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Abstract

The platform concept based on triazatriangulenes (TATA) offers a novel method to prepare function-
alized gold surfaces (Au(111)). The large planar cations are used as molecular anchors that form
highly ordered, hexagonal monolayers if absorbed to the gold surface. Furthermore, the distance
between the platforms ensures the functionality of the mounted molecules. The three components,
platform, spacer and functional unit, can be exchanged according to the desired application.
Within this thesis three different photoswitchable units were designed and investigated to achieve
a unidirectional movement on the surface. Both the lateral movement of the adsorbed molecules
about the surface and the transport of nanoparticles was the goal of this work. Thus, particularly
suited photoswitchable molecules were designed towards this end. To achieve a lateral movement
of the molecules on the surface an azobenzene moiety was spanned between two TATA platforms
parallel to the surface. Two different molecules were synthesized which could both be switched to
high percentage (>95 %) to the corresponding cis configuration and several switching cycles show
no fatigue or decay.

For the realization of an artificial ciliated epithelium an

imine-functionalized monolayer on a Au(111) surface imine epithelium

was developed. Therefore, six imine-functionalized TATA
platforms were synthesized and their photochemical pro-

perties were investigated in solution. The cis isomers

could be accumulated upon irradiation with 365 nm up to
50 %, which was verified by low temperature '"H NMR
and UV/vis spectroscopy (215-233 K). Rate constants ' P Au(111) /

for the back isomerization were determined for several progressive stroke
temperatures and hence, the half-life at room temperature frans - cis: regressive stroke
could be extrapolated as t; ,=0.58 s. The formation of

highly ordered monolayers was confirmed by scanning

tunneling microscopy and UV/vis measurements of these surfaces showed the integrity of the
photoswitchable unit.

Futhermore, the synthesis of a new class of photoswitches was realized. These heterodiazocines
exhibit outstanding photochemical properties whereas the synthesis is simplified with respect to
the parent diazocines. Hence, a new approach for the synthesis of unsymmetric diazocines was
developed. Moreover, these diazocines can be efficiently switched with light in the near infrared

region which opens up applications as in vivo photoswitchable drugs and functional materials.






Kurzzusammenfassung

Das auf Triazatriangulenen (TATA) basierende Plattform-Konzept bietet eine neue Moglichkeit
zur Funktionalisierung von Au(111)-Oberflichen. Die verwendeten grof3en, planaren Kationen
bilden hoch geordnete, hexagonale Monolagen auf Au(111). Durch den rdumlichen Abstand der
Plattformen zueinander bleibt die Funktionalitét der aufgebrachten Molekiile erhalten. Da es sich
um ein modulares System handelt, konnen die drei Komponenten, Plattform, Abstandhalter und
funktionelle Einheit, je nach Anwendung ausgetauscht werden.

Um eine gerichtete Bewegung iiber eine Oberfliche zu realisieren, wurden innerhalb dieser
Dissertation drei verschiedene photoschaltbare Einheiten entworfen und untersucht. Ziel war
dabei sowohl die laterale Bewegung des adsorbierten Molekiils, als auch der Transport von
Nanopartikeln. Dafiir wurde die photoschaltbare Einheit fiir die jeweilige Anwendung konzi-
piert. Um eine laterale Bewegung der adsorbierten Molekiile zu erreichen, wurde eine Azobenzol-
Einheit zwischen zwei TATA-Plattformen parallel zur Oberflache aufgespannt. Beide auf diese
Weise erhaltenen Molekiile lieBen sich zu hohen Anteilen (>95 %) in das cis-Isomer {iber-
fiihren und zeigten iliber mehrere Schaltzyklen keine Anzeichen von Zerfall oder Ermiidung.

Fiir die Realisierung eines kiinstlichen Flimmerepithels

wurde ein Imin-funktionalisierter Monolayer auf einer Imin-Flimmerepithel
Au(111)-Oberfliche entworfen. Hierfiir wurden sechs Q
verschiedene Imin-funktionalisierte TATA-Plattformen 5

hergestellt und auf ihre photochemischen Eigenschaften

in Losung untersucht. Mit Tieftemperatur '"H-NMR-

und UV/vis-Spektroskopie (215-233 K) konnte beim Be-
lichten mit 365 nm die Bildung der cis-Isomere zu 50 % ] P ¢ Au(111) /
nachgewiesen werden und die Geschwindigkeitskonstan- progressiver Sc'hlag

ten der Riickisomerisierung fiir verschiedene Tempera- frans - cis: regressiver Schlag

turen bestimmt werden. Damit konnte die Halbwertszeit

der cis-Konfiguraton fiir Raumtemperatur auf t; ,=0.58 s

hochgerechnet werden. Mit Rastertunnelmikroskopieaufnahmen konnte die Bildung hochgeord-
neter Monolagen nachgewiesen werden. Ferner zeigten UV/vis-Messungen der Oberflichen die
Unversehrtheit der photoschaltbaren Einheit nach der Adsorption.

Weiterhin konnte in dieser Arbeit eine neue Klasse von Photoschaltern entwickelt werden. Die
hergestellten Heterodiazocine besitzen herausragende photochemische Eigenschaften, wihrend ihre
Synthese im Vergleich zum Stammsystem deutlich vereinfacht werden konnte. Somit konnte ein
neuer Ansatz fiir die Synthese unsymmetrischer Diazocine entwickelt werden. Die iiberragende
Eigenschaft im biooptischen Fenster zu schalten, pridestiniert diese Molekiile fiir den Einsatz in

Photopharmaka und in funktionellen Materialien.
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]_ Introduction

Locomotion represents one of the most important processes in nature and a variety of different
mechanisms can be found in biological systems. ! Depending on the environment, the size of the
object or the possibilities of the degrees of freedom nature evolved a perfectly fitting movement
mechanism for each organism. 3! To understand the general systematics of movement behind this
diversity is the first challenge to mimic these natural processes on a molecular scale. PURCELL
realized that it is necessary for a forward movement to break the time reversal symmetry. [+
Therefore two partial movements are required to avoid that the object returns to the place of origin.
Only in this case it could be prevented that the dislocation obtained in the first step of the periodic

movement is revoked in the second part. This is shown schematically in the graphic below (Figure
1.1).

@

ia.

starting point
starting point

elongated arm
[ | contracted arm

Figure 1.1: Schematic depiction of an object with one (left) and two (right) degrees of freedom:
the object on the left failed to move forward as with the revision of the first movement
the object reaches the starting point again; the object on the right, however, moves

forward as the time reversal symmetry is broken by alternate movement of both
i [45]
joints.
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The left object only contains one degree of freedom whereby it moves forward in the first step of
the periodic movement (step a) but only ends up at the starting point again when the movement
is reverted in the second part of motion (step b). If the object, however, possesses two degrees
of freedom the time reversal symmetry can be broken while using both joints in turn. After the
object is contracted by shortening of joint 1 (step a), the back movement to the original position
can be prohibited as the second joint is shortened as well and the whole object is contracted a
second time. With this second part the time reversal symmetry is broken and after inversion of both
movements (step ¢ and d), the object moves forward the distance of the stretch A marked in green.
The swimming movement of a mussel sets an illustrative example for the first case. By opening the
seashells the mussel can swim forward but returns immediately to the original position by closing
the shell. As opposed to this, a spanworm can move forward by using two different moving steps,
while first crawling forward by pulling the rump close to the head and subsequently stretching. The

replication of this natural directed motion is one great challenge in current research.

1.1 Photoswitches as Molecular Joints

To mimic a natural movement on a molecular scale a molecular unit that can perform a reversible
geometry change between two configurations is required. One common strategy to manipulate the
constitution of molecules utilizes switchable units. %! As a result the molecule can be transformed
between two species by an external stimulus whereby the properties of the molecules such as

geometry, dipole moment or conjugation are changed. ]

stilbene azobenzene diarylethene spiropyrane
F
/ 6 Me Me
O O S
O N @ N [\ Me o )
S” Me” 'S

\
R
UVJ A, vis

Figure 1.2: Structures of the ground state and the meta stable form of the most common
photoswitches with the required region of light for the isomerization, from left to
right: stilbene, azobenzene, diarylethene and spiropyrane.
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The widespread use of photoswitches is based on several favorable properties: Firstly, light as
an external stimulus can be fine-tuned with regard to wavelength and intensity, and secondly, the
stimulus is bioorthogonal. A large variety of photoswitches has already been developed, the most
prominent examples being stilbene, 81 azobenzene, ! diarylethene!'%! and spiropyranes!'!! (Figure
1.2).

1.1.1 Azobenzene

To change the structure of a molecule by switching, azobenzenes offer the best opportunities as
they provide a large variation in geometry. The switching mechanism of azobenzene is based on
a cis — trans isomerization of the N=N double bond (Figure 1.3).['? Upon isomerization, the
distance of the para carbon atoms shortened by about 4 A.113-151 Additionally the geometry is
changed from a planar configuration to a twisted form in the cis isomer. The switching to the cis
isomer is induced by irradiation with light of 365 nm into the 7t7r* band.!'®! In this process the
7i7e* band of the cis isomer is hypsochromically shifted and decreases in intensity. Simultaneously
the previously forbidden n7t* transition is allowed for the cis isomer and the intensity of its
absorption band increases.!!7!3] The isomerization can proceed via different mechanisms. [19-22]
One reaction pathway follows the inversion of one N—C single bond. >3>#] For the alternative route
the isomerization is performed by rotation of the N=N double bond.?>-26] Whether the inversion

[27

or rotation mechanism occurs could not be conclusively resolved to date.>’! Current research

suggests that the mechanism depends on the substitution of the azobenzene. ?8! Next to these two
mechanisms a third isomerization mechanism (hula-twist) was found for some azobenzenes that

constitute a combination of the beforehand described mechanisms. [%°!
inversion N:N
=

N«

365 nm ©/ N
N§ ~ :

©/ N > 400 nm, A

rotation NQN
S O

Figure 1.3: The switching between trans and cis isomer of azobenzenes can occur via inversion
(excited state Sy) or rotation (excited state Sy). It is assumed that forward and back
reaction proceed by the same mechanism. [%]

h

1
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The trans isomer can be reobtained again by irradiation with visible light (400-450 nm), elec-
trochemically or thermally.[>-16-3% The light-induced conversion from the cis to the trans isomer
follows the same mechanism as the cis — trans isomerization. Therefore azobenzenes are not

suitable for a unidirectional movement.

1.1.2 Imine

Imines achieve similar isomerization of the C=N double bond upon irradiation, [31] but the mecha-
nism of the trans — cis isomerization differs from the back reaction (Figure 1.4). [32-34] Whereas
the isomerization to the meta stable cis configuration occurs via a bond rotation, the back reaction to
the thermodynamically more stable frans isomer follows an inversion mechanism. As the activation
barrier is about 20 kJ/mol lower than for azobenzenes the thermal back reaction is extremely fast
and the trans isomer is obtained back within seconds.[3!-*-37] In comparison to azobenzenes the
substitution of one nitrogen atom to a CH group leads to a distorted geometry of the imine and the
aniline ring is twisted out of plane by about 41-55° depending on the substitution, *8! leading to a
hypsochromic shift of the 7t7r* band.39#!1 As a result the trans isomer exhibits a dipole moment
of 1.57 D.[4243] By switching the imine to the cis isomer the molecule gets more twisted and the

dipole moment rises to 2.18 D.[#4]

rotation RN
S,—» S, @ =

@ 365 nm ©A\N
@N ) A

©AN inversion
@ 5§,

Figure 1.4: The forward reaction to the cis isomer occurs via rotation around the C=N double
bond upon irradiation with 365 nm by excitation into the Sy state (blue arrows),
whereas the thermal back reaction follows an inversion mechanism of the C—N single
bond by excitation into the S; state (red arrows).

Due to the different mechanisms of forward and back reaction as well as the fast back isomerization,

imines are suitable candidates for a unidirectional movement on a molecular scale. [4346]
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1.1.3 Diazocine

One approach to enhance the effect of the switching movement is the suppression of conformational
freedom in the photoswitchable unit. As in azobenzenes both phenyl rings can rotate around the
single bond the stroke of the switching movement is reduced in efficiency. This rotation can be
prohibited if both ortho positions are connected via an ethylene bridge. The so called diazocines
exhibit excellent photochemical properties. The synthesis of the parent system was already published
in 1910 by DUVAL#7! but the potential as a photoswitch was not discovered before the publication
of TEMPS in 2009.14841 Due to the applied constraints the thermodynamically more stable form
constitutes in the cis isomer. By switching the diazocine with 400 nm to the trans isomer the
absorption of the n7t* band is shifted bathochromically by about 100 nm. The good separation
of the n7t* bands within the diazocine leads to a change in color from yellow (cis isomer) to red
(trans isomer) and to an almost complete conversion to the respective isomer (Figure 1.5). (50,511
The quantum yields of both switching processes (¢zg = 72+4 % and gz = 50+ 10 %) are
considerably exceeding the respective values for azobenzenes (¢zg = 53 % and gz = 24 %). (521

Thereto diazocines proved a high photostability as they show no sign of photo degradation or fatigue.

N 385 nm
0 = s 500 nm
Figure 1.5: Isomerization to the trans configuration can be accomplished by irradiation with blue
light, the cis isomer can be obtained with green light.

1.1.4 Photochromic Compounds Switchable with Visible Light

However, most employed photoswitches to date face the problem that UV light is mandatory as
trigger for at least one photoinduced step whereby after some switching cycles photo degradation
occurs. Consequently, the development and improvement of photoswitches that isomerize upon

[33-56] A huge challenge is

irradiation with visible light has been of great interest in recent years.
caused by the synthesis of photoswitches within the bio-optical window (A > 650 nm) 738! a5
those molecules would be of great interest in biological and medical applications, due to minimal
absorption of blood in the region between 600 and 1100 nm. [>%:¢0]

Beside the previously discussed diazocines a few azobenzenes could be improved to switch in the
visible region of light. Nearly simultaneously WOOLLEY (OMe substitution)®'? I and HECHT
(fluoro substitution) 6261 published their ortho substituted azobenzenes (Figure 1.6). This sub-
stitution pattern leads to a non planar geometry in the frans configuration. As a result the nn7t*
transitions of the frans isomers are no longer spin forbidden and in addition the n7t* transitions of
both configurations are separated. Therefore, the n7t* band of the frans isomer shifts considerably
to longer wavelengths whereby the n7t* band of the cis isomer remains nearly unchanged compared

to common azobenzenes. Switching to the cis isomer can be accomplished by irradiation with green

1
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Figure 1.6: Enhanced azobenzenes that can be switched in both directions with visible light,
from left to right: diazocine, ortho substituted azobenzenes from WOOLLEY and
HECHT, BF;-azobenzene by APRAHAMIAN.

light; the trans isomer is obtained with blue light. In comparison to diazocines the separation of
both n7t* bands is distinctively smaller (~40 nm). Hence, the switching efficiency of these com-
pounds slightly decreases. A completely new approach was introduced by the APRAHAMIAN group.
Their BF, complexed azobenzenes exhibit a strong bathochromic absorption shift (A} = 570 nm,
A2 = 450 nm). 18.66]

1.2 Functionalized Metal Surfaces

To detect a unidirectional movement of photoswitchable molecules, it is favorable to anchor the
photoswitches firmly to a rigid reference frame. To achieve this goal, self-assembled monolayers
(SAMs) are widely used to immobilize molecules on metal surfaces.%”! Metal single crystals
exhibit almost perfect surfaces without crystallographic defects, enabling the formation of highly
ordered two-dimensional frameworks. (%891 Additionally they can be investigated by a wide range
of surface analytic methods like scanning tunneling microscopy (STM), UV/vis, infrared reflection
absorption spectroscopy (IRRAS) or surface-enhanced raman scattering (SERS). A frequently
employed surface is the Au(111) surface.[’%71 Apart from the previously described properties
the easy preparation of the SAMs plays an important role. The most established method uses
alkane thiols to anchor the functional molecules to the gold surface.[”>74 Sulfur has a high
affinity to gold whereby the alkane thiols build tightly bound SAMs on Au(111) surfaces. The
functionalized monolayers are prepared by the immersion of a Au(111) surface into a solution
of the corresponding alkane thiol, resulting in spontaneous adsorption of the molecules on the
surface.!”>~771 The extremely dense packing in these monolayers ensures a nearly perpendicular
orientation of the molecules on the surface.!”8! Thus, the distance between the functional groups
is very small on the surface (Figure 1.7). Consequently, sterically demanding reactions e.g.
trans — cis 1somerization can be hindered by the small distance between the functional groups
on the surface and are only feasible to a minor degree.!”*-83] Mixed monolayers with shorter
alkane thiols slightly improve the situation. By implementation of the shorter alkane thiols
the distance between the functional molecules is increased and cis — trans isomerization (e.g.
azobenzene) is enabled. However, the preparation of highly ordered monolayers is impossible as

the distribution on the surface is statistical and the ratio of the functional molecule can deviate
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from the proportion in solution. 81841 Moreover, after some time phase separation occurs and
densely packed monolayers are obtained again. 34861 To solve these problems several strategies
have been developed e.g. unsymmetrical disulfides and thioethers, bulky groups attached to the
functional molecules, tripods and calixarenes. 87! Despite these efforts the preparation of highly or-

dered monolayers with distinct distances between the functional molecules still remains challenging.

,
’ﬁ/o/
L7
%’.ﬁ%
2 (N

alkane thiol monolayer mixed monolayers of phase separation of mixed
with functional molecules functional molecules with monolayers
shorter alkane thiols

Figure 1.7: Alkane thiol based monolayers on Au(111) form highly packed SAMs which prevents
sterically demanding reactions due to the small distance between molecules. Mixed
monolayers with shorter alkane thiols added to the preparation solution are one
approach to solve this problem as the free volume for the functional molecules is
enhanced. After some time phase separation occurs and highly packed islands are
obtained again.

A solution is provided by the platform concept that was developed by HERGES ef al. as it proved
to be an efficient method to prepare highly ordered functionalized Au(111) surfaces.3® The
attachment of the functional molecules to the metal surface is achieved by triazatriangulenium
(TATA) cations. The planar systems form highly ordered hexagonal monolayers upon adsorption to
a Au(111) surface by dipping the metal surface into a solution of the platform or its derivatives. The
platforms are adsorbed on the surface by dispersive interaction as opposed to alkane thiols that are
covalently attached to the metal surface. According to calculations the platforms can be moved over
the surface with almost no barrier, #°1 whereby the binding site with the phenyl rings and nitrogen
atoms of the TATA located on top of the gold atoms are slightly favored.[°®! The distance between
the neighboring platforms can be adjusted by the length of the alkyl chains (Figure 1.8).

Thereby the distance change proceeds stepwise and not continuously with enlargement of the
alkyl chains. As a consequence, only three different super structures (v/13 x v/13, v/19 x /19
and v/21 x v/21) were observed for TATA platforms.[®”! The crossovers occur between the propyl
and butyl chain, as well as between decyl and dodecyl platforms. The undecyl TATA platform
constitutes the only exception as it can form both V19 x /19 and V21 x /21 super structures.

