9.
FAB-MS (NBA): 827 ([M+CRCOOH+H0]"), 694 ([MT).
HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 298, 353, 370, 500 and 534 nm, T = 25 °C))z R.3 min; m/z 754 (IM+CECN+H,0]"),
695 ([M]").
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S,0,-NDI (49)
In order to obtain the amine,-8SIDI 48 was flushed with
/©\ EtOAc over a short basic aluminiumoxide columpNBI
Oy N O amine (88.21 mg, 0.127 mmol, 1.8 eqg.) was solved in

OO S~~~ mixture of i-PrOH/EtN (20 ml: 1 ml) and then added to
NN O, monoimide 46) (41.25 mg, 0.072 mmol, leq.). This

07 "N" o reaction mixture was refluxed under an argon attnesgp
© for 4 days. Then the solvent was removed undercestiu
pressure. The orange-red residue was solved igCIgH

and washed with C}€OOH and HO. Further purification
O~
PPN OO by basic aluminium oxide column chromatography on
0
silica (EtOAc) and reversed phase column
\©/ chromatography on silica gel 10Qs@CH:CN to
CH3;CN:MeOH (1:1) to CHCI,) provided 30, NDI (49)
as an orange solid (11.28 mg, 13%).

UV/Vis (CHCL,): Amax (€)=298 (55 977), 363 (22 056), 445 (10 659), 471449), 501 (10 775), 532
(18 792 mot dn? crmi?).

'H-NMR (500MHz, CDC}): =8.83 (s, 2H, Snaphthalene), 8.60, 8.58 (s, 2H, t@phthalene), 7.54
(4H, A;B, spinsystem higher order, Phe), 7.31 (2H, A pathefAB, spinsystem higher order, Phe),
7.24 (4H, B part of the ABspinsystem higher order, Phe), 4.45-4.42 (m, 4HCH,), 3.25-3.20 (m,
4H, S CH,), 2.17 (s, 12H, PheG) 2.00 (m, 4H, @CH,), 1.86 (m, 4H, SCH,), 1.59 (m, CH), 1.34
(m, CH,), 0.89 (m, CH).

¥C-NMR (150MHz, CDC}): 5=163.3, 162.7, 162.5, 162.5, 161.8, 161.8, 16060,6, 160.6, 160.2,
149.8, 149.7, 135.5, 135.4, 135.4, 134.7, 133.6,0,329.7, 129.2, 129.0, 128.9, 128.6, 128.6,6,27.
127.5, 125.9, 125.6, 124.4, 124.2, 124.1, 124.0,312120.1, 119.3, 119.3, 111.2, 111.2, 70.9, 70.8,
32.3, 31.9, 31.5, 31.4, 31.3, 29.4, 29.1, 29.08,233.8, 27.8, 25.5, 25.5, 22.7, 22.5, 22.5, 1749],
14.1, 14.0.

MALDI-TOF-MS : 1272 ([M+NaJ), 1250 ([M]").

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, @EN:EtOH (50:50), flow 0.3 ml/min, pressure 61-
62 bar, DAD Qge = 250, 340, 360, 450 and 460 nm, T = 25 °C)}=R.7 min; m/z 1269 ([M+N43],
1247 ([M]).
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N,N’-Di-(2’,6’-dimethylphenyl)-1,4,5,8-naphthalenetetraarboxylic acid diimide (50)

1,4,5,8-Naphthalenetetracarboxylic acid dianhydrie8 g, 6.7 mmol, 1eq.) was
/©\ suspended in 50 ml acetic acid. Then 2,6-dimetlijd@n(2.5 ml, 20.2 mmol, 3 eq.) was

5 M¥° added in one lot through the condenser. This reactixture was further refluxed for 1 h.

After cooling to room temperature the white preteifg was separated by centrifugation
(5000 RPM; 10°C; 30 min.). After drying at the Higvacuum N,N-Di-(2',6'-

o N o dimethylphenyl)-1,4,5,8-naphthalenetetracarboxgliid diimide 60) was isolated as a

\©/ white solid (2.8 g, 89 %).