1
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spacer

reactive \

platform =
surface / \j Au(11N

Figure 1.8: Sketch (left) and an exemplary molecule (right) for the platform concept: triazatri-
angulenium cations are used as platforms to bind firmly to a metal surface. The
center of these platforms can be functionalized with a spacer unit that ensures
the free rotation of the functional molecules and the orthogonal alignment of the
setup. The distance between the platforms can be adjusted by the length of the
alkyl chains.[91:92]

switching unit
iE ——— with headgroup ———

N\A

Functionalization of the platforms has no influence on the formed super structure!®3 and can be
easily realized by reaction of a TATA platform with a nucleophile.®* To ensure an efficient distance
between functional molecule and TATA platform, vertical spacer units are used, whereby ethynyl
spacers proved to be particularly feasible. The functional molecules are attached orthogonally, freely
rotatable and decoupled from the metal surface. Thus, the switching efficiency and quantum yields
coincided with the values obtained for the switches in solution.®> TATA platforms could already
be successfully functionalized with porphyrins, °®%81 azobenzenes (8821941 diazocines®>°! and
molecular wires. 1901 The switching of the azobenzene units could be verified with UV/vis, (101]
SERS, 1921 IRRAS, 19! cyclic voltammetry, [*! near edge X-ray absorption fine structure (NEX-
AFS)[104 and chronoamperometry.[*>! However, the transport of nanoparticles could not be realized
yet with the existing molecules. The synthesis of TATA functionalized molecules that are enabled

to perform a unidirectional motion is therefore particularly interesting.



2 Scope

The platform concept provides a broad variety of possibilities for the realization of molecular
systems that are enabled to perform different kinds of motion. As it is a modular system the
three components (platform, spacer, functional unit) can be adapted depending on the desired
application. 889192941 The focus of this work lies on the functional unit to realize a unidirectional
movement. To this end, three photoswitchable molecules will be investigated as potential elements

of triazatriangulenium (TATA) based molecular machines.

2.1 Lateral Movement above a Surface

The vertical functionalization of metal surfaces with photoswitches is well understood and a range
of strategies on this topic has been developed.®” However, for the lateral functionalization of
surfaces only a few approaches have been reported. [19-107] Ag the platform concept provides the
facility for vertical as well as horizontal functionalization the bridging of two TATA platforms
with an azobenzene unit has to be be realized in this work. It is crucial for the design of molecules
of this type that both TATA platforms can bind to the Au(111) surface in either configuration of
the photoswitchable moiety. Furthermore, as photochromic compounds become inactive while
adsorbed directly to a metal surface, the bridging unit is supposed to have a sufficient distance to the
metal surface. "% Supported by density functional theory (DFT) calculations the molecules were
designed to archive a change of the distance between the platforms by switching the azobenzene

moiety (Figure 2.1).

365 nm @ &'

440 nm o Au(111)

/

Figure 2.1: Scheme of the molecular muscle: two TATA platforms are linked laterally by an
azobenzene unit and, therefore, the distance between the centers of the platforms
can be adjusted by light. 109
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The trans configuration exhibits a distance of 18.9 A between the two central carbon atoms of
the platforms, whereas the detachment is shortened to 15.6 A in the cis isomer. This motion
resembles the contraction of a muscle. The aim of this project is to synthesize two molecular
muscles on the basis of propyl- and octyl-TATA to investigate the influence on the lattice constant
in the corresponding scanning tunneling microscopy (STM) experiment. After successful synthesis
the photophysical properties of the molecular muscle have to be investigated in solution with
"H NMR and UV/vis spectroscopy to check if the cis isomer can be formed. Subsequently, STM

measurements have to be performed to show the movement above the surface.

2.2 Imines as Artificial Ciliated Epithelium

Furthermore, within the scope of this work is the functionalization of TATA platforms to achieve a
unidirectional transport of nanoparticles above a surface. Azobenzenes are the most widely used
photoswitches as they can be applied manifoldly and exhibit reliable photophysical properties.
Nevertheless, some disadvantages hamper the application as an artificial ciliated epithelium. The
main problem is caused by the undirected movement of the molecules during the switching process.
Both directions of the isomerization perform the same stroke movement and, therefore, no directed

transport of particles can be achieved by irradiation.

azobenzene based artifical ciliated epithelium

A §
imine based artifical ciliated epithelium

transition
dipole moment
stroke
direction
polarized

~ > * light

/Au(111)

Figure 2.2: Comparison between an azobenzene and an imine-based artificial ciliated epithelium:
(top) azobenzenes only have the ability to perform a unidirectional motion by using
polarized light and a rotation step in turn, (bottom) as the switching mechanism of
imines is inherently unidirectional and the back isomerization ensues thermally, the
setup is simplified dramatically.



Scope

Nanotransport should be possible yet by using polarized light for isomerization. As isomerization
is most efficient if the transition dipole moment is orientated parallel to the incident light beam,
the stroke movement is only conducted by the molecules that are positioned accordingly.[!1%-111]
As the azobenzene moiety is able to rotate freely, the back isomerization can be accomplished
from the opposite direction. Thus, a unidirectional movement can be achieved but the efficiency
is low as only few properly oriented molecules are effective.°!] To increase the efficiency of the

switching process the aim of this project is to exchange the azobenzene moiety by an imine. Imines

have the great advantage that their trans — cis isomerization occurs in a unidirectional motion.

Consequently, only one polarized light beam is needed in this setup as the cis — trans isomerization
ensues thermally (Figure 2.2).

2.3 Heterobridged Diazocines

Another disadvantage of azobenzenes originates from the high flexibility of the molecules. Due
to the C—N single bonds the phenyl rings can rotate freely, and hence, the efficiency of the
stroke is reduced. This problem was solved by using ethyl-bridged azobenzenes (diazocines)
as photoswitches. The implementation of a second bridging unit yielded a chiral photoswitch
that can only switch in one direction.®>%!112]' Although these molecules offer high potential
as unidirectional photoswitches, the difficult synthesis restricts the application so far. A major
drawback of this compounds is the contruction of the ethyl bridge for unsymmetrical molecules as
the radical approach that is used so far leads to low yields and many side products that are difficult to

separate.[°?] Therefore, in this work new bridging units shall be developed that can be synthesized

with higher yields, whereas the excellent photochemical properties of the diazocines are preserved.

One approach to achieve this goal is to incorporate heteroatoms, e.g. oxygen or sulfur, into the
ethyl bridge. Furthermore, the ring closure via azobenzene synthesis shall be improved with respect
to yield as well as reliability since a large amount of the desired product is lost in this step. After
successful synthesis the photophysical properties of the molecules shall be examined and compared

to the parent system (Figure 2.3).

; . double bridged hetero-bridged
azobenzene diazocine diazocine diazocine
N\
\N D
N=N N=N
N=N X=0/8

Figure 2.3: The photophysical properties of azobenzenes could be improved tremendously by
bridging with an ethyl unit; further developments have been made by an additional
second bridge; to simplify the synthesis of diazocines new bridging units shall be
investigated.
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3 Lateral Movement above a Surface

Many approaches for the orthogonal functionalization of metal surfaces were developed successfully,
whereas only few examples for the lateral alignment have been reported. To achieve a lateral
orientation of functional molecules certain requirements have to be fulfilled: primarily two posts
are necessary to span the molecules above the surface. Secondly, both posts need to be capable of
binding to the metal surface. Preferably the distance between both posts is supposed to coincide

with the length of the functional molecules to avoid tension within the molecule.

a) Ph FJLF Ph
o YA Ao
Ph Ph

R CoRr R CoRr

R R R=HgS(CH,),SMe R R
| R Au(111) R |

& r@m

Q 0
Wo o ONP = oxynaphtalene unit >>:o o
/ _/

o TTF = tetrathiafulvalene unit o

| Au

Figure 3.1: a) Molecular rotator published by MICHL: the molecule binds to the Au(111) surface
by a ferrocene-thiol-linker, b) molecular muscle designed by STODDART based on
rotaxane units that can be moved by oxidation/reduction. In the reduced form the
cyclophanes bind to the tetrathiofulvene units (TTF, blue), by oxidation the binding
positions are shifted to the oxynaphthalene units (ONP, red).[106:107.113]

With this approach MICHL synthesized a molecular altitudinal rotator that is spanned above a
Au(111) surface. Two cobalt ferrocene ligands are used as posts that are linked to the Au(111)
surface by thiol alkane chains. Therefore, the dipolar unit exhibits the required distance to the
surface and can rotate around the horizontal axis (Figure 3.1). [106] Baged on a rotaxane scaffold

STODDART realized a molecular muscle spanned above a Au(111) surface. The position of the

13
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cyclophan units can be switched by reduction/oxidation between the tetrathiofulvene units (TTP)
and the oxynaphthalene units (ONP). Hence, the distance between the two cyclophane units is
shortend by about 1.4 nm. As the cyclophane units are covalently linked to the surface, the distance
change causes a bending of the gold surface.[!97-113] Both systems exhibit already fascinating
properties as functionalized surfaces, however, a lateral structure with a photoswtichable moiety
could not be realized until now. The main challenge is that photochromic compounds become
inactive if adsorbed directly to a metal surface.!!%8) Therfore, spacing groups are required that ensure
the necessary distance to the surface. A first attempt of a lateral functionalization was presented
by GRILL by adsorbing ferz-butyl functionalized azobenzenes upon a Au(111) surface.[1%%] The
azobenzene could be switched to the cis configuration with an electric field but for the isomerization
with light the fert-butyl spacers are not large enough to prevent the quenching of the photochemical
properties. To achieve a photochemical isomerization of a laterally oriented azobenzene moiety the

spacer units have to be enlarged distinctly.
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Summary

We report on the synthesis of muscle type molecules which provide the possibility of a lateral
movement about a surface. The molecules consist of two platform (TATA) elements linked by an
azobenzene unit. In previous works it could be shown that TATA platforms build nearly perfectly
ordered hexagonal monolayers on Au(111), providing the required distance of the functional
molecules among themselves and according to the surface. The quantum chemical (DFT) supported
design of the bridging azobenzene unit has to meet two requirements. Firstly, the azobenzene moiety
may not adsorb to the gold surface for an efficient switching process and secondly, adsorption of the
TATA platforms may not be impaired in either configuration of the azobenzene. DFT calculations
showed that the distance between the two central carbon atoms of the TATA platforms changes

upon irradiation with 365 nm about 3.3 A (Figure 3.2).

Figure 3.2: According to DFT calculations the distance between the central carbon atoms of the
platforms changes about 3.3 A by irradiation with 365 nm.

The syntheses of both molecules were achieved in an eight step convergent synthesis. The bridging
azobenzene unit was synthesized in a four step synthesis with an overall yield of 24 %. The
following functionalization of propyl- and octyl-TATA gains the molecular muscle in 27 % and
38 % yield, respectively. Photophysical properties were investigated by UV/vis and 'H NMR
spectroscopy, showing the high efficiency of the switching to the cis isomer (> 95 %). The switching
process is fatigue resistant and showed no sign of decay of the molecules.
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ABSTRACT: Triazatriangulenium ijons have previously been
used as platforms to prepare self-assembled monolayers of
functional molecules such as azobenzenes with vertical orientation
and that are free-standing on gold surfaces. We have now prepared
azobenzenes that are spanned between two posts which are
attached on two platforms. Absorbed on a gold surface, the
azobenzene should be laterally oriented at a distance of more than
4 A above and thus electronically decoupled from the surface, and
the system should perform a muscle-type movement upon
isomerization.

hotoactive molecules such as photochromic compounds or

fluorescent dyes with their chromophores directly
absorbed to a metal surface usually become photochemically
inactive because their excited states are quenched by the metal.'
A number of strategies have been used to attach functional
molecules such as azobenzenes to metal surfaces using spacer
groups which prevent direct contact and thus reduce electronic
coupling to the surface.””® Probably the most widely used
method toward this end are alkanethiol spacer groups.* ® The
sulfur attaches to the gold and in a densely packed monolayer
the alkane chains prevent the chromophore on top from
coupling with the surface underneath. Usually, self-assembled
monolayers are formed by just dipping the gold surface into a
dilute solution of the absorbate.” However, the free volumes in
the densely packed monolayers often are not sufficient for a
sterically demanding reaction (e.g., cis—trans isomerization of
azobenzene),® and highly ordered monolayers are difficult to
prepare because of the large degree of conformational freedom
of the alkane chains.” A very successful strategy to enforce a
defined (lateral) distance between the functional units and a
vertical distance to the surface is the platform approach.
Particularly suitable as molecular platforms are triazatriangule-
nium (TATA) ions.'”"" The large 7 system has a high affinity
to atomically flat gold surfaces. Even though the interaction
with the Au(111) surface is almost exclusively dispersive, the
binding energies of TATA platforms are similar to the affinity
of thiols which attach via covalent bonds."" Dilute solutions of
TATA form almost perfectly ordered monolayers on
Au(111).">" The size of the platform and thus the distance
of the platforms to their next neighbors on the surface can be
controlled by the size of the substituents at the nitrogen
atoms."* The central carbon atom which formally bears the
positive charge reacts with a number of carbanions that thus are
covalently attached perpendicular to the plane of the platform.
Ethynyl and phenyl groups are suitable spacers on top of which

< ACS Publications 2015 American Chemical Society 11233
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functional groups such as azobenzenes are attached.” The
rigid, upright, and free-standing azobenzenes exhibit the same
efficiency (extinction and quantum yield) in photochemical
cis—trans isomerizations as the free azobenzenes in solution.'®
Whereas several strategies for a vertical attachment of
functional molecules on surfaces have been developed,'” very
few approaches for a lateral orientation above the surface
(without direct contact) have been published.'®*° Our
platform approach which has been successful for vertical
mounting is particularly suitable for lateral mounting as well.
We have designed and synthesized a compound which is able to
span an azobenzene between two platforms and hold it above
the surface. According to DFT calculations, the platforms slide
over the surface with almost no barrier.”* Upon alternating
irradiation with UV and visible light, the azobenzene reversibly
isomerizes (cis trans isomerization), and consequently, the
distance between the platforms should contract and expand in a
muscle-type movement.

According to PM3 model calculations, the structure shown in
Figure 1 is a good candidate for the realization of the
anticipated function. The trans isomer 1 trans exhibits a
distance of 18.9 A between the two centers of the TATA
platforms. By switching the azobenzene to the cis isomer 1 cis
the distance of the two platforms is reduced to 15.6 A. To avoid
strain, particularly in the cis form, the azobenzene unit is
attached to the posts (phenylethynyl units) via flexible
—OCH,— linkers.

For the sake of simplicity, the calculations have been
performed without substitution at the angular nitrogen atoms.
However, alkyl chains such as n-propyl and n-octyl are needed
for the synthesis. For obvious reasons, the platforms should be
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1 trans
18.9 A

365 nmﬁ440 nm
|

Figure 1. PM3-calculated geometries (fully optimized with the
constraint that all angular nitrogen atoms are held in a plane) (top:
trans, bottom: cis) of the “molecular muscle”. By switching between
the azobenzene isomers 1 trans/cis the distance between the platforms
changes by about 3.3 A (18.9 A trans to 15.6 A cis).

small enough not to hinder the contraction movement upon
trans to cis isomerization. According to previous studies, the
intermolecular spacing of the n-propyl-substituted platform in
self-assembled monolayers is 11.0 + 0.5 A, and n-octyl TATA
exhibits a spacing of 13.0 + 0.5 A.'>'* Therefore, both
platforms are sufficiently small to allow the muscle-type
contraction on a gold surface.

The preparation of azobenzene 7 was achieved in a four-step
synthesis (Scheme 1). p-Nitrophenol (3) reacts with benzyl

Scheme 1. Synthesis of the Azobenzene Unit”

OH NO,
Br a) /©/
O
| b)lB7 %
NO2 1 NO.
2 3 4 2
O

78 %
6 5
d)| 39 % Il
|
™S
o N
N—<: :>—o
Vi \

™S 7 S

“Reagents and conditions: (a) K,CO;, acetone, 1S h, reflux; (b)
TMSA, NEt;, Cu(I)L, Pd(PPh,)CL, 40 °C 4 h, then rt 15 h ; (c) SnCL,
EtOH, AcOH, 4 h, 80 °C; (d) Cu(I)Cl, pyridine, O,, 18 h, rt.

bromide 2 forming ether 4 (91%). Sonogashira coupling with
trimethylsilylacetylene gives compound S (87%). The standard
reductive azobenzene couphng with zinc and barium hydroxide
in ethanol was not successful.” Therefore, the nitro group was
reduced with tin(II) chloride in ethanol yielding the
corresponding amine 6 (78%). The oxidative azobenzene
coupling was accomplished in pyridine with copper(I)chloride
and air leading to the azobenzene linker 7 (39%).

The triazatriangulenium (TATA) platforms (8a/b) were
synthesized according to a procedure from Laursen and Krebs
in a three-step synthesis.””

Functionalization of the two TATA platforms (Scheme 2)
was achieved by deprotection of the terminal silyl-protected

Scheme 2. Synthesis of the Molecular Muscle”

/

N
=(CH,),CH3 9a 27%
=(CH,),CH; 9b 38%

“Reagents and conditions: (a) KOH, THF, 16 h.

alkyne groups of the azobenzene unit with potassium hydroxide
and in situ reaction with the cationic center of the platform to
form the molecular muscles 9a/b (9a, 27%; 9b, 38%), which
are indefinitely stable in toluene in the dark and as pure solids
but instable in halogenated and acidic solvents.

The photophysical properties and particularly the switching
behavior of compounds 9a/b were determined in solution.
UV/vis spectra and the photostationary states were measured
upon irradiation at 365 and 440 nm (Figure 2).

N
<

—not irradiated
—365 nm, 1min
440 nm, 1min

Il
S

cm'mol™ 10°
w o
..

\

2 20
© 1.0"_
0- - —
300 400 500
A/ nm

Figure 2. UV—vis spectrum of 9b (29.1 umol/L in toluene): black
curve, pure trans isomer; red curve, photostationary equilibrium at 365
nm (~95% cis); blue curve, photostationary equilibrium at 440 nm.

Both substances show a strong zz* band that decreases and
shifts to shorter wavelengths upon irradiation with 365 nm,
whereas the intensity of the nz* band increases. This is in
agreement with the UV spectra of typical azobenzenes.”* After
irradiation at 440 nm the solution exhibits the spectrum of the
pure trans isomer.

Photostationary states were determined after irradiation in
deuterated toluene with light of the wavelengths of 365 nm
(cis) and 470 nm (trans) for 10 min. The cis/trans ratios were
measured by 'H NMR. Halfives of the thermal back-
isomerizations were determined by 'H NMR measurements
(Table 1).

In summary, we present the synthesis of a muscle-type
molecule. An azobenzene unit is attached to molecular
platforms at both para positions. According to previous studies,
the platforms should absorb to Au(111) surfaces and therefore

DOI: 10.1021/acs.joc.5b02262
J. Org. Chem. 2015, 80, 11233-11236
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Table 1. Photostationary States (PSS) of Azobenzenes in
Toluene upon Irradiation with 365 nm (Cis) and 470 nm
(Trans) Determined with "H NMR Spectroscopy (Toluene,
2 mmol/L)

PSS at 365 nm (% cis) PSS at 470 nm (% trans) t,/, (h) (300 K)

9a 9S 72 23.8
9b BN 76 21.4

should span the azobenzene at a distance of 4 A above the
surface. Photophysical experiments in solution exhibit a high
switching efficiency and low fatigue of the photochromic
system.