UV/Vis (HPLC run):An=235, 340, 358, 378.

'"H-NMR (400 MHz, CDC}): 5=8.89 (s, 4H, naphthalene), 7.34 (2H, A part of MB» spinsystem
higher order, Phe), 7.26 (4H, B part of the,Adpinsystem higher order, Phe), 2.16 (s, 12H;)CH
¥C-NMR (100 MHz, CDC}): =162.12, 135.34, 131.50, 129.32, 128.73, 126.98517

HPLC (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Aget= 232, 343, 358, and 379 nm, T = 25 °C))=R.1 min.

EI-MS (70 eV): 474 ([M]), 459 ([GeH1oN204] ).

EA calc. for GgHN,0, (474.51): C, 75.94; H, 4.67; N, 5.90; found: C,773 H, 4.53; N, 5.26.
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N-(2’,6'-dimethylphenyl)-1,8-naphthalenedicarboxylic acid imide-4,5-naphthalenedicarboxylic
acid anhydride (51)

a). N,N'-Di-(2’,6'-dimethylphenyl)-1,4,5,8-naphthalenetataaboxylic acid diimide 0)
/@\ (283.2 mg, 0.597 mmol, 1 eq.) was heated at 90rfC0 ml tert-butanol and 0.2 ml
4 M NaOH solution for 5 min. No colour change waserved and no product formation
OO due to TLC and HPLC (& 3.4 min) was observed.

b). N,N’-Di-(2’,6’-dimethylphenyl)-1,4,5,8-naphthalenetataaboxylic acid diimide §0)
0” 0" "0 (283.2mg, 0.597 mmol, 1eq.) was heated at 90r°Cd ml tert-butanol and 0.3 ml
19 M NaOH solution for 5 min. The colour changed yigllow. To the cooled reaction mixture
CH3;COOH was added until p¥b and it was extracted with GEl,. Product formation was observed
by HPLC R = 3.4 min.
c). N,N'-Di-(2',6’-dimethylphenyl)-1,4,5,8-naphthalenetetaaboxylic acid diimide §0) (283.2 mg,
0.597 mmol, 1 eq.) was heated at 90 °C in 10-POH and 1 ml 19 M NaOH solution for 5 min.
The colour changed to yellow and then to red. Todboled reaction mixture GHOOH was added
until pH=5 and it was extracted with GEl,. After evaporation of the solvent under reduceskpure
the residue was purified by reversed phase columontatography on silica gel 10QgGCH;CN) and
monoimide51 was isolated as a white-grey solid (17.5 mg, 8 %).
d). 1,4,5,8-Naphthalenetetracarboxylic acid diamigd(@3) (4.8 g, 17.9 mmol, 1 eq.) and 6.9 g KOH
were solved in 1 | kD and stirred for 3 h at room temperature. TheR® was added until pkb.0-
6.2 followed by addition of 2,6-dimethylaniline (@, 16.2 mmol, 0.9 eq.). This reaction mixture was
then refluxed for 1 day. After cooling to room tesnpture CHCOOH was added until a white solid
precipitated. After filtration and drying at theghivacuum monoimidbl1 was isolated as a white-grey
solid (5.99 g, 90 %).

UV/Vis (HPLC run):An.=234, 332, 347.

'"H-NMR (400 MHz, CDC})): 5=8.56 (2H, AB, spinsystem higher order, naphthalene), 8.19 (2H,
A,B; spinsystem higher order, naphthalene), 6.78 (2hhaB of the AB spinsystem higher order,
Phe), 6.39 (1H, A part of the ABpinsystem higher order, Phe), 2.06 (s, 6H;)CH

¥C-NMR (100 MHz, CDC}): 5=168.25, 160.07, 144.05, 137.85, 131.55, 130.6B,1R 127.67,
125.38, 121.64, 120.46, 115.71, 17.75.

HPLC-ESI-MS (Reprosil 100 C18, 125x3 mm, pure £HN, flow 0.2 ml/min, pressure 30-31 bar,
DAD (Ager= 232, 343, 358, 379 and 520 nm, T = 25 °C))x R.3 min; m/z 372 ([M).

EI-MS (70 eV): 371 ([M]), 356 ([GiH1oNO5]").

EA calc. for GoH13NOs (371.35): C, 71.16; H, 3.53; N, 3.77; found: C,Z&%6 H, 3.38; N, 2.15.
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5.3. Solid state structures

Solid state structures were determined by Dr. Markleuburger and Dr. Silvia Schaffner in the

chemical crystallography laboratory of the inorgagepartment.

Crystal data fod: formula G3H4Cl,N4Og, M = 933.84, F(000) = 972, colorless plate, sifi90 0.14

- 0.30 mm, triclinic, space group P -1, Z = 2, a = 11.24)J8%, b = 13.9007(2) A, ¢ = 14.9298(3) A,
o = 90.3583(11)°p = 110.9346(11)° = 90.1421(12)°, V = 2180.15(7)°AD¢yc. = 1.422 Mg - m.
The crystal was measured on a Nonius KappaCCD adifimeter at 173K using graphite-
monochromated M&,-radiation withA = 0.71073 A@nax = 27.871°. Minimal/maximal transmission
0.97/0.98,u = 0.214 mrit. The COLLECT suite has been used for datacollectiod integration.
From a total of 20283 reflections, 10386 were irsefent (merging r = 0.041). From these, 6267
were considered as observed (Ix{1}) and were used to refine 622 parameters. Thetsire was
solved by direct methods using the program SIR@2skt-squares refinement against F was carried out
on all non-hydrogen atoms using the program CRYSTAR = 0.0662 (observed data), wR = 0.1089
(all data), GOF = 1.1417. Minimal/maximal residesctron density = -1.09/0.43 e*AChebychev

polynomial weights were used to complete the refieet.
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Crystal data forl: formula GgedHs1.2dN4Os, M = 1069.66, F(000) = 2259.200, colorless blasike
0.32 - 0.34 - 0.44 mirmonoclinic, space group R/, Z = 4, a = 17.7349(2) A, b = 16.9022(2) A, c =
19.1495(2) Aa = 90°,p = 92.6081(6)°y = 90°, V = 5734.29(11) A Dae. = 1.239 Mg - . The
crystal was measured on a Nonius KappaCCD diffraeter at 173K using graphite-monochromated
Mo K,-radiation withA = 0.71073 A @ = 27.858°. Minimal/maximal transmission 0.97/0.87
0.081 mnit. The COLLECT suite has been used for datacollectiod integration. From a total of
50388 reflections, 13631 were independent (mergin@.033). From these, 9239 were considered as
observed (1>3.6(1)) and were used to refine 802 parameters. Thectsire was solved by direct
methods using the program SIR92. Least-squaresera@nt against F was carried out on all non-
hydrogen atoms using the program CRYSTALS. R =300@®bserved data), wR = 0.0867 (all data),
GOF = 1.0531. Minimal/maximal residual electron sign= -0.46/1.12 e A Chebychev polynomial

weights were used to complete the refinement.
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Crystal data fod4: formula G4HesN4O16S,, M = 1113.37, F(000) = 4704, red plate, size 0.0514 -
0.23 mmi, orthorhombic, space group P b ca, Z = 8, a A7/ (5) A, b = 23.2471(6) A, ¢ =
31.7802(9) Ao = 90°,p = 90°,y = 90°, VV = 11435.6(6) A Deac. = 1.293 Mg - M. The crystal was
measured on a Area diffractometer at 123K usinghjte-monochromated MK, -radiation with} =
0.71073 A, Onax = 26.438°. Minimal/maximal transmission 0.98/0.99,= 0.157 mnt. The
COLLECT suite has been used for datacollectioniatedyration. From a total of 106563 reflections,
11720 were independent (merging r = 0.061). Froeseh 9267 were considered as observed
(I>2.05(1)) and were used to refine 901 parameters. Thuetsire was solved by direct methods using
the program SIR92. Least-squares refinement agginvgas carried out on all non-hydrogen atoms
using the program CRYSTALS. R = 0.0749 (observed)davR = 0.1278 (all data), GOF = 1.0525.
Minimal/maximal residual electron density = -0.4@# e A°. Chebychev polynomial weights were

used to complete the refinement.
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Crystal data foB7: formula G,H,,Cl,Og, M = 485.32, F(000) = 504, colourless plate, §ii8 - 0.16