B EXPERIMENTAL SECTION

General Experimental Methods. Acetone was dried and distilled
from phosphorous pentoxide. Triethylamine was dried and distilled
from calcium hydride, and tetrahydrofuran was dried and distilled from
sodium/benzophenone. All compounds were characterized using 'H
and ®C NMR spectroscopy. The signals were assigned using 2D
spectroscopy. For 'H and *C NMR assignment we performed HSQC
and HMBC.

1-[(3-lodophenyl)methoxyl-4-nitrobenzene (4). Potassium
carbonate (3.77 g 27.3 mmol) was added to a solution of 4-
nitrophenol (3, 0.8 g, 5.7S mmol) in 25 mL of acetone under nitrogen
atmosphere and stirred for 1 h at room temperature. 3-lodobenzyl
bromide (2, 1.76 g, 5.46 mmol) was added to the suspension and
heated to 60 °C for 15 h. The solid was removed and the solvent
evaporated. The solid was dissolved in ethyl acetate and washed with
water and brine. The solution was dried over magnesium sulfate and
evaporated. The crude product was recrystallized from cyclohexane to
obtain colorless crystals (1.86 g, 5.24 mmol, 91%). Mp: 99 °C. 'H
NMR (500.1 MHz, CDCL,, 300 K, CHCL,): 5 821 (d, *J = 9.3 Hz, 2
H),7.79 (s, 1 H), 7.70 (d, *] = 7.8 Hz, 1 H), 7.38 (d, ’] = 7.8 Hz, 1 H),
7.14 (t, °] = 7.8 Hz, 1 H), 7.02 (d, 3] = 9.3 Hz, 1 H), 5.09 (s, 2 H)
ppm. *C NMR (125.1 MHz, CDCl,, 300 K, CHCL,): § 163.3, 141.9,
137.8, 137.5, 136.3, 130.5, 126.5, 126.0, 114.8, 94.6, 69.6 ppm. MS (EI,
70 eV): m/z 354 (11), 216 (100), 125 (11) IR: 7 = 3120 (m), 3066
(m), 1609 (m), 1592 (s), 1565 (m), 1502 (s), 1328 (m), 1258 (m),
1173 (s), 1090 (s), 1063 (w), 844 (s), 769 (s) cm™. Anal. Calcd for
C13H,INO; (355.13): C, 43.97; H, 2.84; N, 3.94. Found: C, 44.12; H,
2.92; N, 4.11. UV (CH,CL): A,.., (log €) 238 (4.14), 307 (4.15) nm.

1-[[3-(Trimethylsilylethynyl)phenyllmethoxy]-4-nitroben-
zene (5). Under a nitrogen atmosphere, a suspension of 1-[(3-
iodphenyl)methoxy]-4-nitrobenzene (4, 1.85 g, 521 mmol), bis-
(triphenylphosphine)palladium(II) chloride (73.0 mg, 10 ~* mol),
copper iodide (9.9 mg, 0.520 pmol), and TMSA (0.9 mL, 6 mmol) in
20 mL of triethylamine was heated to 40 °C for 4 h and was stirred for
another 1S5 h at room temperature. The solution was diluted with 40
mL of dichloromethane, washed with water, extracted with dichloro-
methane, and washed with brine. The solution was dried over
magnesium sulfate and evaporated. The crude product was purified by
column chromatography (ethyl acetate/cyclohexane 1:4) to obtain a
brown-orange solid (1.43 g 4.39 mmol, 87%). Mp: 58 °C. 'H NMR
(500.1 MHz, CDC,, 300 K, CHCL,): § 8.20 (d, 3] = 9.3 Hz, 2 H), 7.53
(s, 1 H), 7.45 (d, 3] = 6.9 Hz, 1 H), 7.33—7.37 (m, 2 H), 7.01 (d, ¥ =
9.3 Hz, 1 H), 5.12 (s, 2 H), 0.26 (s, 9 H) ppm. *C NMR (125.1 MHzg,
CDCl,, 300 K, CHCL): 5 163.5, 141.8, 1357, 132.0, 130.8, 128.7,
127.4, 126.0, 123.8, 114.9, 104.4, 95.0, 70.1, 0.1 ppm. MS (EL 70 eV):
m/z 325 (5), 231 (13), 187 (100). IR: 7 3085 (w), 2955 (m), 2154
(m), 1607 (m), 1510 (s), 1337 (s), 1242 (m), 1175 (m), 1111 (m),
996 (m), 836 (s), 796 (s), 751 (s) cm™". Anal. Calcd for C;gH;jNO,Si
(325.43): C, 66.43; H, 5.88; N, 4.30. Found: C, 66.41; H, 6.08; N,
428. UV (CH,CL): A, (log £) 249 (4.30), 260 (4.27), 308 (4.14)
nm.
4-(3-Trimethylsilylethynylbenzyloxy)phenylamine (6).2* Tin-
(I1) chloride dihydrate (6.43 g, 28.3 mmol) was added to a solution of
1-[(3-(trimethylsilylethynyl)phenyl)methoxy]-4-nitrobenzene (S,

0.930 g, 2.83 mmol) in S mL of acetic acid and 35 mL of ethanol
and heated to 80 °C for 4 h. The solution was poured onto iced water,
and potassium hydroxide (30.8 g, 0.549 mol) was added. The two
phases were separated and extracted with dichloromethane. The
solution was dried over magnesium sulfate and evaporated to obtain an
orange-brown oil. The crude product was purified by column
chromatography (dichloromethane) to obtain a brown solid that was
dissolved in diethyl ether and precipitated with pentane to obtain a
colorless solid (0.66 g, 2.23 mmol, 78%). Mp: 58 °C. 'H NMR (500.1
MHz, CDCl,, 300 K, CHCL): 5 7.53 (s, 1 H), 7.40 (d, ¥ = 7.6 Hz, 1
H), 7.36 (d,%] = 7.6 Hz, 1 H), 7.29 (t,*] = 7.6 Hz, 1 H), 6.79 (d, ] =
9.3 Hz, 2 H), 6.64 (d, 3] = 9.3 Hz, 2 H), 494 (s, 2 H,), 3.24 (s, br, 2
H), 026 (s, 9 H) ppm. C NMR (125.1 MHz, CDCl;, 300 K,
CHCL): § 151.9, 140.2, 137.8, 131.3, 130.8, 128.4, 127.5, 1234, 1164,
116.1, 104.9, 94.4, 70.3, —0.0 ppm. MS (EL 70 eV): m/z 295 (24), 187
(21), 172 (12), 108 (100) IR: # 3360 (w), 3040 (w), 2958 (w), 2152
(w), 1605 (m), 1508 (s), 1429 (w), 1376 (w), 1248 (m), 1227 (s),
1121 (m), 916 (m), 839 (s), 758 (s), 690 (m) cm™. Anal. Calcd for
C5H, NOSi (295.45): C, 73.17; H, 7.16; N, 4.74. Found: C, 73.34; H,
7.10; N, 4.90. UV (CH,CL,): A, (log €) 248 (4.47), 259 (4.34), 305
(3.41) nm.

1,2-Bis[4-[(3-trimethylsilylbenzyloxy)phenyl]ldiazene (7).
Copper(I) chloride (156 mg, 1.58 mmol) was suspended in pyridine,
stirred for 15 min at room temperature, and filtrated. 4-(3-
Trimethylsilylethynylbenzyloxy)phenylamine (6, 0.584 g, 1.98
mmol) was dissolved in pyridine, and the Cu(I)/pyridine solution
was added. Air was sparged through the solution for 18 h. The residue
was dissolved in 50 mL of 1 M hydrochloric acid and extracted with
dichloromethane, washed with water, and dried over magnesium
sulfate. The solution was evaporated, and the residue was purified by
column chromatography (dichloromethane) to obtain an orange solid
(0227 g, 3.87 X 10 ~* mol, 39%). Mp: 164 °C. 'H NMR (500.1 MHz,
CDCl,, 300 K, CHCL,): 5 7.87 (d, 3 = 9.0 Hz, 2 H, H-10), 7.57 (s, 1
H, H-6), 7.44 (d, % = 7.6 Hz, 1 H, H-2), 7.40 (d, %] = 7.6 Hz, 1 H, H
4),7.33 (t, 3 = 7.6 Hz, 1 H, H-3), 7.09 (d, ’] = 9.3 Hz, 2 H, H-9), 5.10
(s, 2 H, H-7), 026 (s, 9 H, H-14) ppm. *C NMR (125.1 MHz,
CDCl,, 300 K, CHCL,): 6 160.6, 147.3, 136.8, 131.7, 130.9, 128.6,
127.5, 124.4, 123.6, 115.1, 104.7, 94.7, 69.7, —0.0 ppm. MS (EI, 70
eV): m/z 586 (14), 187 (100), 172 (23), 108 (14). IR: ¥ 2958 (m),
2898 (m), 2145 (m), 1602 (m), 1581 (m), 1496 (m), 1455 (m), 1241
(s), 1146 (s), 1104 (m), 1052 (m), 922 (m), 837 (m), 785 (m), 754
(m), 687 (m), 645 (m) cm™. Anal. Calcd for CiH;4N,0,Si,
(586.87): C, 73.68; H, 6.53; N, 4.77. Found: C, 73.73; H, 6.49; N,
4.82. UV (toluene): A, (log &) 358 (4.48) nm.

1,2-Bis[4-[[3-(4,8,12-tris-n-propyl-4,8,12-triazatriangule-
niumbenzyloxy)-12c-ethynyl]phenyl]lldiazene (9a). A suspen-
sion of 1,2-bis[4-[(3-trimethylsilylbenzyloxy)pheny] ]diazene (7) (150
mg, 2.56 umol), n-propyl-TATA (8a) (508 mg, 1.02 mmol), and
potassium hydroxide (362 mg, 6.95 mmol) in 50 mL of THF was
refluxed for 17 h under nitrogen atmosphere. The solution was poured
onto water, extracted with diethyl ether, and dried over magnesium
sulfate. The solution was evaporated and purified by column
chromatography (bas. Alox, ethyl acetate) to obtain an orange solid
(87 mg, 16.9 X 10™° mol, 27%). Mp: 163 °C. 'H NMR (600.1 MHz,
CgDg, 300 K, benzene): 6 8.03 (d, 3] = 8.9 Hz, Ar-H, 4 H), 7.18 (t, ] =
82 Hz, Ar-H, 6 H), 695 (s, Ar-H, 6 H), 6.92 (d, 3] = 7.8 Hz, Ar-H, 2
H), 6.87 (d, 3] = 7.8 Hz, Ar-H, 6.65—6.69 (m, Ar-H, 6 H), 6.53 (d, ¥ =
82 Hz, Ar-H, 12 H), 424 (s, OCH,, 4 H), 3.68 (t, 3] = 7.9 Hz, NCH,,
12 H); 1.73 (sext, 3] = 7.7 Hz, CH,, 12 H), 0.79 (t, ¥] = 7.4 Hz,
CH,,.18 H) ppm. *C NMR (150.9 MHz, C,Dy, 300 K, benzene): &
160.9, 147.7, 141.0, 1364, 131.2, 1309, 128.5, 126.3, 124.7, 124.3,
1152, 110.9, 105.5, 94.7, 83.9, 69.4, 48.1, 30.1, 28.8, 19.2, 11.0 ppm.
MS (MALDI-TOF, CI-CCA): m/z = 1257. MS (ESI): m/z = 1257,
408, 365, 280. IR: 7 3025 (m), 2957 (m), 2921 (m), 2851 (m), 2341
(m), 1735 (w), 1614 (s), 1578 (s), 1483 (s), 1455 (s), 1396 (s), 1230
(s), 1145 (s), 1029 (m), 917 (m), 750 (s), 695 (m) cm™". Anal. Calcd
for CeHgoNsO, (1257.61): C, 82.13; H, 6.41; N, 8.91. Found: C,
81.86; H, 6.48; N, 8.77. UV (toluene): A, (log &) 290 (4.85), 340
(4.59) nm.

DOI: 10.1021/acs.joc.5b02262
J. Org. Chem. 2015, 80, 11233-11236
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The Journal of Organic Chemistry

Brief Communication

1,2-Bis[4-[[3-(4,8,12-tris-n-octyl-4,8,12-triazatriangulenium-
benzyloxy)-12c-ethynyllphenyl]ldiazene (9b). A suspension of
1,2-bis[4-[ (3-trimethylsilylbenzyloxy)pheny] ] diazene (7) (50 mg, 8.52
X 107° mol), n-octyl- TATA (8b) (132 mg, 1.87 X 107* mol), and
potassium hydroxide (129 mg, 2.30 mmol) in 50 mL of THF was
refluxed for 17 h under nitrogen atmosphere. The solution was poured
onto water, extracted with diethyl ether, and dried over magnesium
sulfate. The residue was filtrated over Florisil (diethyl ether). The
crude product was recrystallized from acetone to obtain an orange
solid (54.9 mg, 3.27 X 10~ mol, 38%). Mp: 126 °C. "H NMR (600.1
MHz, C¢Dy, 300 K, benzene): 58.04 (d, 3] = 8.9 Hz, Ar-H, 4 H), 7.25
(t, 3] = 8.2 Hz, Ar-H, 6 H), 6.99 (s, Ar-H, 2 H), 6.97 (d, 3] = 7.8 Hz,
ArH, 2 H), 691 (d, ¥] = 7.6 Hz, Ar-H, 2 H), 6.70—6.73 (m, Ar-H, 6
H), 6.64 (d, 3] = 8.2 Hz, Ar-H, 12 H), 4.28 (s, NCH,, 4 H), 3.80 (t, °]
= 7.8 Hz, CH,, 12 H), 1.80 (quint, 3] = 7.4 Hz, CH,, 12 H), 1.25
(quint, 3 = 6.5 Hz, CH,, 12 H), 1.17—1.21 (m, CH,, 36 H), 0.90 (t, %]
= 7.20 Hz, CH,, 18 H) ppm. *C NMR (150.9 MHz, CDCl,, 300 K,
TMS): & 161.1, 147.8, 141.2, 136.6, 131.6, 1312, 128.7, 1284, 126.5,
124.8, 124.4, 115.3, 111.1, 105.7, 94.8, 84.2, 69.2, 46.7, 32.2, 30.2, 29.7,
29.0, 272, 262, 23.1, 144 ppm. MS (MALDI-TOF, CI-CCA): m/z
1678 [M]*. IR: # 2922 (m), 2853 (m), 1615 (s), 1579 (s), 1483 (s),
1457 (s), 1396 (s), 1236 (s), 1168 (m), 1145 (m), 1010 (w), 912 (w),
772 (m), 750 (s), 690 (m) cm™. Anal. Calcd for C;;¢H,40N5O,
(1678.41): C, 83.01; H, 8.41; N, 6.68. Found: C, 82.91; H, 8.37; N,
6.52. UV (toluene): 4, (log &) 340 (4.58) nm.
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I. 'H and **C NMR of compounds

Spectra of 1-[(3-lodophenyl)methoxy]-4-nitrobenzene (4)

MHO08-H508Hamm_9845 1 1 D-\DiplomarbaitiNMR\data\Synihese\nmr

Position 8

Mitarbeiter Hammerich
Prabe MH 009

Menge 10.4mg/COCI3

|
/ A N
!

| 2.001
09486 °
1.0153m= e
—
| 1.000

3
<
N
T . v
8 [ppm]

Figure S1 *H NMR of compound 4

— 1304671
~ 1265301
-— 1288771
— 11468273
54,5519

—— T0.6056
£5.5E08

g § f2
& @ Rad
g T 5EE
| [
T T
180 140

Figure S2 3C NMR of compound 4

[rel]

150

100

50

fraf)




Lateral Movement above a Surface | 3

Spectra of 1-{[3-(Trimethylsilylethinyl)phenyl]methoxy}-4-nitrobenzene (5)
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Figure S4 *C NMR of compound 5

23



Chapter 3

24

Lateral Movement above a Surface

Spectra of 4-(3-Trimethylsilylethinylbenzyloxy)phenylamine (6)
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Spectra of 1,2-Bis{4-[(3-trimethylsilylbenzyloxy)phenyl]}-diazene (7)
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1,2-Bis-(4-{[3-(4,8,12-tris-n-propyl-4,8,12-triazatri-angulenium-

of
benzyloxy]-12c-ethinyl)phenyl})diazene (9a)
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Spectra  of  1,2-Bis-(4-{[3-(4,8,12-tris-n-octyl-4,8,12-triazatriangulenium-
benzyloxy]-12c-ethinyl)phenyl})-diazene (9b)
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I1. 1H and 13C NMR of compound 9a and 9b trans and cis

The ration of cis and trans isomer were determined by *H NMR. A solution of the azobenzene was
irradiated within the NMR tube with 365 nm (obtaining cis isomer) and 470 nm (obtaining trans isomer)
for 10 min and the ratio of cis/trans were determined upon the OCH; as this signal is well separated for
both species.

11.1 *H NMR of compound 9a after irradiation

[rel]

frans isomer cis isomer
‘ 5% 95 % _

8 6 4 2 [ppm]

Figure S13 *H NMR of compound 9a after irradiation with 365 nm for 10 min.
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[rel]

trans isomer @ cis isomer
77 % 23 %

8 6 a 2 [ppm]

Figure S14 *H NMR of compound 9a after irradiation with 470 nm for 10 min.
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Figure S15 'H NMR of compound 9a: zoom of the OCHzregion not irradiated (blue), irradiated with
365 nm (red) and irradiated with 470 nm (green):
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11.2 *H NMR of compound 9b after irradiation
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Figure S16 *H NMR of compound 9b after irradiation with 365 nm for 10 min.
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Figure S17 *H NMR of compound 9b after irradiation with 470 nm for 10 min.
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470 nm, 10 min .
trans isomer cis isomer
76 % 24 %
365 nm, 10 min
trans isomer cis isomer .
5% 95 %
not irradiated -
trans isomer cis isomer
95 % 5%
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Figure S18 'H NMR of compound 9b: zoom of the OCH.region not irradiated (blue), irradiated with
365 nm (red) and irradiated with 470 nm (green):
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I1. Thermochemical half-lives of compounds 9a and 9b

Thermochemical half-lives were determined by irradiation a sample of compounds 9a
and 9b in toluene for 1 h (trans—cis isomerization), and by subsequent measurement of
the ratio of both species at 300 K with *H NMR several times over a period of five half-

lives (cis—trans isomerization).

11.1 half-life of compound 9a

1.0 .
e

0.8
.6 m CiS

806 e trans

o ——exp fit of trans
0.4+ ——exp fit of cis
0.2
0.0

0 1000 2000 3000 4000 5000 6000
time / min

Figure S19 Ratio of cis and trans-isomer of azobenzene 9a determined with *H NMR.

Tab.1: Calculation of thermal thermochemical half-live of compound 9a.

linearfit y=A4etu + y,
linear fit of cis 9a linear fit of trans 9a

A =0.94123 + 0.01089 A =-0.93931 + 0.01086
t1= 2030.93392 + 60.9791 t;= 2088.1232+ 62.43992

Vo = 0.01101 £ 0.0095 Vo = 1.01913 = 0.01002
k= 4.923843 * 10* mol/ min k= 4.788989 * 10* mol/ min

typ = 1408 min =23.5 h typ=1447 min=24.1 h

typ= 1427 min=23.8 h
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32



11.2 half-life of compound 9b

ratio

Lateral Movement above a Surface

= CIS

e trans _
——exp fit of cis
——exp fit of trans
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time / min

Figure S20 Ratio of cis and trans-isomer of azobenzene 9b determined with *H NMR.

Tab.2: Calculation of thermal thermochemical half-live of compound 9a.

linear fit

y=4e4 + y

-X

linear fit of cis 9b

linear fit of trans 9b

A =0.93951 + 0.00912
t1= 1854.79606 + 47.34129
Yo = 0.00176 + 0.00791

A =-0.93896 + 0.0093
t1= 1849.40284 + 48.18545
Yo = 0.99758 + 0.00805

k=5.391428317*10*mol/ min

k= 5.407150775*10* mol/ min

t2= 1286 min =21.4 h

ty2= 1282 min =21.4h

t12= 1284 min =21.4h

12
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I11.1 UV-vis spectrum of 9a

UV spectra of the pure trans isomer and of the photostationary state at 365 nm (~95% cis) of the "muscle"
compound 9a were measured.

15 not irradiated
' ——365 nm, 1min

C
2 1.0-
o
o)
n
0
T 0.5

0.0' T T T

400 500

wavelength /nm

Figure S21 UV spectra of compound 9a, black curve: pure trans isomer, red curve: photostationary
equilibrium at 365 nm (~95% cis),
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I11.1 Photostability of compound 9a and 9b

The photostabilities of our compunds 9a and 9b were investigated by UV spectroscopy. A solution of the
azobenzene in toluene was irradiated alternately with 365 nm and 440 nm for 1 min at every period, and
after every switching process a UV spectrum was measured. The compound shows no decay or fatigue.

; — absorption at 375 nm
1.2-

1.0-
C <4
.g 0.8-
e_ 4
o 0.6-
8 I
w© 0.4-
0.2-
0.0' T T T T T T T T T 1
0 2 4 6 8 10
cycle

Figure S22 Photostability of compound 9a, UV spectra were measured after alternating irradiation with
365 nm and 440 nm.

0.8~ —— absorption at 375 nm

absorption
o
o

0.0— . . . . .
0 2 4 6 8 10

cycle

Figure S23 Photostability of compound 9b, UV spectra were measured after alternating irradiation with
365 nm and 440 nm.
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4 Imine-Functionalized TATA Platforms

All photoswitchable TATA platforms that have been synthesized hitherto can perform different kinds
of motion but the realization of a unidirectional movement posed a challenge. So far, azobenzenes
are most commonly used as photoswitchable units as their photochemical properties are well
investigated and reliable. However, both forward and back reaction unfortunately proceed by the
same mechanism and, therefore, the time reversal symmetry for the movement cannot be broken.
Hence, the efficiency of the switching movement is dramatically decreased. Photoswitchable units
that can switch only in one direction would enhance the previous systems accordingly. Advances in
this field were made by the development of indane diazocines.®>%! Those chiral, double bridged
diazocines possess the advantage that the trans — cis isomerization can only occur in one direction
as the other reaction pathway is sterically hampered. Thus, indane diazocines represent promising

candidates to be employed as unidirectional photoswitches.

*
z=Z

Figure 4.1: By bridging diazocines a second time chiral photoswitches are received that switch
only in one direction. (%]

Nevertheless, the synthesis of indane diazocines is very challenging and yields the desired func-
tionalized TATA platforms only in minimal amounts. Hence, a photoswitch with a simplified
structure and synthesis would be preferable. LEHN predicted that imines would be ideal candidates

145461 An orthogonal

as molecular motors as their switching movement occurs unidirectionally.
imine-functionalized TATA platform monolayer as an artificial ciliated epithelium is a suitable

substrate to validate this theory.
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Summary

We report on the syntheses and photochemical investigations of imine functionalized TATA platforms
as a model system of a ciliated epithelium. Like azobenzenzes, imines undergo a photoinduced trans
— cis isomerization after irradiation with UV light (365 nm). Thereby, the isomerization to the cis
isomer occurs via rotation around the C=N double bond, whereas the thermal back isomerization to
the trans isomers follows an inversion mechanism. Hence, imines represent the ideal candidates for
the unidirectional transport of nanoparticles (Figure 4.2). In this work six different functionalized
imine TATA platforms were synthesized by a convergent synthetic route. The synthesis of the
imines was achieved by condensation reaction and the following functionalization was conducted by
deprotection of the silyl group and in sifu reaction with the TATA platform. As the photostability of
the cis isomers is small at room temperature (t; 5 = 0.58 s), switching experiments were performed
at low temperatures (215-233 K). Formation of the cis isomers were observed by UV/vis and 'H
NMR spectroscopy. In this process the cis isomers could be enriched up to 50 %. The kinetic back
isomerization could be verified with 'H NMR and UV/vis spectroscopy and rate constants could be
determined for different temperatures. Following the ARRHENIUS approach the activation barrier
for the thermal back isomerization was determined as E4 = 6146 kJ/mol. Formation of SAMs on
a Au(111) surface could be proven by STM measurements showing the expected highly ordered
hexagonal structure of the TATA platforms. A comparison of the UV/vis spectra in solution and of
the monolayer indicated that the compound remains intact after deposition on the Au(111) surface

since the absorption bands are nearly identical.
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Figure 4.2: Upon irradiation the imine switches via rotation around the C=N double bond to
the cis isomer. With the fast thermal back isomerization that occurs via inversion
mechanism the starting point is reached in a unidirectional movement.
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Imine-Functionalized Triazatriangulenium Platforms:
Towards an Artificial Ciliated Epithelium

Melanie Hammerich,”® Talina Rusch,”® Nicolai R. Krekiehn,"® Andreas Bloedorn,®

Olaf M. Magnussen,”™ and Rainer Herges*

Triazatriangulenium (TATA) platforms have been used to pre-
pare highly ordered, self-assembled monolayers of free- and
vertically standing imines on Au(111) surfaces. Upon irradiation,
the imines undergo trans—cis isomerization and a fast thermal
reaction (t;,=0.58s at 20°C) back to the more stable trans

1. Introduction

Directed motion is one of the most interesting functions in
nanoscience.”” The majority of approaches pursued so far are
based on molecular actuators moving on a passive surface. We
propose the reverse assignment: an active surface propelling
a passive load. This type of unidirectional motion is abundant
in nature. Whip-like structures protruding from the cell wall
(flagella or cilia) providing motility probably emerged more
than 2 billion years ago and are prevalent in higher orga-
nisms. Common examples are the cilia epithelia in our respira-
tory tract that transport mucous liquid and other substances
towards the throat. As Purcell stated 40 years ago,” a simple
flapping of a flagellum back and forth, or more precisely with
a forward motion being the reciprocal of the backward move-
ment, would not induce a net displacement. Cilia break this
time-reversal symmetry by performing their periodic motion in
two different phases: a power stroke with the tip up and a re-
covery motion with the tip down. Breaking time-reversal sym-
metry is the precondition for directed movement. Upon irradia-
tion, simple imines perform such non-reciprocal motion. It is
known that the photochemical trans—cis isomerization pro-
ceeds through a rotation around the C=N double bond,*”
whereas the thermal back-reaction mechanism is an inversion
at the nitrogen atom via a linear transition state. Based on
these arguments, Lehn and Greb suggested to use imines as
molecular motors.®*? However, before imines can be used as
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form. It is known that the photochemical reaction proceeds
through rotation of the C=N bond and the thermochemical re-
action through inversion at the N atom. The imine motors,
therefore, should be able to induce a net displacement of par-
ticles above the surface similar to cilia epithelia in nature.

artificial molecular flagella or cilia to build a cilia epithelium,
a number of additional preconditions have to be met. 1) The
switching units (imines) have to be immobilized as an array on
a surface. 2) There must be sufficient free volume for switch-
ing. 3) The switching units should be vertically oriented and
free standing to achieve maximum power transmission from
the switching units to the above load to be transported. 4) If
metal surfaces are used, the photoswitchable molecules have
to be electronically decoupled from the surface.

These requirements are not well met by adlayers formed
through the most popular method used to attach functional
molecules to metal surfaces, that is, molecular self-assembly
on gold with thiol groups. Here, alkane chains typically serve
as spacers, and the functional molecule is attached on top. Al-
though this method allows the facile preparation of close-
packed molecular monolayers in which the molecules are
standing (almost) upright, the dense packing prevents isomeri-
zation. To overcome these problems, a number of more ad-
vanced functionalization strategies have been developed."”
The approach developed by us is a modular molecular system
consisting of a platform, a spacer, and the functional unit.
Within this “platform approach”,"" the molecular platform (tri-
azatriangulenium, TATA) provides a high affinity to the Au(111)
substrate and defines the lateral distances to the next neigh-
bors on the surface. A stiff spacer (phenyl or ethynyl unit) is at-
tached to the central carbon of the platform, which carries the
functional molecule on top. Thus, the functional molecules are
mounted as freestanding units and rigidly oriented along the
surface normal, separating the functional unit spatially from
the surface and, moreover, from each other."? We could dem-
onstrate the advantages of this concept for azobenzenes: Al-
though in alkanethiol-based monolayers the photochemically
switching is clearly hindered, azobenzene-TATA adlayers fully
retain the conversion rates (trans—cis, cis—trans) and quan-
tum yields that they exhibit in solution."®’ Azobenzenes upon
irradiation, however, perform a reciprocal trans—-cis and cis—
trans isomerization. Chiral azobenzenes, which have recently

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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been successfully mounted on TATA platforms,™ allow this
problem to be circumvented, but are a bistable system with
slow thermal back-isomerization. For realizing artificial molecu-
lar cilia, systems with rapid back-switching after optical isomer-
ization are more suitable. This is the case for TATA platforms
with imines as functional groups, which we report here.

2. Results and Discussion

As in previous studies, n-octyl-TATA 6 was chosen as the plat-
form, because 6, as a cation and functionalized with a number
of different groups, has been proven to form highly ordered
self-assembled monolayers (SAMs)."" In the hexagonal pack-
ing, the platforms have a distance of 12.5A to their next
neighbors on the Au(111) surface. This provides sufficient free
volume for the switching of azobenzenes,"” and should also
be sufficient for the very similar imine structures. Ethynyl
groups were used as spacers or pillars to electronically decou-
ple the switches from the metal surface, and to provide an up-
right orientation for the imines attached on top. In this study,
we prepared six imines with different head groups. Imines
with dimethyl (5b) or tert-butyl (5c¢) head groups were chosen
because of steric reasons, as these groups prevent the forma-
tion of bilayers. Additionally, imines with amine (NMe,, 5e) and
hydrophobic (F, 5d) head groups were synthesized. To increase
the distance between switching unit and the gold surface, we
additionally synthesized an imine with a phenyl ethynyl unit as
the spacer group.

2.1. Synthetic Procedure

The functionalization of TATA platforms follows a convergent
synthetic route, where the TATA platform and switching unit
are prepared separately, and are combined in the last synthetic
step. The synthesis of the TATA platform 6 was performed ac-
cording to the procedure by Laursen and Krebs in a three-step
synthesis."” The aniline derivative 3 was prepared through
a Sonogashira reaction in 90% yield."” The syntheses of the
imines (5a-f) were achieved by condensation of the corre-
sponding benzaldehydes (4a-f) with the aniline 3 (Figure 1).

The functionalization of the TATA platforms was achieved by
deprotecting the silyl group with potassium hydroxide and
subsequent in situ reaction with the cationic center of the plat-
form (Figure 2).1"®

Imine-TATA 5f, with the elongated phenyl-ethynyl spacer,
was analogously prepared. The aniline derivative that is
needed for the condensation reaction was synthesized accord-
ing to a procedure by Seto and co-workers in a three-step pro-
cedure with an overall yield of 16% (Figure 3)."2"

2.2. Switching Experiments in Solution

The photophysical properties were investigated by using
"M NMR and UV/Vis spectroscopy in solution at low tempera-
tures. To determine the photostationary state with 'H NMR
spectroscopy in solution, a sample of the imine-functionalized
TATA platform (7c) was dissolved in deuterated acetone and
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Figure 1. Syntheses of the imines 5a-e.
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Figure 2. Functionalization of TATA platforms with imines.

cooled to 195 K with acetone/dry ice. After measuring a refer-
ence spectrum of the trans isomer at 230 K, the sample was ir-
radiated at 365 nm in a quartz Dewar vessel for 20 min. The
sample was rapidly transferred to a precooled NMR spectrome-
ter, and "H NMR spectra were measured at 230 K. In Figure 4,
the aromatic region of compound 7 c (tert-butyl-imine-TATA) is
shown before and after irradiation. Upon irradiation, the sig-
nals of the trans isomer decrease and a set of new signals ap-
pears, which proves the formation of the cis isomer. Integra-
tion of the 'HNMR signals (trans: 8.46 ppm; cis: 8.30 ppm)
yields a ratio of 48% cis to 52% trans isomer. The thermal back
reaction to the trans isomer was monitored by measuring

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Functionalization of n-octyl-TATA with biphenyl-imine 5 f.
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Figure 4. Monitoring of the thermal back reaction of cis-7 ¢ to the trans
isomer after irradiation at 365 nm at 230 K. Highlighted in red are the signals
of the trans isomer. The signals of the cis isomer are shaded in blue. All
other signals belong to the TATA platform, which remains unaffected during
isomerization.

"H NMR spectra in time intervals over several half-lives. As the
cis—trans isomerization follows a reaction of first order, the
rate constant k could be determined by exponential fitting of
the integrals of the H-imine proton signals of both species
(trans red, cis blue) as k=5.54-10""s7". The half-life of the cis
isomer is t,,=21+1 min at 230 K (Figure 4). After irradiation,
only the signals of the imine protons are shifted, whereas the
signals of the TATA platform remain unchanged (non-highlight-
ed signals in Figure 4).

To determine the kinetic parameters of the isomerization re-
action, we measured UV/Vis spectra in absolute THF under a ni-
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trogen atmosphere at different temperatures, at intervals be-
tween 215 and 233 K. Figure 5 presents the UV spectra of H-
imine-TATA 7 a recorded after irradiation with 365 nm at 223 K
for 10 min (black curve). Irradiation leads to a distinct decrease
in the intensity of the mt* band (334 nm), whereas the band
at 274 nm slightly increases.

——365 nm
——10 min
——20 min
——30 min
——40 min
—— 50 min
——60 min

absorption

N
N

300 400 500
wavelength / nm

Figure 5. UV/Vis spectra of compound 7a in THF at 223 K after irradiation at
365 nm (black curve). The thermal back reaction was monitored in 10 min
time intervals (colored curves).

Several spectra were measured with 2 min time intervals
until the sample relaxed almost completely back to the trans
isomer. The exponential increase of the r* band was fitted as
a function of time. The kinetics were determined at three dif-
ferent temperatures (233, 223, and 215 K). The rate constant
and temperature follow an Arrhenius-type relationship. The ac-
tivation energy for the cis—trans relaxation was determined
by a linear fit of In(k) as a function of 1/T. For compound 7a,
we determined an activation energy of 61.2+6.4 kimol™' for
the thermal back isomerization, which is somewhat lower than
for the parent benzylidene aniline, 70 kmol~" (Figure 6).”? Ex-
trapolated to 20°C, the half-life t,,, of the cis isomer is 0.58 s.

-6.5-
-7.0- = In (k)
—linear fit of In (k)
1.5
=
£ -8.01

-8.51 E,=61.2 kJ/ mol

-9.0+

435 4.40 4.45 450 4.55 4.60 4.65
/T [*107]

Figure 6. Arrhenius plot for the cis—trans isomerization of compound 7a.
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2.3. STM Measurements

STM measurements at room temperature reveal a hexagonally
ordered superstructure with intermolecular distances of (12.5 +
0.4) A for 7d SAMs (Figure 7a) and of (12.3+0.05) A for 7c¢

Figure 7. STM images (30 nmx 30 nm) of self-assembled layers of a) 7d and
b) 7c on Au(111).

SAMs (Figure 7b) on Au (111). The lattice constant and the
angles between different rotational domains for both monolay-
ers are in excellent agreement with the (v/19x+/19) R23.4° su-
perstructure, observed previously for SAMs of the pure plat-
form 6 and of 6 with vertically attached azobenzene deriva-
tives.""'*" SAMs prepared from THF solution resulted in well-
ordered monolayers, whereas SAMs formed in toluene exhibit-
ed a high percentage of bilayer islands as well as a high defect
density, especially for the preparation at lower temperatures.
SAMs were prepared after the immersion of Au(111) single
crystals for 30-60 min in 100 um solutions of 7d and 7c in tol-
uene or THF at temperatures between 25 and 80°C. After-
wards, the samples were rinsed with the pure solvent to
remove excess molecules physisorbed on top of the SAM.

2.4. UV/Vis Spectroscopic Studies of Adlayers

Spectroscopic studies by using UV/Vis spectroscopy (Figure 8)
corroborate that the molecules are present on the Au surface
and show that their optical properties are largely unchanged.
In the 200-400 nm regime, the difference spectra of 7d SAMs
on thin Au films are almost identical to spectra of the free mol-
ecules in solution. In particular, the wzt* transition of the imine
moiety at 330 nm is clearly present. The position of this band
is identical to that in solution, indicating the absence of pro-
nounced excitonic coupling with neighboring molecules and
the metal substrate.

This behavior is similar to that found in previous UV/Vis
studies of TATA platforms with vertical azobenzene ligands®!
and can be explained by the decoupling of the freestanding
chromophores in these SAMs. In contrast to spectra of the
pure cationic platform 6, the spectrum of the 7d SAM does
not exhibit the broad absorption band around 500 nm. This
demonstrates that the imine-functionalized TATA platforms
remain intact upon adsorption. The broad band at > 550 nm is
located in the spectral range of the Au plasmon resonance.
This plasmon band is known to be highly sensitive to the pres-
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Figure 8. UV/Vis extinction spectra of 6 (dashed grey curve) and 7d (dashed
black curve) in solution (DCM), and absorption spectra of 7d on a Au sub-
strate (solid red curve). The spectra of the free molecules are limited to
wavelengths >230 nm, owing to the cutoff by the solvent.

ence of adsorbed species.?” Its appearance in the difference
spectra between the adlayer-covered and the clean Au surfa-
ces can, therefore, be attributed to the adsorption of the mo-
lecular layer.

In contrast to the behavior found for azobenzene-TATA
SAMs,"" irradiation of the 7d SAM by UV light (365 nm) at
room temperature resulted in no measurable changes in the
spectra. This can be readily explained by the fast thermal back-
isomerization of the imine-TATAs, found in solution (t,,=
0.58 s at 20 °C, which is much faster than the time required for
recording the UV/Vis spectrum). In fact, the back-isomerization
of the SAM may be even faster. In previous studies, we discov-
ered that the rate of the thermal back-reaction (cis—trans) of
azobenzenes mounted on TATA platforms increases by almost
three orders of magnitude if the molecules are physisorbed on
an Au(111) surface.">*' Even though we have no explanation
for this phenomenon so far, the same rate acceleration could
be operative for the analogous imines, which would be benefi-
cial for application as artificial epithelium, as the frequency of
switching cycles would be strongly increased in comparison to
azobenzene systems.