- 0.29 mm, monoclinic, space group R/ , Z = 2, a = 6.17610(10) A, b = 13.4935(3) A=c
13.7276(3) A = 90°,p = 100.8260(10)° = 90°, V = 1123.66(4) A Deae. = 1.434 Mg - . The
crystal was measured on a Area diffractometer &K18sing graphite-monochromated MQ-
radiation withA = 0.71073 A ®n. = 36.280°. Minimal/maximal transmission 0.95/0.99: 0.335
mm'. The Apex2 suite has been used for datacollectionh integration. From a total of 45316
reflections, 5428 were independent (merging r =20)0 From these, 4414 were considered as
observed (1>2.8(I)) and were used to refine 154 parameters. Thectsire was solved by direct
methods using the program SIR92. Least-squareseraéint against F was carried out on all non-
hydrogen atoms using the program CRYSTALS. R =Zb0@®bserved data), wR = 0.0507 (all data),
GOF = 1.0343. Minimal/maximal residual electron sign= -0.35/0.56 e A Chebychev polynomial

weights were used to complete the refinement.

151



Experimental Part

Crystal data fod1: formula GyH4eN.O4S,;, M = 706.97, F(000) = 752, red block, size 0.0&11 -
0.23 mm, triclinic, space group P -1, Z = 2, a = 12.29043b = 13.380(3) A, ¢ = 13.710(3) &, =
61.45(3)°,p = 73.60(3)°;y = 88.67(3)°, V = 1883.0(10) AD¢yc. = 1.247 Mg - 1. The crystal was
measured on a Nonius KappaCCD diffractometer aK1d8ng graphite-monochromated MQ-
radiation withA = 0.71073 A ®nax = 29.594°. Minimal/maximal transmission 0.98/0.99; 0.185
mm*. The COLLECT suite has been used for datacollectiod integration. From a total of 64099
reflections, 10326 were independent (merging r 860). From these, 5540 were considered as
observed (I>3.6(1)) and were used to refine 523 parameters. Thectsire was solved by direct
methods using the program SIR92. Least-squareseraéint against F was carried out on all non-
hydrogen atoms using the program CRYSTALS. R =@B0@&bserved data), wR = 0.0508 (all data),
GOF = 1.1119. Minimal/maximal residual electron sign= -0.66/0.63 e A Chebychev polynomial

weights were used to complete the refinement.
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Crystal data fod2: formula G,H4eN2Os, M = 674.84, F(000) = 1440, orange block, size30.@.09 -
0.23 mm, orthorhombic, space group P ccn, Z = 4, a 8789(7) A, b = 29.2672(15) A, ¢ =
8.1590(5) A, = 90°,p = 90°,y = 90°, V = 3552.5(3) A Deac. = 1.262 Mg - . The crystal was
measured on a Nonius KappaCCD diffractometer aK1@8ng graphite-monochromated MQ-
radiation withA = 0.71073 A ®nax = 27.552°. Minimal/maximal transmission 0.99/0.99: 0.084
mm'. The COLLECT suite has been used for datacollectiod integration. From a total of 39321
reflections, 4098 were independent (merging r =70)0 From these, 2621 were considered as
observed (1>1.2(I)) and were used to refine 262 parameters. Thectsire was solved by direct
methods using the program SIR92. Least-squareseraéint against F was carried out on all non-
hydrogen atoms using the program CRYSTALS. R =4B0fbserved data), wR = 0.0585 (all data),
GOF = 1.0644. Minimal/maximal residual electron sign= -0.26/0.25 e A Chebychev polynomial