3. Conclusions

Aiming at the construction of an artificial cilia epithelium, we
synthesized six different imine switches, which were mounted
on molecular platforms. By immersion of gold surfaces into
dilute solutions, highly ordered self-assembled monolayers
were formed. The platforms adsorb on the surface in a defined
hexagonally ordered superstructure with intermolecular dis-
tances of 12.5 A. The imines are covalently bound to the cen-
tral carbon atom of the platform in such a way that they are
freestanding and oriented upright. In solution and upon irradi-
ation at 365 nm, the imines perform trans—cis isomerization.
The thermal back-isomerization is very fast at room tempera-
ture (t,,=0.58s at 20°C). As the photochemical reaction and

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the thermochemical back-reaction follow different mecha-
nisms, the imines should function as artificial cilia, which, in
principle, could be able to transport particles lying on top of
the surface.
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I. Analytical equipment
NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). To reference the
NMR spectra the following solvent signals were used:

solvent degree of deuteration ~ *H signal 13¢ signal
acetone-ds 99.8 % 2.05 (quintet) 29.84 (septet)
chloroform-d; 99.8 % 7.26 (S) 77.16 (triplet)

NMR measurements were performed with a Bruker DRX 500 (*H NMR: 500 MHz,
13C NMR: 125 MHz) and a Bruker AV 600 (*H NMR: 600 MHz, **C NMR:
150 MHz).

Melting point
Melting points were measured with a Melting Point B-540 (Bichi) in an oneside

opened capillary tubule.

Mass spectrometry

The high resolution (HR-EI) mass spectra were measured with an AccuTOF GCv
4G (Joel) with ionization energy of 70 eV. Cl spectra were measured with a MAT
8200 (Finnigan) with isobutane gas. MALDI TOF spectra were measured with a
Biflex 1ll (Bruker-Daltonics, acceleration voltage: 19 kV, wavelength ionisation

laser: 337 nm, matrix: 4-chloro-a-cyanocynnamic acid CI-CCA)

IR spectroscopy

Infrared spectra were measured on a Perkin-Elmer 1600 Series FT-IR
spectrometer with a A531-G Golden-Gate-Diamond-ATR-unit. Signals were
abbreviated with w, m, s for weak, medium and strong signal intensity.

UV/Vis spectroscopy
UV-Vis spectra were measured with a Cary 5000 (Agilent Technologies) with
CryoVac Kryostat (nitrogen cooling).

Chromatography stationary phases

For column chromatography purifications silica gel (Merck, particle size 0.040-
0.063 mm) was used. Rf values were determined by thin layer chromatography on
Polygeram® SilG/UV254 (Macherey Nagel, 0.2 mm particle size).
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CHNS analyzer

The amount of the elements nitrogen, carbon, hydrogen and sulphur were
determined with a CHNS-O-element analysator Euro EA 3000 Series (Euro
Vector).

Light source
The irradiation of the samples was performed with LEDs with a wavelength of

365 nm.

4
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Il. Experimental procedures

[I.1 Synthesis of 4-trimethylsilylethynylaniline (3)

12.4 g (56.6 mmol) 4-iodoaniline was solved under nitrogen atmosphere in 200 mL
triethylamine and 820 mg (1.17 mmol) (bis(triphenylphosphine)-palladium(ll)-chloride
and 228 mg (1.17 mmol) copper(l)iodide were added to this solution. To this
suspension 8.9 mL (62.3 mmol) trimethylsilylacetylene was dropped and stirred at
40 °C for 15 h. The solid was removed and the solvent evaporated. The crude
product was purified by column chromatography (dichloromethane/pentane, 1:1). The
crude product was recrystallized from cyclohexane to obtain colorless crystals
(9.63 g, 50.9 mmol, 90 %).

m.p. =86.8 °C

'H-NMR (500.1 MHz, CDCls, 300 K, CHCl3) & = 7.27 (d, %J = 8.6 Hz, 2 H, H-3), 6.57
(d, 33 =8.6 Hz, 2 H, H-2), 3.78 (s, br, 2H, NH,), 0.22 (s, 9 H, H-7) ppm.

13C-NMR (125.1 MHz, CDCls, 300 K, CHCl3) 8 = 146.53 (C-1), 133.24 (C-3), 114.44
(C-2), 112.47 (C-4), 105.85 (C-6), 91.26 (C-5), 0.00 (C-7) ppm.

MS (El, 70 eV): m/z (%) =189.10 [M]", 174.08 [M-NH,]".

MS (HR) (El, 70 eV): m/z = calc.: 189.09738, found: 189.09778.

IR: v = 3462.98 (m), 3369.99 (m), 3209.18 (w), 2958.79 (w), 2146.47 (m), 1620.22
(m), 1600.41 (m), 1509.24 (s), 1249.20 (m), 1250.83 (m), 1177.13 (w), 1129.92 (w),
829.38 (s), 755.76 (s), 536.89 (m) cm™.
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[1.2 Synthesis of 4-trimethylsilylethynyl-N-(benzylidene)-aniline (5a)

Under nitrogen atmosphere 160 mg (1.51 mmol) benzaldehyde and 285 mg
(1.51 mmol) 4-trimethylsilylethynylaniline were solved in THF and molecular sieve
was added. The solution was refluxed for 3 h. The molecular sieve was removed and
the solvent was evaporated to obtain a yellow oil that crystallized slowly (416 mg,
1.49 mmol, quant.)

m. p.=36.4 °C

'H-NMR (500.1 MHz, CDCls 300 K, CHCl3) 5 =8.45 (s, 1 H, H-5), 7.88 - 7.90 (m,
2 H, H-7), 7.47 - 7.50 (m, 5 H, H-3, H-8, H-9), 7.14 (d, 3J =8.7 Hz, 2 H, H-2), 0.26
(s, 9 H, H-12) ppm.

13C-NMR (125.1 MHz, CDCls 300 K, CHCl3) 5 = 160.70 (C-5),136.00 (C-1), 133.37
(C-6) 132.96 (C-3), 131.61 (C-9), 128.91 (C-8), 128.81 (C-7), 120.86 (C-2), 120.63
(C-4), 105.03 (C-10), 94.40 (C-11), 0.14 (C-12) ppm.

MS (ClI, Isobutan): m/z (%) = 334 (19) [M+iBu]*, 278 (100) [M+H]*, 190 (96)
[C11H16NSI]".

IR: ¥ = 2956.22 (m), 2152 (m), 1628.32 (m), 1593.61 (m), 1577.93 (m), 1493.64 (m),
1451.00 (m), 1247.57 (m), 1166.90 (m), 1104.69(w), 859.84 (s), 834.95 (s), 753.30
(s), 691.47 (s), 557.47 (m) cm™.

EA: CigH19NSi (277.43) calcd C 77.93, H 6.90, N 5.05, found C 77.72, H 6.98, N
5.05.
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[1.3 Synthesis of 4-trimethylsilylethynyl-N-(4’-tert-buylbenzylidene)-aniline (5c)

Under nitrogen atmosphere 92.9 pL (556 umol) 4-tert-butylbenzaldehyde and 105 mg
(556 pmol) 4-trimethylsilylethynylaniline were dissolved in dichloromethane and
refluxed with molecular sieve for 18 h. The molecular sieve was removed and solvent
evaporated and the solid recrystallized form ethanol to obtain 164 mg (495 pumol,
89 %) light yellow solid.

m. p.=129.5 °C
'H-NMR (500.1 MHz, CDCl; 300K, CHCl;) 5=8.40 (s, 1H, H-5), 7.82 (d,
3)=8.3Hz, 2 H, H-7), 7.49 (d, 33 = 8.3 Hz, 2 H, H-8), 7.48 (d, 3J = 8.6 Hz, 2 H, H-3),
7.12 (d, ®J = 8.6 Hz, 2 H, H-2), 1.36 (s, 9 H, H-14), 0.26 (s, 9 H, H-12) ppm.

13C-NMR (125.1 MHz, CDClz 300 K, CHCI3) & = 160.58 (C-5), 155.27 (C-9), 152.29
(C-1), 133.39 (C-6), 132.92 (C-3), 128.74 (C-7), 125.76 (C-8), 120.84 (C-2), 120.37
(C-4), 105.09 (C-10), 94.23 (C-11), 35.05 (C-13), 31.17 (C-14), 0.12 (C-12) ppm.

MS (HR) (El, 70 eV): m/z = calc.: 333.19133, found: 333.19128.

MS (El, 70 eV): m/z (%) = 333.19 (100) [M]", 318.16 [M-CH3]".

IR: ¥ = 2957.01 (m), 2152.97 (m), 1622.90 (m), 1592.59 (m), 1497.57 (m), 1248.04
(m), 86185 (s), 832.33 (s), 751.75 (m), 565.24 (m) cm™.

EA: CaH27NSi (333.54) caled C 79.22, H 8.16, N 4.20, found C 79.16, H 8.13, N
4.48.
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1.4 Synthesis of 4-trimethylsilylethynyl-N-(3’,5’-dimethylbenzylidene)-aniline
(5b)

Under nitrogen atmosphere 105 mg (556 umol) 4-trimethylsilylethynylaniline and
92.9 uL (556 pmol) 3,5-dimethylbenzaldehyde were dissolved in dichloromethane
and refluxed with molecular sieve for 18 h. The molecular sieve was removed and
solvent evaporated to obtain 167 mg (550 pumol) light yellow oil.

'H-NMR (500.1 MHz, CDCl; 300 K, CHCls) § = 8.36 (s, 1 H, H-5), 7.51 (s, 2 H, H-7),
7.49 (d, *J = 8.5 Hz, 2 H, H-3), 7.13 (s, 1 H, H-9), 7.12 (d, ®J = 8.5 Hz, 2 H, H-2), 2.38
(s, 6 H, H-13), 0.26 (s, 9 H, H-12) ppm.

13C-NMR (125.1 MHz, CDClz 300 K, CHCl3) & = 161.23 (C-5), 152.16 (C-1) 138.46
(C-8), 135.57 (C-6), 133.45 (C-9), 132.95 (C-3), 126.74 (C-7),120.84 (C-2), 120.37
(C-4), 104.73 (C-10), 94.35 (C-11), 21.15 (C-13), 0.00 (C-12) ppm.

MS (HR) (El, 70 eV): m/z = calc.: 305.15998, found: 305.15907.

MS (ESI): m/z = 306.16 [M+H]".

4
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[1.5 Synthesis of 4-ethynyl-N-(4-Fluorbenzylidene)aniline (5d)

Under nitrogen atmosphere 115.8 pL (1.05 mmol) 4-fluorobenzaldehyde and 200 mg
(1.05 mmol) 4-trimethylsilylethynylaniline was dissolved in 10 mL dichloromethane
with molecular sieve (3 A) and heated under reflux for 18 h. The molecular sieve was
removed and the solvent evaporated. The crude product was recrystallized from
ethanol to obtain 292 mg (987 pmol, 94 %) of colorless crystals.

m.p.=96.0 °C

'H-NMR (500.1 MHz, CDCls 300K, CHCl;) =8.40 (s, 1H, H-5), 7.90 (dd,
3)=86Hz, %J=55 Hz, 2H, H-9), 750 (d, 3J=8.7Hz, 2H, H-3), 7.16 (t,
3)=8.6 Hz, 2 H, H-8), 7.12 (d, 3J = 8.7 Hz, 2 H, H-2), 0.26 (s, 9 H, H-12) ppm.
13C-NMR (125.1 MHz, CDClz, 300 K, CHCI3) & = 164.86 (C-9, 'J = 251 Hz), 159.11
(C-5), 151.76 (C-1), 133.01 (C-3), 132.39 (C-6, “J=3.3Hz), 130.91 (C-9,
3) = 8.8 Hz), 120.85 (C-2), 120.74 (C-4), 116.02 (C-8, 2J= 22.0 Hz), 104.98 (C-10),
94.50 (C-11), 0.01 (C-12) ppm.

F.NMR (470.6 MHz, CDCl; 300 K, TMS) & = -107.59 ppm.

MS (ESI): m/z = 296.12 [M+H]"

IR: ¥ = 2962.20 (w), 2156.94 (m), 1626.74 (m), 1600.05 (m), 1579.75 (m), 1505.97
(m), 1411.98 (w), 1246.09 (m), 1215.71 (m), 1151.78 (m), 1010.28 (w), 832.00 (s),
758.89 (s), 641.91 (w), 553.07 (m) cm™.

EA: CigH1sNSIF(295.43) ) calcd C 73.18, H 6.14, N 4.74, found C 73.33, H 6.43, N
4.74
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1.6 Synthesis of 4-trimethylsilylethynyl-N-(4’-NN-dimethylbenzylidene)-aniline
(Se)

Under nitrogen atmosphere 105 mg (556 umol) 4-trimethylsilylethynylaniline and
92.9 uL (556 pmol) 4-dimethylaminobenzaldehyde were dissolved in ethanol and
refluxed for 1 h. The solvent was removed to obtain a yellow solid (178 mg,
556 pmol, quant.).

m.p. =139 °C

'H-NMR (500.1 MHz, CDCl; 300K, CHCl;) 8= 8.29 (s, 1H, H-5), 7.76 (d,
3J=8.9Hz, 2 H, H-7), 7.47 (d, 3 = 8.6 Hz, 2 H, H-3), 7.11 (d, 3J = 8.6 Hz, 2 H, H-2),
6.73 (d, J = 8.9 Hz, 2 H, H-8), 3.06 (s. 6 H, H-13), 0.26 (s, 9 H, H-12) ppm.

13C-NMR (125.1 MHz, CDClz 300 K, CHCI3) & = 160.43 (C-5), 152.96 (C-9), 152.71
(C-1), 132.91 (C-3), 130.68 (C-7), 124.19 (C-6), 120.92 (C-2), 119.51 (C-4), 111.58
(C-8), 105.3 (C-10), 93.86 (C-11), 40.17 (C-13), 0.05 (C-12) ppm.

MS (El, 70 eV): m/z (%) = = 320.19 (100)[M]", 305.16 (66) [M-CHa]".

IR: ¥ = 2955.37 (m), 2149.88 (m), 1589.90 (m), 1556.69 (m), 1361.64 (m), 1247.65
(m), 1163.01 (M), 861.72 (m), 835.40 (s), 816.97 (s), 556.82 (m) cm™.

EA: CaoH24N,Si (320.50) calcd C 74.95, H 7.55, N 8.74, found C 74.44, H 7.60 , N
7.73.
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[I.7 Synthesis von 4-iodo-4‘-nitrobiphenyl

A mixture of 15.0 g (97.4 mmol) biphenyl and 7.50 g (29.6 mmol) iodine was heated
up to 100 °C, forming a violet solution. To this solution was added at 100 °C 38 mL of
65 % nitric acid in a period of one hour. After addition the solution was heated for
another hour. Afterward the cooled solution was poured onto water. The precipitate
was filtrated and washed with water. The obtained solid was heated with ethanol and
was filtrated three times. The crude product was recrystallized from toluene to obtain
a yellow solid (9.79 g, 30.1 mmol, 31 %, Lit.: 30 %)

m. p. = 222.3°C
'H-NMR (500.1 MHz, CDCl; 300 K, CHCl3) 5 = 8.30 (d, 3J = 8.7 Hz, 2 H, H-3'), 7.85
(d, 3J=8.5Hz, 2 H, H-3),7.71 (d, 3J=8.7 Hz, 2 H, H-29, 7.36 (d, °J =8.5Hz, 2 H,
H-2) ppm.

13C-NMR (125.1 MHz, CDCl3 300 K, CHCI3) & = 147.33 (C-4), 146.45 (C-1°), 138.32
(C-3), 138.24 (C-1), 129.06 (C-2'), 127.60 (C-2°), 124.24 (C-3‘), 95.16 (C-4) ppm.

MS (El, 70 eV): m/z (%) =324.97 [M]*, 294.99 [M-NO]*, 152-07 [M-NO.I]".

IR: V = 2960.7 (W), 2156.3 (w), 1595.01 (m), 1580.46 (m), 1504.57 (s), 1471.59 (m),
1332.72 (m), 1246.34 (m), 1105.80 (m), 998.56 (m), 855.40 (m), 819.73 (s), 751.47
(m), 593.19 (m), 483.05 (m) cm™.

EA: C1,HgINO, (325.10) calcd C 44.33, H 2.48, N 4.31, found C 44.62, H 2.45, N
4.48.
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[1.8 Synthesis of 4-amino-4’-iodobiphenyl

A suspension of 8.50 (26.1 mmol) 4-iodo-4‘-nitrobiphenyl and 40.9 (182 mmol)
tin(Il)chloride dihydrate in 250 mL ethanol was heated for 16 h under reflux. The
solution was poured onto ice water and sodium hydrocarbonate solution was added
until pH = 9 was reached. After extraction with dichloromethane the organic layer was
washed with brine, dried over magnesium sulfate and the solvent was evaporated.
The crude product was recrystallized from toluene to obtain a colorless solid (5.60 g,
19.0 mmol, 73 %, Lit.: 70 %).

m.p. = 156 °C

'H-NMR (500.1 MHz, CDCl; 300 K, TMS) & = 7.70 (d, 3J = 8.4 Hz, 2 H, H-3),7.37 (d,
3J=8.5Hz, 2 H, H-2), 7.27 (d, 3J = 8.4 Hz, 2 H, H-2", 6.74 (d, J = 8.5 Hz, 2 H, H-3),
3.75 (s, 2 H, NH2) ppm.

13C-NMR (125.1 MHz, CDCl; 300 K, CHCl3) & = 146.24 (C-4), 140.67 (C-1, 137.68
(C-39, 130.23 (C-1), 128.25 (C-2, 127.80 (C-2), 115.38 (C-3), 91.51 (C-4‘) ppm.

MS (El, 70 eV): m/z (%) =295.00 [M]*,167.08[M-I]" .

IR: ¥ = 3406.85 (w), 3189.40 (w), 2361.45 (w), 1600.79 (m), 1475.38 (m), 1389.02
(m), 1269.36 (m), 993.55 (m), 808.12 (s), 489.69 (s) cm™.

EA: Cy2H10IN (295.12) calcd C 48.84, H 3.42, N 4.75, found C 48.93, H 3.34, N 4.88.
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[1.9 Synthesis of 4-amino-4‘(trimethylsilylethynyl)biphenyl

A suspension of 2.00 g (6.78 mmol) 4-amino-4’-iodobiphenyl, 237 mg (339 pumol)
(bis(triphenylphosphine)palladium(ll)chloride, 1.05 mL (7.28 mmol) trimethylsilyl-
acetylene and 64.5 mg (339 umol) copper(l)iodide in 60 mL triethylamine and 20 mL
THF was heated to 40 °C for 16 h. The solid was removed and the solvent
evaporated. The crude product was purified by column chromatography
(dichloromethane / pentane 1:1, Ry = 0.25). The solid was recrystallized from
cyclohexane to obtain a beige-colored solid (1.30 g, 4.91 mmol, 72 %, Lit.: 70 %).

TMS—= - “—NH
7 —s5 4 1 2

m.p. =114 °C

'H-NMR (500.1 MHz, CDCl; 300 K, TMS) & =7.48 (m., 4 H, H-2‘, H-3), 7.42 (d,
3)=8.5Hz, 2 H, H-2), 6.75 (d, 33 = 8.5 Hz, 2 H, H-3), 3.89 (s, br, 2 H, NH,), 0.26 (s,
9 H, H-7) ppm.

13C-NMR (125.1 MHz, CDCl; 300 K, CHCl3) & = 145.92 (C-4), 141.07 (C-1, 132.30
(C-39, 130.66 (C-1), 127.89 (C-2), 125.93 (C-29, 120.80 (C-49), 115.46 (C-3), 105.28
(C-5), 94.27 (C-6), 0.00 (C-7) ppm.

MS (El, 70 eV): m/z (%) = 265.13 [M]*,250.10 [M-CH3]" .

IR: ¥ = 3383.10 (w), 2956.31 (w), 2149.62 (m), 1618.10 (m), 1493.85 (m), 1253.10
(m), 862.49 (m), 838.28 (m), 838.28 (s), 810.05 (s), 758.01 (m), 521.26 (s) cm™.

EA: Ci7H19NSI (265.42) calcd C 76.93, H 7.22, N 5.28, found C 76.31, H 7.25, N
5.02.

11
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[1.10 Synthesis of 4-amino-N-(benzylidene)-4‘(trimethylsilylethynyl)bipheny! (5f)

In 10 mL ethanol 200 mg (754 pumol) 4-amino-4‘-trimethylsilylethynyl)biphenyl and
76.5 pL (754 pmol) benzaldehyde were heated for 1.5 h under reflux. While cooling
the solution to room temperature the product precipitates as silvery crystals (182 mg,
516 pmol, 68 %).

m.p.: 177.3 °C
'H-NMR (500.1 MHz, CDCl3, 300 K, C) =8.67 (s, 1 H, H-12), 8.02-7.98 (m, 2 H,
H-14), 7.76 (d, 2J=8.6 Hz, 2 H, H-3), 7.72 (d, 3J=8.6 Hz, 2H, H-2), 7.56 (d,
3)=8.6 Hz, 2 H, H-7), 7.55-7.51 (m, 3 H, H-15, H-16), 7.38 (d, °J = 8.6 Hz, 2 H, H-6),
0.25 (s, 9 H, H-11) ppm.

13C-NMR (125.1 MHz, CDCl3, 300 K, CHCl3) & = 161.23 (C-12), 152.64 (C-1), 141.52
(C-5), 138.20 (C-8), 137.51 (C-13), 133.17 (C-7), 132.27 (C-16), 129.67 (C-14/15),
129.63 (C-14/15), 128.49 (C-3), 127.51 (C-2), 122.78 (C-4), 122.51 (C-6), 105.88
(C-9), 95.22 (C-10), 0.00 (C-11) ppm.

MS (El, 70 eV): m/z (%) = .354.15 (100) [M]*, 338.13 (100) [M-CH3]"

IR: ¥ = 2959.31 (w), 2160.92 (w), 1624.68 (w), 1573.95 (w), 1485.57 (w), 1251.47
(m), 1202.90 (w), 827.62 (s), 755.69 (s), 715.57 (m), 688.97 (s), 537.93 (s), 409.09
(m) cm™.

EA: C24H23NSi (353.53) calcd C 81.54, H 6.56, N 3.96, found C 81.61, H 6.68, N
3.95.

12
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[1.11 Synthesis of (E)-12c-(4-ethynyl-N-(benzylidene)-aniline)-4,8,12-tri-n-octyl-
4,8,12-triazatriangulene (7a)

A suspension of 146 mg (529 umol) 4-trimethylsilylethynyl-N-(benzylidene)-aniline,
410 mg (582 umol) octyl-TATA and 26 mg potassium hydroxide was heated under
reflux in 20 mL THF under nitrogen atmosphere for 15 h. The solution was poured
onto water and was extracted with diethyl ether. The solution was dried over
magnesium sulfate and the solvent was evaporated. The crude product was purified
with column chromatography (Florisil, ethyl acetate). The obtained yellow oil was
dissolved in few mL toluene and overlaid with pentane and stored at -18 °C. The
product precipitates as yellow solid (148 mg, 180 umol, 31%)

24

m.p.=92.5°C

'H-NMR (500.1 MHz, acetone-dg, 300 K, acetone) & = 8.50 (s, 1H, H-20), 7.91 (dd, 3J
=7.Hz, 2 H, H-22), 7.46-7.52 (m, 3H, H-23, H-24), 7.21 (d, 3J = 8.3 Hz, 3 H, H-5),
7.09 (d, 33 =9.0 Hz, 2 H, H-17), 7.07 (d, 3 = 9.0 Hz, 2 H, H-18), 6.67 (d, J = 8.3 Hz,
6 H, H-4), 4.02 (t, 3]=75Hz 6H, H-6), 1.84 (ps.quint., 6 H, H-7), 1.52 (ps.quintt,
6 H, H-8), 1.38 (ps.quint., 6 H, H-9), 1.32-1.21 (m, 18 H, H-10, H-11, H-12), 0.86 (t,
%) =6.9 Hz, 9 H, H-13) ppm.

13C-NMR (125.1 MHz, acetone-dg, 300 K, acetone) & = 161.21 (C-20), 152.15 (C-19),
141.45 (C-3), 137.33 (C-21), 133.00 (C-17), 132.32 (C-24), 129.64 (C-22), 129.60
(C-23), 129.34 (C-5), 122.0 (C-16), 121.77 (C-18), 111.28 (C-2), 106.10 (C-4), 93.50
(C-14), 84.15 (C-15), 46.72 (C-6), 32.61 (C-11), 30.11 (C-9), 30.10 (C-10), 28.84
(C-1), 27.51 (C-8), 26.81 (C-7), 23.32 (C-12), 14.40 (C-13) ppm.

MS (MALDI-TOF): m/z (%) = 823.80 [M]".

IR: ¥ = 2955.54 (m), 2918.94 (m), 2150.89 (m), 1580.41 (s), 1483.52 (m), 1362.64
(m), 1247.10 (m), 1163.79 (m), 838.26 (s) 753.09 (s), 691.18 (m), 723.37 (m) cm™.
EA: CsgH7oN4 (823.20) calcd C 84.62, H 8.57, N 6.81, found C 84.67, H 8.70, N 6.75.

13
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[1.12 Synthesis of (E)-12c-(4-ethynyl-N-(4-tertbutylbenzylidene)-aniline)-4,8,12-
tri-n-octyl-4,8,12-triazatriangulene (7c)

A suspension of 100 mg (300 umol) 4-ethynyl-N-(4-tertbutylbenzylidene)aniline,
232 mg (330 pumol) n-octyl-TATA and 168 mg potassium hydroxide was heated in
50 mL THF for 15 h under reflux. The solution was poured onto water and extracted
with diethyl ether, dried over magnesium sulfate and the solvent was evaporated.
The crude product was filtrated over florisil with diethyl ether and recrystallized from
ethanol to obtain 68.5 mg (77.9 pumol, 26 %) of a yellow solid.

m.p.: 128.4 °C

'H-NMR (500.1 MHz, acetone-dg, 300 K, acetone) & =8.46 (s, 1 H, H-20), 7.83 (d,
3 =8.4 Hz, 2 H, H-22), 7.53 (d, 3J = 8.4 Hz, 2 H, H-23), 7.21 (t, *J = 8.3 Hz, 3 H, H-
5), 7.09 (d, 3J=8.8 Hz, 2 H, H-17), 7.06 (d, 3J=8.8 Hz, 2 H, H-18), 6.67 (d,
%) =8.3 Hz, 6 H, H-4), 4.02 (t, %J = 7.6 Hz, 6 H, H-6), 1.85 (ps.quint., 6 H, H-7), 1.52
(ps.quintt, 6 H, H-8), 1.39 (ps.quint., 6 H, H-9), 1.34 (s, 9 H, H-26), 1.25-1.32 (m,
18 H, H-10, H-11, H-12), 0.86 (t, °J = 6.8 Hz, 9 H, H-13) ppm.

13C-NMR (125.1 MHz, acetone-dg, 300 K, acetone) & = 160.97 (C-20), 155.77 (C-24),
152.00 (C-19), 141.45 (C-3), 134.78 (C-21), 132.97 (C-17), 129.53 (C-22), 129.32
(C-5), 126.53 (C-23), 121.87 (C-16), 121.72 (C-18), 111.29 (C-2), 106.10 (C-4),
94.95 (C-14), 84.29 (C-15), 46.72 (C-6), 35.55 (C-25), 32.62 (C-11), 31.42 (C-26),
30.18 (C-9), 30.08 (C-10), 28.98 (C-1), 27.51 (C-8), 26.81 (C-7), 23.32 (C-12), 14.39
(C-13) ppm.

MS (MALDI-TOF, CI-CCA): m/z (%) = 879.13 [M]".

IR: ¥ = 2923.58 (m), 1611.45 (m), 1577.96 (m), 1457.32 (m), 1395 (m), 1246.84 (w),
1165.16 (m), 791.23 (w), 749.58 (s), 680.14 (w), 565.32 (w), 498.91 (m), 414.55
(s) cm™.

EA: CsoH7sN4 (879.31) calcd C 84.31, H 8.94, N 6.37, found C 84.43, H 8.91, N 6.24.

14
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[1.13 Synthesis of (E)-12c-(4-ethynyl-N-(3,5-dimethylbenzylidene)-aniline)-4,8,12-
tri-n-octyl-4,8,12-triazatriangulene (7b)

A suspension of 100 mg (300 umol) 4-ethynyl-N-(4-tertbutylbenzylidene)aniline,
232 mg (330 pumol) n-octyl-TATA and 168 mg potassium hydroxide was heated in
50 mL THF for 15 h under reflux. The solution was poured onto water and extracted
with diethyl ether, dried over magnesium sulfate and the solvent was evaporated.
The crude product was filtrated over florisil with diethyl ether and recrystallized from
ethanol to obtain 68.5 mg (77.9 umol, 26 %) of a yellow solid.

24 25

'H-NMR (500.1 MHz, acetone-ds, 300 K, acetone) & =8.40 (s, 1 H, H-20), 7.51 (s,
2 H, H-22), 7.21 (t, 3 =8.3 Hz, 3 H, H-5), 7.14 (s, 1 H, H-24), 7.09 (d, 3J = 8.8 Hz,
2 H, H-17), 7.05 (s, J=8.8 Hz, H-18), 6.67 (d, *J=8.3 Hz, 6 H, H-4), 4.02 (t,
3)=7.7Hz, 6 H, H-6), 2.33 (s, 6 H, H-25), 1.85 (qui., *J=7.5Hz, 6 H, H-7), 1.52
(qui., 3J = 7.5 Hz, 6 H, H-8), 1.39 (qui., *J = 7.5 Hz, 6 H, H-9), 1.25-1.32 (m, 18 H, H-
10, H-11, H-12), 0.86 (t, *J = 6.8 Hz, 9 H, H-13) ppm.

13C-NMR (125.1 MHz, acetone-dg, 300 K, acetone) & = 161.45 (C-20), 152.35 (C-19),
141.45 (C-3), 139.09 (C-23), 137.35 (C-21), 133.91 (C-24), 132.98 (C-17), 129.32
(C-5), 127.47 (C-22), 121.92 (C-16), 121.70 (C-18), 111.29 (C-2), 106.10 (C-4),
95.00 (C-14), 84.28 (C-15), 46.72 (C-6), 32.61 (C-11), 31.42 (C-26), 30.23 (C-9),
30.78 (C-10), 28.99 (C-1), 27.51 (C-8), 26.81 (C-7), 23.31 (C-12), 21.12 (C-25),
14.37 (C-13) ppm.

MS (MALDI-TOF, CI-CCA): m/z (%) = 851.09 [M]".

15
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[1.14 Synthesis of (E)-12c-(4-ethynyl-N-(4-fluorobenzylidene)-aniline)-4,8,12-tri-
n-octyl-4,8,12-triazatriangulene (7d)

A suspension of 100 mg (339 umol) 4-trimethylsilylethynyl-N-(4-fluorobenzylidene)-
aniline, 263 mg (372 umol)n-octyl-TATA and 151 mg (2.71 mmol) potassium
hydroxide in 50 mL THF was heated for 15 h under reflux. The solution was poured
onto water and extracted with water, dried over magnesium sulfate and the solvent
was evaporated. The crude product was filtrated with diethyl ether over florisil. The
obtained oil was dissolved in diethyl ether and precipitated with pentane as colorless
solid (14 mg, 17 umol, 5 %).

m.p. =110 °C

'H-NMR (500.1 MHz, acetone-ds, 300 K, acetone) & =8.50 (s, 1 H, H-20), 7.96 —
7.98 (m, 2 H, H-22), 7.25 (t, *J = 8.8 Hz, 2 H, H-23), 7.20 (t, J = 8.3 Hz, 3 H, H-5),
7.09 (d, 33 =9.0 Hz, 2 H, H-18), 7.07 (d, 33 = 9.0 Hz, 2 H, H-17), 6.67 (d, 3J = 8.3 Hz,
6 H, H-4), 4.01 (t, °J = 7.7 Hz, 6 H, H-6), 1.83 (qui., 3J = 7.5 Hz, 6 H, H-7), 1.51 (qui.,
3)=7.5Hz, 6 H, H-8), 1.38 (qui., J = 7.5 Hz, 6 H, H-9), 1.25-1.32 (m, 18 H, H-10, H-
11, H-12), 0.86 (t, ®J = 6.8 Hz, 9 H, H-13) ppm.

BC-NMR (125.1 MHz, acetone-dg, 300 K, acetone) 6 = 165.8 (C-24), 159.64 (C-20),
141.38 (C-3), 133.87 (C-21), 132.97 (C-18), 131.87 (C-22), 129.26 (C-5), 121.67 (C-
17), 116.50 (C-23, 2J= 21.6 Hz), 111.17 (C-2), 106.00 (C-4), 84.1 (C-15), 46.72 (C-
6), 35.40 (C-25), 32.61 (C-11), 31.42 (C-26), 30.23 (C-9), 30.78 (C-10), 28.99 (C-1),
27.51 (C-8), 26.81 (C-7), 23.31 (C-12), 21.12 (C-25), 14.37 (C-13) ppm.

C-14 can’t be assigend due to low signal intensity.

F.NMR (470.6 MHz, CDCl; 300 K, TMS) & = -110.01 ppm.

MS (MALDI-TOF, CI-CCA): m/z (%) = 841.09 [M]".

IR: ¥ = 3379.00 (w), 2954.38 (m), 2922.33 (m), 2851.29 (m), 1612.55 (s), 1578.62
(s), 1482.24 (s), 1457.44 (s), 1394.20 (s), 1266.86 (s), 1245.10 8s), 1165.52 (s),
912.75 (w), 824.47 (m), 750.64 (s), 524.46 (m) cm™.
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[1.15 Synthesis of (E)-12c-(4-ethynyl-N-(4-N,N-dimethylaminobenzylidene)-
aniline)-4,8,12-tri-n-octyl-4,8,12-triazatriangulene (7e)

A suspension of 200mg (624 umol)  4-trimethylsilylethynyl-N-(4-N’N-
dimethylaminobenzylidene)aniline, 484 mg (686 pumol) n-octyl-TATA and 244 mg
(4.36 mmol) potassium hydroxide in 50 mL THF was heated for 15 h under reflux.
The solution was poured onto water and extracted with water, dried over magnesium
sulfate and the solvent was evaporated. The crude product was filtrated with diethyl
ether over florisil. The obtained oil was dissolved in diethyl ether and precipitated with
pentane as pale yellow solid (248 mg, 287 umol, 46 %).

25
~

m.p.: 136.4 °C
H-NMR (500.1 MHz, acetone-ds, 300 K, acetone) 6 =8.30 (s, 1 H, H-20), 7.73 (d,
3J=9.0Hz, 2 H, H-22), 7.22 (t, *J=8.3Hz, 3H, H-5), 7.07 (d, 3J=8.7Hz, 2H,
H-17), 7.00 (d, 3J=8.7 Hz, 2 H, H-18), 6.78 (d, J=9.0 Hz, 2 H, H-23), 6.68 (d,
3J=8.3Hz, 6 H, H-4), 4.03 (t, 3J=7.6 Hz, 6 H, H-6), 3.05 (s, 6 H, H-25), 1.85
(ps.quint., 6 H, H-7), 1.53 (ps.quint., 6 H, H-8), 1.40 (ps.quint., 6 H, H-9), 1.33-1.23
(m, 18 H, H-10, H-11, H-12), 0.88 (t, %J = 6.9 Hz, 9 H, H-13) ppm.

13C-NMR (125.1 MHz, acetone-ds, 300 K, acetone) & = 160.55 (C-20), 153.74 (C-24),
153.21 (C-19), 141.44 (C-3), 132.90 (C-17), 131.26 (C-22), 129.28 (C-5), 125.34
(C-21), 121.62 (C-18), 120.87 (C-16), 112.34 (C-23), 111.37 (C-2), 106.08 (C-4),
94.59 (C-14), 84.50 (C-15), 46.73 (C-6), 40.16 (C-25), 32.62 (C-11), 30.19 (C-9),
30.08 (C-10), 28.94 (C-1), 27.52 (C-7), 26.82 (C-7), 23.33 (C-12), 14.40 (C-13) ppm.

MS (MALDI-TOF, CI-CCA): m/z (%) = 866.88 [M]".

IR: ¥ = 2922.2 (m), 2852.21 (m), 2250.9 (w), 1606.85 (s), 1579.0 (s), 1525.9 (m),
1482.3 (s), 1456.1 (m), 1391.2 (m), 1362.2 (m), 1245.7 (m), 1162.2 (s), 833.1 (m),
811.6 (m), 752.1 (s), 722.4 (m), 690.4 (m), 589.2 (W), 408.4 (s) cm™.

EA: CeoH7sNs (866.27) calcd C 83.19, H 8.73, N 8.08, found C 83.73, H 8.91, N 8.21.
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[1.16 Synthesis of (E)-12c-(4-amino-N-(benzylidene)-4‘(trimethylsilylethynyl)-
biphenyl)-4,8,12-tri-n-octyl-4,8,12-triazatriangulene (7f)

A suspension of 100mg (282 umol)  4-trimethylsilylethinyl-N-(4-N’N-
dimethylaminobenzylidene)aniline, 705 mg (311 pmol) n-octyl-TATA and 126 mg
(2.26 mmol) potassium hydroxide in 50 mL THF was heated for 15 h under reflux.
The solution was poured onto water and extracted with water, dried over magnesium
sulfate and the solvent was evaporated. The crude product was filtrated with diethyl
ether over florisil. The obtained oil was dissolved in diethyl ether and precipitated with
pentane as colorless solid (40 mg, 44.4 umol, 16 %).

28

m.p. =117 °C

'H-NMR (500.1 MHz, acetone-ds, 300 K, acetone) 5 =8.63 (s, 1 H, H-24), 7.97 (d,
3)=7.8Hz, 2H, H-26), 7.63 (d, 2J=8.5Hz, 2 H, H-21), 7.55-7.49 (m, 5H, H-18,
H-27, H-28), 7.32 (d, 3 = 8.5 Hz, 2 H, H-22), 7.22 (t, 3J = 8.4 Hz, 3 H, H-5), 7.15 (d,
3J=8.4 Hz, 2 H, H-17), 6.68 (d, 3J = 8.4 Hz, 6 H, H-4), 4.03 (t, J = 7.6 Hz, 6 H, H-6),
1.85 (ps.quint., 6 H, H-7), 1.52 (ps.quint., 6 H, H-8), 1.38 (ps.quint.,, 6 H, H-9),
1.33-1.23 (m, 18 H, H-10, H-11, H-12), 0.85 (t, °J = 6.9 Hz, 9 H, H-13) ppm.