weights were used to complete the refinement.
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Crystal data fod5: formula G4H3/N;0sS,, M = 603.80, F(000) = 1280, red block, size 0.@81:2 -
0.14 mnd, monoclinic, space group P/& , Z = 4, a = 19.4044(12) A, b = 9.7138(6) A, c =
19.7887(14) A = 90°,p = 115.080(3)°y = 90°, V = 3378.3(4) A Deac. = 1.187 Mg - m. The
crystal was measured on a Nonius KappaCCD diffraeter at 293K using graphite-monochromated
Mo K,-radiation withA = 0.71073 A @max = 26.092°. Minimal/maximal transmission 0.98/0.985
0.197 mnit. The COLLECT suite has been used for datacollectiod integration. From a total of
39408 reflections, 6467 were independent (mergingdr044). From these, 6445 were considered as
observed (1>2.6(1)) and were used to refine 433 parameters. Thectsire was solved by direct
methods using the program SIR92. Least-squareseraéint against Fsqd was carried out on all non-
hydrogen atoms using the program CRYSTALS. R =&b0(bbserved data), wR = 0.3110 (all data),
GOF = 0.9614. Minimal/maximal residual electron sign= -0.43/0.75 e A Chebychev polynomial

weights were used to complete the refinement.
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Abbreviations

A acceptor

A angstrom

AIBN azobisisobutyronitrile
Alox aluminium oxide

Bn benzyl

BOC tert.-Butyloxycarbonyl
Br, bromine

Bz benzoyl

°C Celsius

CD circular dichroism
CDCl, deuterated chloroform
CFR,COOH trifluoroacetic acid
CH.CI, dichloromethane
CHsCI chloroform

CHsCN acetonitrile
CH;COOH acetic acid

cv cyclic voltametry

D donor

DAD diode array detector
DMF dimethylformamide
DMSO dimethylsulfoxide

EA elemental analysis

E- Fermi level

e.g. for example (exempli gratia)
El electron impact

ESI electron spray ionisation
Et;N triethylamine

EtOAC ethyl acetate

EtOH ethanol

eq. equivalents

eV electron volts

exc. Excitation

FAB fast atom bombardement
FRET

Forster resonance energy transfer
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FT
s
GC
GPC

HCI
Hex
HOMO
HPLC
H,SO,

i-PrOH

IUPAC

KBr
K,COs
KOH
LiOH
LT
LUMO

MALDI
mbar
MeOH
mg
MHz
min

mi

mp

mV

MS
NaCl
NaH
NaHCGO;
Na,COq
NaOH

156

fourier transformation

grams

gas chromatography

gel permeation chromatography
hours

hydrochloric acid

hexane

highest occupied molecular orbital
high performance liquid chromatography
sulfuric acid

tunnelling current

iso-propanol

infrared

International Union of Pure and Applied Chstny
kelvin

potassium bromide

potassium carbonate

potassium hydroxide

lithium hydroxide

low temperature

lowest unoccupied molecular orbital
molar
matrix-assisted laser desorption ionisation
millibar

methanol

milligrams

megahertz

minutes

milliliters

melting point

millivolt

mass spectrometry

sodium chloride

sodium hydride

sodium bicarbonate

sodium carbonate

sodium hydroxide
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Na,SO,
NBA
NBS
NDI
nm
NMR
PG
Phe
ppm
RPM
rt

S, S
Sio,
STM
STS
T
TLC
TOF
UHV
UV/Vis

sodium sulphate
m-nitro-benzene alcohol
N-bromosuccinimide
naphthalenediimide

nanometer

nuclear magnetic resonance
protection group

phenyl

parts per million

round per minute

room temperature

seconds

ground and first singlet state
silica gel

scanning tunnelling microscopy
scanning tunnelling spectroscopy
first triplet state

thin layer chromatography

time of flight

ultra high vacuum

ultra violet — visible light absorption
bias voltage

watt
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