13C-NMR (125.1 MHz, acetone-dg, 300 K, acetone) & = 160.09 (C-24), 152.39 (C-23),
141.46 (C-3), 140.46 (C-19), 138.44 (C-20), 137.51 (C-25), 132.61 (C-17), 132.24 (C-
28), 129.63 (C-26) 129.36 (C-27), 129.28 (C-5),128.29 (C-21), 127.14 (C-18), 123.40
(C-16), 122.43 (C-22), 111.25 (C-2), 106.12 (C-4), 95.59 (C-14), 84.23 (C-15), 46.71
(C-6), 32.62 (C-11), 30.02 (C-9), 30.00 (C-10), 28.91 (C-1), 27.52 (C-8), 26.83 (C-7),
23.32 (C-12), 14.38 (C-13) ppm.

MS (MALDI-TOF, CI-CCA): m/z (%) = 899.57 [M]",

IR: ¥ = 3379.69 (W), 2953.07 (m), 2922.19 (m), 2851.31 (m), 1613.43 (s), 1578.56
(s), 1482.24 (s), 1457.14 (m), 1393.71 (m), 1244.36 (m), 1166.34 (m), 987.45 (w),
913.08 (w), 824.29 (m), 750.50 (s), 524.95 (m) cm™.

EA: CgsaH7aN4 (899.29) calcd C 83.19, H 8.73, N 8.08, found C 83.73, H 8.91, N 8.21.
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l1l. *H-NMR spectra of tert-butylimine-8-TATA (7c)

A solution of tert-butylimine-8-TATA (7c) in deuterated acetone was cooled to 230 K and a *H NMR spectrum was measured. The
sample was irradiated with 365 nm for 20 min and several spectra were recorded until the trans spectrum was obtained again.

[ ¥ 75.2 min A

L 71.0 min A

66.7 min

62.6 min I J%‘J

L M 58.5 min
I 54.1 min A J Y O
-~

r
{

o

(e
oS

-+
([T

49.9 min
45.4 min

:

41.2 min
37.0 min
30.5 min
28.6 min
26.7 min
_24.9 min
23.0 min

A
A
N
A
A
21.1.min N\ )
A
N
N
A
I\
A

r
C
(

AP PP

{

~

=
——

—

CLLCCCC

[ S .
e e b

£ F FF

/
{

Q&@@

N

b 19.2 min
i A 17.4min

L

N

15.5 min
13.6 min
11.1 min

; LLJ __9.1min

6.5 min

_LJ_I_M_nUl_J \u__4 min

Lol e e Wyl e 1.8 min
l{ lu___365nm

. LS ‘ . .
8.0 6.0 4.0

——

t
L

>
&
>
<

{

I\
S

N
o

fppm]

Fig.lIl.1: *H NMR spectra of 7c; trans spectrum (bottom) and spectra obtained after irradiation with 365 nm for 20 min.
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Fig.llI.3: aliphatic region of *H NMR spectra of 7¢
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To determine the rate constant of the thermal cis—trans isomerization the integral of

the imine proton (cis and trans) was plotted against time and fitted exponentially.

1.8 4

m frans-integral
exponential fit

1.7 1
16:
15:
14;

1.3

trans-integral

1.2 1

1.1

1.0

0.9 , y , ' T ' T ' r ' ,
0 1000 2000 3000 4000 5000
time /s

Fig.lll.4: aliphatic region of *H NMR spectra of 7c
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Fig.l11.5: aliphatic region of *H NMR spectra of 7¢
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Tab.lll.1: calculation of half life of compound 7c

tert-butylimine-8-TATA 7a
_x
y=4e ity

trans (8.46 ppm) cis (8.30 ppm)

A =-0,79704 A =0,75495

t; = 1894.0452 tp =1731.258

Yo = 1.83003 Yo = -0.00593

k=1/t; =5.27971-10"s™ k=1/t; =5.77615-10"s™
tiz = (IN2)/k = 1312.8 s = 21.9 min ti2 = (IN2)/k = 1200.0 s = 20 min
ti2 = (In2)/k = 21 min
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IV. UV/Vis spectra

UV/Vis spectra were measured at three different temperatures. A solution of
compound 7a in absolute THF was cooled to the desired temperature. Within the
UV/Vis spectrometer the samples was irradiated with 365 nm for 10 min and spectra

were measured in two minutes time interval for several half lifes.

IV.1 UV/Vis spectra of 7aat T=215K

S 365 nm
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o —627s —2795s
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Fig.IV.1: UV/Vis spectra of compound 7a in THF at 215 K.
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Fig.IV.2: exponential fit of the increase of the nx*band at 332 nm.
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IV.2 UV/Vis spectraof 7aat T =223 K
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Fig.IV.3: UV/Vis spectra of compound 7a in THF at 223 K.
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Fig.IV.4: exponential fit of the increase of the tn*band at 332 nm.
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IV.3 UV/Vis spectraat T =229 K
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Fig.IV.5: UV/Vis spectra of compound 7a in THF at 229 K.
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Fig.IV.6: exponential fit of the increase of the nr*band at 332 nm.
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IV. calculation of activation energy for compound 7a

To determine the activation energy for the cis—trans isomerization the logarithms of

the rate constants were plotted against 1/T.

Tab.IV.1: rate constants for the three different temperatures of compound 7a.

temperature / K rate constant / mol s
215 1.255 - 10™
223 5.119 - 10™
229 2.400 - 10°

-6.5+
-7.0- = In (k)
] linear fit of In (k)
-7.54
g 1
£ -8.01
-8.5- E,=61.2 kJ / mol
-9.0+

435 4.40 4.45 450 4.55 4.60 4.65
1/T [*107]

Fig.IV.7: Arrhenius plot for compound 7a.

Tab.IV.2: calculation of the activation energy of compound 7a.

y=ax+c
slope -7362.12144 765.18639
intercept 25.611 3.44508
Er=61.2+6.4 kd/mol
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IV.4 UV/Vis spectra of 7c at T =233 K

UV/Vis spectra were measured at two different temperatures. A solution of
compound 7c in absolute toluene was cooled to the desired temperature. Within the
UV/Vis spectrometer the samples was irradiated with 365 nm for 10 min and spectra

were measured in two minutes time interval for several half lifes.
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Fig.IV.8: UV/Vis spectra of compound 7c in toluene at 233 K.
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Fig.IV.9: exponential fit of the increase of the nr*band at 335 nm.
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IV.5 UV/Vis spectraof 7c at T =233 K
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Fig.IV.10: UV/Vis spectra of compound 7c in toluene at 242 K.
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Fig.lV.11: exponential fit of the increase of the nn*band at 335 nm.
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5 Heterodiazocines

Although the properties of the artificial ciliated epithelium on the basis of the platform concept were
improved tremendously by using imines as photoswitchable units, some challenges remain. The
movement within the switching process occurs unidirectionally as desired but the high flexibility
within the photoswitchable unit decreases the efficiency of the stroke movement. As both phenyl
rings can rotate around the single bonds, the transport of nanoparticles is impaired as the strength of
the induced stroke is not sufficient.

Azobenzenes can be replaced as switching units by more rigid diazocines derivatives. The ethyl
bridge of those molecules prevents the rotation and therefore, the resulting stroke motion should
be more forceful. Hence, diazocines represent the ideal candidates to be incorporated into an
artificial ciliated epithila. However, the effortful synthesis so far hampers the usage of these
photoswitches. [°7:9%114-116] Thys  the design of easily synthesizeable photoswitchable units that

exhibit the excellent photophysical properties of diazocines would be preferable.
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5.1 Heterodiazocines: Synthesis and Properties of

Photochromic Compounds within the Bio-optical
Window

Melanie Hammerich, Christian Schiitt, Cosima Stihler, Fynn Rohricht, Ronja Hoppner and Rainer

Herges

manuscript

Scientific contribution to this paper:

All reported syntheses and the photophysical investigations in solution (\H NMR and UV/vis)
were carried out by me, with support of Cosima Stihler during her bachelor thesis and as research
assistant. DFT calculations were conducted by Christian Schiitt and Fynn Rohricht. Prof. Dr. R.
Herges, Christian Schiitt and I wrote the manuscript.
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Summary

Diazocines exhibit excellent photophysical properties such as high quantum yields, a nearly quanti-
tative conversion to the respective isomer, switching wavelength in the visible region of light and a
rigid framework which is beneficial for a photomechanical movement. However, other substitution
patterns derived from the parent system were difficult to achieve so far and the ring closure by
the azobenzene synthesis only provides unsteady yields. To solve this challenge we developed
two heterodiazocines that are accessible by a convenient synthetic route and could furthermore
be switched within the bio optical window. Therefore we exchanged one methylene group within
the bridging unit with an oxygen or sulfur atom, respectively. The synthesis of the precursors can
now be accomplished by (thio)ether formation in good yields in good yields and facilitates the
attachment of the desired substituents. The ring closure was performed during the azobenzene
synthesis. Using ultrasound, the previously published synthetic route was improved concerning both
reaction time and yield. Both molecules exhibit distinct improved photophysical properties with
respect to the parent system. Switching to the frans isomer proceeds in high yields and the n7t* band
is bathochromically shifted by about 125 nm. The cis isomer could be obtained by irradiation from
500 nm up to 660 nm. Thus, in the presented novel heterodiazocines, the switching wavelength is
located in the bio optical window where blood is transparent (6501100 nm) (Figure 5.1). Whereas
the switching wavelengths of both systems are identical, the investigated compounds exhibit a
tremendous difference in the thermal half-life of the metastable configuration. The oxygen diazocine
isomerizes back within minutes at room temperature while the sulfur diazocine exhibits a prolonged
thermal half-life of 85 h which is distinctively higher than in the parent system (t; ;, = 4.5 h). The

switching cycles recorded for both substances show no fatigue or decay.

X
N—N. 400 n
b) 500-660 nm N

X=0/8 |

Figure 5.1: a) As red light can penetrate skin and blood, it possesses the ability to shine through
the human body; b) by irradiation with 400 nm the yellow, bended cis isomer can
be switched into the red, slender trans isomer, back isomerization can be induced by
irradiation with 500 nm — 660 nm.
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Heterodiazocines: Synthesis and Properties of Pho-
tochromic Compounds Switching within the

Bio-optical window

Melanie Hammerich, Christian Schiitt," Cosima Stahler,” Fynn Rohricht,” Ronja Hoppner,” and Rainer

Herges'™

"Otto Diels-Institute of Organic Chemistry, Christian Albrechts University Kiel, Otto Hahn Platz 4, 24118 Kiel, Germa-
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ABSTRACT: Diazocines, bridged azobenzenes, exhibit supe-
rior photophysical properties compared to parent azoben-
zenes such as high switching efficiencies, quantum yields,
and particularly switching wavelengths in the visible range.
Synthesis, however, proceeds with low yields, and derivatives
are difficult to prepare. We now present two heterodiazo-
cines which are easier to synthesize and to derivatize. More-
over, both compounds can be switched with light in the near
infrared (650 nm). Accessibility and photophysical properties
make them ideal candidates for applications such as pho-
toswitchable drugs and functional materials.

Azobenzenes are probably the most frequently used pho-
tochromic compounds in applications ranging from molecu-
lar motors and machines to photoswitchable drugs.™ They
are easily accessible and their photochromic function gener-
ally is quite reliable. Usually, the stretched trans isomer is
the most stable configuration. Upon irradiation with UV
light the bent cis isomer is formed which returns back to the
trans isomer either upon irradiation with visible light or
thermochemically.” Aiming at in vivo applications, there have
been several attempts to shift the switching wavelengths
towards the near infrared (A>650 nm).*” Within the so-called
bio-optical window (650-1100 nm) blood supported tissue is
transparent (penetration depth ~ 20 mm). Ortho substitution
of the azobenzene unit has been successful towards this end,
as shown by Woolley et al. (R=OMe, A(E/Z)=550/450nm) and
Hecht et al. (R=F, A(E/Z)=500/410nm).*™ Aprahamian et al.
presented BF, bridged azobenzenes with A(E)=710 nm.""”
Diazocines (ortho ethylene bridged azobenzenes) are partic-
ularly interesting visible light switchable compounds
(ME/Z)=500/400nm).” Bridging of the phenyl groups pre-
vents their rotation, and the rigid molecular framework
should improve power transmission of the photomechanical
movement onto the environment. This is important in bio-
chemical applications if an efficient detachment from the
active site of a protein must be achieved, or if the molecular
switching has to be translated into a macroscopic effect in
functional materials. Moreover, as opposed to azobenzenes,

diazocines are more stable in the cis form (Figure 1). This is
of considerable advantage in optopharmacological applica-
tions. Most photochemically switchable drugs and inhibitors
are active in their stretched and slender trans configurations,
and inactive in their bulgy cis forms.""” Mechanistic bio-
chemical studies as well as in vivo applications require that
switching to the inactive state is complete, because even
remaining traces of the active form can reduce the switching
efficiency, whereas an incomplete conversion to the active
state can be compensated by an increase of the concentra-
tion.”® In this regard diazocines are superior because they can
be quantitatively switched to the inactive cis state. Their
excellent photophysical properties notwithstanding, applica-
tions of diazocines so far have been rather limited. Main
obstacles are the notoriously low yields in the final ring clos-
ing azo formation and the lack of reproducibility of the syn-
thesis.”** Functionalization of the parent system using
standard aromatic substitution reactions is difficult, and the
preparation of unsymmetrically substituted diazocines™
which are important for most applications is even more
problematic because all steps are based on homo couplings.*
We now present two hetero diazocines which are accessible
by reliable procedures in reasonable yields. Moreover, both
compounds switch efficiently (>99%) from the trans to the
cis isomer upon irradiation with light in the near infrared

(650 nm).
X
th X
N=N =y
Ny
th,A N
63 A ~8.5A
cis trans ” twist
Estrain Erel X-
X cis  twist chair @f
~N
1 CHz 163 76 105 N7 chair
2 0 195 125 15.4 ~85A
3 S 16.5 5.1 5.1 :
trans
Figure 1. Calculated (B3LYP/6-31G*) strain energies

(Egtrain) Of the cis isomers of diazocine 1 and hetero deriva-
tives 2 and 3, and energies (E) of trans isomers (twist and



chair conformations) of 1, 2 and 3 relative to the correspond-
ing cis isomers in kcal mol™. Distances are given between the
C atoms in para position to the azo group.

TD-DFT calculations (see Supporting Information) predict
that the nn* transitions of the cis and the trans isomers in
both hetero diazocines 2, and 3 are separated by more than
100 nm. Therefore, we expected that efficient photo isomeri-
zation with two wavelengths should be possible. However,
the trans isomer can adopt two different conformations
(twist and chair see Figure 1) with markedly different UV-vis
spectra. In the parent diazocine 1 and the O-diazocine 2, the
twist conformations are about 3 kcal mol™ more stable than
the chair forms, and hence the concentrations of the chair
conformers in equilibrium should be very small. Twist and
chair conformations in the S-diazocine 3, however, are al-
most isoenergetic, and therefore the UV-vis spectrum of
trans-3 is a linear combination of the spectra of both con-
formations.

The oxygen and sulfur bridged diazocines 2 and 3 were ob-
tained by a three step synthesis. In the first synthetic step the
bridging unit was formed. This was accomplished for the
oxygen system via Williamson ether synthesis with potassi-
um phosphate as base in water with 93 % yield (Scheme
1).>*° The thioether precursor 8 was formed by reduction of
the disulfide 7 with sodium borohydride and in situ reaction
with 2-nitrobenzylbromide 4 in 45 % yield.

The main problem hampering the synthesis of diazocines
are the low and unreliable yields in the subsequent reductive
ring closure of the dinitro precursors. According to our cal-
culations (Figure 1) the ring strains of the parent diazocine 1,
and its hetero derivatives 2 and 3 amount from 16 to almost
20 kcal mol™ (details see SI). Polymer formation, therefore, is
the main reaction pathway. Moreover, most reduction meth-
ods require strongly basic reaction conditions which lead to
deprotonation of the benzylic positions, and consequently
cyclization,” oxidation and polymer formation. Upon reduc-
tion of the corresponding dinitro precursors the O- and S-
diazocine 6 and 8 with Zn under basic conditions no traces of
the diazocine products could be isolated. Cleavage of the
benzyl(thio)ether*” was observed. To avoid deprotonation at
the benzylic positions, and to favour ring closure, heteroge-
neous reaction conditions® under moderately basic pH were
applied. A corresponding procedure was published by Yan et
al.”** They achieved the reductive ring closure of
2,2'dinitrodibenzyl to the cyclic azoxy compound with lead
powder under basic conditions, and subsequently reduced
the azoxy compound with trivalent phosphorous to the di-
azocine. As the reaction time is relatively long with two days,
and the solubility of our starting material in methanol was
quite low, we improved the synthesis by using high power
ultrasound. As main products the azoxy compounds 9a/b
(44%, mainly gb) or 10a/b (32%) were formed, concomitant
with small amounts of the desired diazocines 2 and 3.

Heterodiazocines

02N
©\/\ @OH K3PO,, TBAB
93 %
, O )5 eq. NaBH,
__THR1h&OC
Eloed
45%

Scheme 1. Synthesis of the dinitro precursors for the di-
azocine synthesis. (TBAB: tetrabutylammonium bromide)

O X=0 44%
2y d@ C(J@
X N
ok
X=0 8 X=0 9a 9b
=S 8 =5 10a  10b
iy X=0 42%
X=0 9% V) X=S8 56%
=8 12% X
oD
N=N combined yields
X=0 2 275%
=5 3 299%

Scheme 2. Reaction conditions: i) and ii) Pb, NEt,/formic
acid/MeOH/H,O, pH = 9.5, ultrasound; iii) PPh;, MoO,Cl,,
iv) Pb, ball mill, 40 Hz, 4 h.

The reduction of the oxygen bridged azoxy compounds
9a/b to the corresponding diazocine 2 was achieved applying
the literature method with triphenylphosphine and a molyb-
denum catalyst (Scheme 2) (see Supporting Information). **
However, the method was unsuccessful in case of the sulfur
bridged analogon 10a/b. Reduction of the latter azoxy com-
pound was achieved with lead granules in a ball mill.

600

—2 ¢is 650 nm —3 ¢is 650 nm
—PSS 385 nm —PSS 405 nm
"£400 e 200
o s}
k] ko]
g g
=200 =100
w w
0 0 T
400 500 600 700 400 500 600 700
/nm /nm
400 nm
—_—
500-660 nm

3-cis 3-trans

Figure 2. UV spectra of O-diazocine 2 (THF, T = -80°C,
left) and S-diazocine 3 (acetonitrile, right), the cis spectrum
is plotted in black, the spectrum of the trans isomer in red,
below: solution of S-diazocine 3 before and after irradiation
in acetone.
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Photophysical properties were investigated with '"H NMR and
UV/Vis spectroscopy. The UV/vis spectra of the O-diazocine
2 and S-diazocine 3 are similar to the parent system. The nr*
bands of the cis isomers are located at 400 nm. By switching
both diazocines to the trans isomers, the nt* excitations are
shifted bathochromically to A, =525 nm. These bands are
broad and extend up to 700 nm. Therefore, the back isomeri-
zation to the cis isomers can be performed with red light
(660 nm) (Figure 2). In contrast to the parent diazocine 1 and
the O-diazocine 2, the S-diazocine 3 exhibits an additional
strong absorption at 380 nm which we attribute to the chair
conformation.

Photostationary states were determined by 'H NMR spec-
troscopy. In both systems (2 and 3) cis-trans isomerizations
were achieved with 385 or 405 nm (2: 80%, 3: 70%) and trans-
cis switching with 530 or 660 nm (>99%) (Table 1).

Half-lives of the trans compounds were also determined by
'HNMR spectroscopy (X =S, 3) and UV/Vis spectroscopy
(X=0, 2). Compared to the parent system the oxygen
bridged system 2 exhibits a distinctly shorter half-life. Rate
constants were determined at four different temperatures
(-1, 0, 4, and 9°C) and the half-life at room temperature was
extrapolated from the Arrhenius equation (see Supporting
information) as t,;, = 89 s (20 °C). In contrast to 2, the trans
isomer of the sulphur system 3 exhibits a high thermal stabil-
ity. With t,, =3.5d the half-life of trans-3 is considerably
longer than the half-life of the parent system 1 (t,;, = 4.5 h).
To check the photostability of hetero diazocines 2 and 3 were
irradiated with 385 and 530 nm in an alternate sequence. No
fatigue was observed over a large number of cycles (Figure 3).

Table 1. Photostationary states and half-lives of heterodi-
azocines 2 and 3.

X = PSS.85/405 PSS0/660 tys
% trans % cis
0O (2) 80° >99 895 (20°C)
5G) 70" >99 35d(27°C)
a) 385 nm, -70 °C b) 405 nm, 27 °C.
2 (X=0) 3 (X=9)
— 404 nm — 396 nm

absorbance at __ 555 1o absorbance at __ 553 o

0.20 0.20

0.10 0.10

0.00 0 2 4 6 8 10 12 0.00 0 2 4 6 8 10 12
cycle cycle

Figure 3. Left: measured absorbances of a solution of 2 at
404 nm (black zig-zag line) and 522 nm (red zig-zag line) in
the photostationary states after alternating irradiation at 530
and 385 nm in repeated switching cycles. Right: absorbance
of 3 at 396 nm (black) and 523 nm (red) after irradiation at
530 and 405 nm.
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I. Analytical equipment

NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). To reference the NMR spectra the
following solvent signals were used:

solvent degree of deuteration 'H signal 3¢ signal
acetone-dg 99.8 % 2.05 (quintet) 29.84 (septet)
chloroform-d, 99.8 % 7.26 (s) 77.16 (triplet)
DMSO-ds 99.8 % 2.60 (quintet) 39.52 (septet)

NMR measurements were performed with a Bruker DRX 500 (*H NMR: 500 MHz, *C-NMR:
125 MHz) and a Bruker AV 600 (*H NMR: 600 MHz, 13C NMR: 150 MHz).

Melting point

Melting points were measured with a Melting Point B-540 (Buchi) in an oneside opened capillary
tubule.

Mass spectrometry

The high resolution (HR-EI) mass spectra were measured with an AccuTOF GCv 4G (Joel) with
ionization energy of 70 eV.

IR spectroscopy

Infrared spectra were measured on a Perkin-Elmer 1600 Series FT-IR spectrometer with an A531-G
Golden-Gate-Diamond-ATR-unit. Signals were abbreviated with w, m, s for weak, medium and strong
signal intensity. Broad signals are additionally abbreviated with br.

UV-Vis spectroscopy

UV-Vis spectra were measured with a Cary3000 (Agilent Technologies) and with a Lambda 14
spectrometer (Perkin-Elmer) with a (Blchi) thermostat. Quartz cuvettes of 1 cm optical path length
were used.

5
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Chromatography stationary phases

For column chromatography purifications silica gel (Merck, particle size 0.040-0.063 mm) was used.
R¢ values were determined by thin layer chromatography on Polygeram® SilG/UV254 (Macherey
Nagel, 0.2 mm particle size).

Light source

UV/Vis and 1H NMR:

The irradiation of the samples was performed with LEDs with a wavelength of 385 nm, 405 nm,
525 nm and 660 nm from Sahlmann Photochemical Solutions.

Movie
The irradiation of the samples was performed with LEDs with a wavelength of 385 nm, 530 nm
and 630 nm from Sahlmann Photochemical Solutions.

Ultrasound generator

The synthesis with ultrasound was performed with a Branson Sonifier 450.
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Il. DFT calculations

1.1 Ring Strain

The standard synthetic procedures to prepare diazocines only proceed in low yields. To find the
reason for the inefficient ring closure reaction we calculated the ring strain energies of diazocines 1,
2 and 3 at the B3LYP/6-31G* level of density functional theory using an isodesmic reaction approach.
According to our calculations the ring strain amounts to more than 16 kcal mol™ (see Figure S1)
which explains why polymer formation is the main reaction pathway during the reductive azo
coupling reaction.

NO, NO2 AEgtrain
Ny {@]
X + N mol AEtension =(Ba+By)-(Ec+ Eg+ Ep)
NO> X 20.0 19.48
16.33 16.54
a b 16.0 =
l 12.0
NO, 8.0
N=N
s@eRieg
X X
0.0
NO,
c q . X= CH, 0 S
1 2 3

Figure S1. Left: Isodesmic reaction defining the ring strain energy of the diazocines 1, 2, and 3. Right:
bar energy diagram of the calculated (B3LYP/6-31G*) ring strain energies of the diazocines 1, 2 and 3.
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11.2 Calculated UV Spectra

TD-DFT calculations were performed at the B3LYP/6-31G* level of theory using Gaussian 09.D01.2
Note that all structures in Figure S2 are chiral, however, only one enantiomer is considered. The
measured UV-vis spectrum of the parent diazocine 1 exhibits absorption maxima at Ay, = 404 nm for
the cis isomer and at Am.x = 490 nm in the trans form. The respective calculated n-n* transitions (see
Table S2) of 1 are at 433 nm (cis) and 533 nm (trans-twist). According to our calculations the trans-
chair is 2.9 kcal/mol less stable than the trans-twist conformation and therefore should not
contribute to the UV/vis spectrum. As compared to the experiment, theory predicts the n-m*
absorptions at higher wavelengths but the distance between the n-n* absorption in cis and trans
isomers as well as the oscillator strength of the n-n* transitions are in good agreement with the
experimental results. Hence we assume that this level of theory is suitable to give a semi quantitative
estimation of the photochromic properties of the hetero diazocines 2 and 3 (Figure S2).

N =l o

trans twist trans chair
6000 - 6000
5000 5000
4000 4000 |
1)/ |
£ 3000 | 4 3000-]\ A
<< \/ < \
X=CH, \ X=0
2000 - 2000
1000 1000 -
0- e e 0 - i
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300 400 500 600 700 800 300 400 500 600 700
A [nm] A [nm]
10000 -
9000
8000
7000
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% 5000
<
4000
3000 X=8S
2000
1000 -
o] . N —
T T T T T 1
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Figure S2. Calculated (TD-B3LYP/6-31G*) UV-vis spectra of the cis isomer (black line) and the trans
twist (red) and trans chair conformation (blue) of the parent diazocine 1 (top left) and its oxygen (2,
top right) and sulfur analogue (3, bottom). The bars in the corresponding color which are
proportional to the oscillator strength represent the n-n* transitions. The UV spectra are simulated
by an overlay of Gaussian functions with a half-width of 0.333 eV.
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There is an overlap of the n-n* transition of the cis and trans twist isomer in the oxygen derivative 2,
which explains the incomplete conversion of the cis to the trans isomer upon irradiation with 385
nm. The n-tt* transition of the trans twist isomer is bathochromically shifted with respect to the
parent system which is also in agreement with experiment. This also applies for the sulfur analogue 3
in which the distance of the n-n* transitions of cis and trans-twist increases to 148 nm. However,
according to the calculations the trans-twist and trans-chair conformations of the sulfur bridged
azobenzene 3 are almost isoenergetic. Therefore, both trans conformations have to be included in
the prediction of the UV/vis spectrum. The chair conformer of 3 exhibits a n-nt* transition with a high
oscillator strength (f = 0.0430) at 390 nm resulting in a substantial overlap with the transition of the
cis isomer (422 nm). Hence, the percentage of the trans isomer in the photostationary state of 3
upon irradiation with 405 nm is predicted to be lower in comparison to the parent system 1 and the
oxygen analogue 2. So, we conclude that any measure (e.g. substitution) which disfavors the trans
chair conformation would improve the photochromic properties of the sulfur bridged diazocine.
Generally it can be stated that the trans twist conformations are responsible for the unusually
bathochromic n-t*absorptions of heterodiazocines 2 and 3.

Table S1. Calculated (TD-B3LYP/6-31G*) n-rt* transitions and oscillator strengths (f) of the cis, trans
twist and trans chair configurations of the diazocines 1, 2 and 3. Experimental absorption
wavelengths are given as Aay.

compound | isomer/conform. calc. A [nm] f exp. Amax [nm]
1 (CH,) trans-twist 533 0.0264 490
294 0.1148
trans-chair 478 0.0041
318 0.0115
cis 433 0.0038 404
317 0.0507
2(0) trans-twist 581 0.0236 522
trans-chair 497 0.0011
346 0.0776
cis 437 0.0045 404
367 0.0232
311 0.0701
3(S) trans-twist 570 0.0139 523
408 0.0075
trans-chair 504 0.0009
390 0.0430
326 0.1607
cis 422 0.0033 396
379 0.0008
312 0.0107
5
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11.3 XYZ Coordinates of the B3LYP/6-31G* Optimized Isomers of 1, 2 and 3

11.3.1 Parent Diazocine (X = CH;) (1)

trans-twist

Egsivp/6-316* = -650.1492714 Hartree
NImag=0

C 0.583470 1.549820 0.525660
H 0.168850 1.333220 1.517200
H 0.957570 2.578820 0.581860
C -4.231370 0.383960 -0.202230
C -3.100260 1.163680 -0.456600
C -1.808450 0.661250 -0.268850
C -1.701310 -0.669420 0.198820
C -2.819900 -1.440830 0.507780
C -4.092570 -0.918450 0.281270
C 1.808480 0.661250 0.268800
N -0.366280 -1.045040 0.511330
N 0.366230 -1.044820 -0.511380
C 1.701330 -0.669420 -0.198880
C 3.100270 1.163700 0.456570
C 4,231380 0.383970 0.202190
C 4.092580 -0.918440 -0.281250
C 2.819900 -1.440850 -0.507760
H -5.221130 0.801980 -0.363940
H -3.223340 2.186270 -0.806910
H -2.684240 -2.444820 0.898840
H -4.971170 -1.521670 0.492300
H 3.223340 2.186280 0.806900
H 4971170 -1.521690 -0.492250
H 2.684290 -2.444870 -0.898760
C -0.583490 1.549930 -0.525560
H -0.168890 1.333620 -1.517160
H -0.957640 2.578920 -0.581460

trans-chair
EBSLYP/G-SlG* =-650.1446865 Hartree

Nlmag =1 (-73 Hz)

C

I T T T I ITITITIITITZ2ZZ0000000000000

4.052970
2.788010
1.699650
4.205970
3.099270
1.819130
0.628770
-0.628400
-1.818840
-1.699800
-3.098860
-4.205820
-4.053270
-2.788480
0.343690
-0.344020
4.913100
2.643750
5.188720
3.233350
0.284900
1.018890
-1.018570
-3.232640
-5.188430
-4.913600
-2.644570

-0.994450
-1.543450
-0.689780
0.388610
1.230750
0.715930
1.634070
1.633610
0.715690
-0.690080
1.230890
0.389100
-0.994010
-1.543390
-1.058420
-1.059570
-1.649280
-2.617520
0.816760
2.308980
1.445110
2.658460
2.657980
2.309160
0.817560
-1.648560
-2.617510

-0.097320
0.130500
0.245090

-0.189080

-0.042160
0.182890
0.473060

-0.473430

-0.182770

-0.244920
0.042160
0.189100
0.097320

-0.130510
0.523640

-0.523340

-0.206390
0.198030

-0.365980

-0.097090
1.498310
0.467120

-0.468360
0.096950
0.365990
0.206340

-0.198110



cis

E53|_yp/6_31G* =-650.1613841 Hartree
Nimag=0

C

H
H
C
C
C
C
C
C
C
N
N
C
C
C
c
C
H
H
H
H
H
H
H
H
C
H

0.827860
0.785940
1.378820
-3.170580
-2.321320
-1.422180
-1.404230
-2.291200
-3.155100
1.570660
-0.626020
0.611930
1.383760
2.455280
3.124800
2.937070
2.086980
-3.844480
-2.346670
-2.277340
-3.817170
2.618960
3.802850
3.464740
1.953390
-0.606890
-1.163660

1.803160
1.516210
2.749410
0.071640
1.071110
0.867760
-0.413700
-1.410290
-1.183270
0.744520
-0.823910
-0.972430
-0.610640
1.055770
0.055350
-1.285040
-1.618000
0.274370
2.051060
-2.367580
-1.974430
2.100270
0.321410
-2.068690
-2.650880
2.063260
2.597350

1.052080
2.107900
1.009990
-1.460350
-0.995070
0.065200
0.649430
0.214710
-0.849670
0.274760
1.800590
1.756270
0.596580
-0.763580
-1.468320
-1.122120
-0.070110
-2.288000
-1.466530
0.727580
-1.190030
-1.020270
-2.274420
-1.658640
0.237920
0.529860
1.313520
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11.3.2 Oxygen-Diazocine (X = 0) (2)

trans-twist

Essiyp/6-316* = -686.0350761 Hartree

NImag =0

C 0.469660 1.463050 0.527200
H 0.052590 1.225130 1.510480
H 0.753710 2.520130 0.536140
C -4.125770 0.495780 -0.308610
C -2.949180 1.220110 -0.514740
C -1.713390 0.636070 -0.239980
C -1.676610 -0.697270 0.240480
C -2.852590 -1.395150 0.498630
C -4.081900 -0.802900 0.203980
C 1.736530 0.639530 0.249560
N -0.354440 -1.094420 0.581470
N 0.371440 -1.155950 -0.448500
C 1.690440 -0.710500 -0.171320
C 2.993450 1.230950 0.388240
C 4.163550 0.508210 0.137550
C 4.089940 -0.815580 -0.299400
C 2.846880 -1.421580 -0.483040
H -5.082710 0.958760 -0.532550
H -2.970140 2.239010 -0.888660
H -2.795010 -2.404610 0.894850
H -5.001630 -1.354360 0.375560
H 3.061470 2.273310 0.692300
H 5.130300 0.988380 0.259270
H 4998470 -1.371910 -0.512180
H 2.765580 -2.443220 -0.841560

trans-chair

Eg3ivp/6-316* = -686.0305104 Hartree
NIimag=0

C 0.567250 1.604580 0.455740
H 0.229360 1.464020 1.487220
H 0.828480 2.657420 0.309560
C -4.097540 0.589450 0.044780
C -2.902100 1.305410 -0.036590
C -1.679020 0.636550 -0.129370
C -1.688770 -0.787910 -0.143350
C -2.888370 -1.496160 -0.118060
C -4,094720 -0.807700 0.000220
C 1.798280 0.745460 0.190120
N -0.401130 -1.365130 -0.326540
N 0.321590 -0.923460 0.603050
C 1.680010 -0.659100 0.292790
C 3.049240 1.274590 -0.121680
C 4,153970 0.430270 -0.286090
C 4.010450 -0.951780 -0.160830
C 2.759840 -1.512870 0.122180
H -5.038120 1.127370 0.125220
H -2.897730 2.390950 -0.050900
H -2.860850 -2.580950 -0.162130
H -5.029540 -1.358190 0.051720
H 3.166190 2.350740 -0.228420
H 5.127320 0.855040 -0.514440
H 4.871340 -1.601230 -0.293950
H 2.627110 -2.586820 0.207230



cis

E53|_yp/6_31G* =-686.0550130 Hartree
Nimag=0

C

H
H
C
C
C
C
C
C
C
N
N
C
C
C
c
C
H
H
H
H
H
H
H
H

0.633890
0.444770
1.078010
-3.339270
-2.393020
-1.412670
-1.398260
-2.403940
-3.345460
1.535320
-0.590530
0.646820
1.454010
2.459180
3.273780
3.191190
2.305510
-4.077890
-2.377320
-2.409950
-4.088250
2.531870
3.980500
3.832300
2.252350

1.404790
0.858180
2.369030
0.508460
1.322670
0.801560
-0.588010
-1.385130
-0.865370
0.635800
-1.361700
-1.499570
-0.762850
1.292850
0.578810
-0.817140
-1.490720
0.945960
2.393960
-2.439180
-1.515880
2.376790
1.104430
-1.379890
-2.575190

1.385290
2.315340
1.641610
-1.249740
-0.645930
0.216430
0.469580
-0.110740
-0.985840
0.457960
1.394580
1.313440
0.390340
-0.363740
-1.239440
-1.284550
-0.449780
-1.915550
-0.819820
0.151140
-1.437290
-0.314110
-1.875080
-1.957310
-0.441100
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11.3.3 Sulfur-Diazocine (X = S) (3)

trans-twist

Egsivp/6-316* = -1009.0233672 Hartree
NImag =0

C 0.776490 1.449660 0.761490
H 0.302970 1.139860 1.693480
H 1.172930 2.456950 0.922860
C -4.280540 0.098760 -0.205640
C -3.217650 0.986590 -0.386650
C -1.900220 0.570560 -0.168110
C -1.677920 -0.759580 0.249610
C -2.738800 -1.629460 0.483050
C -4.044790 -1.205010 0.233080
C 1.932700 0.535620 0.364880
N -0.317310 -1.041260 0.571940
N 0.408890 -1.130590 -0.448330
C 1.751320 -0.762780 -0.166910
C 3.247270 0.996020 0.493290
C 4336940 0.199190 0.134300
C 4.129460 -1.072490 -0.403050
C 2.830110 -1.542790 -0.582370
H -5.296720 0.438160 -0.385380
H -3.408830 2.011240 -0.692890
H -2.532170 -2.635750 0.835270
H -4.874070 -1.888370 0.391410
H 3.422280 1.996670 0.881910
H 5.346380 0.582180 0.254700
H 4974590 -1.688080 -0.697570
H 2.638820 -2.515850 -1.024710

trans-chair

Egsivp/6-316* = -1009.0234590 Hartree
NImag=0

C 0.973680 1.697760 0.613490
H 0.599150 1.582990 1.632550
H 1.359330 2.717030 0.501720
C -4.242860 0.257120 0.105480
C -3.115960 1.079570 0.057310
C -1.826420 0.538100 -0.053440
C -1.709160 -0.884960 -0.085410
C -2.844240 -1.698430 -0.080970
C -4.110740 -1.131820 0.031650
C 2.061930 0.688580 0.310610
N -0.415530 -1.445620 -0.209510
N 0.335830 -0.768120 0.537640
C 1.713320 -0.680400 0.286850
C 3.382060 1.034290 0.022450
C 4.330770 0.037460 -0.232620
C 3.965060 -1.311380 -0.235080
C 2.640530 -1.681120 0.007090
H -5.228490 0.706640 0.189160
H -3.231630 2.158490 0.086670
H -2.708960 -2.774510 -0.137170
H -4.989980 -1.768850 0.063360
H 3.676550 2.080920 0.007090
H 5.361220 0.316980 -0.433840
H 4.710870 -2.075360 -0.436430
H 2.326720 -2.720120 -0.009000

10



cis

E53|_yp/5_31G* =-1009.0315646 Hartree
Nimag=0

C

H
H
C
C
C
C
C
C
C
N
N
C
C
C
c
C
H
H
H
H
H
H
H
H

1.058910
1.138000
1.572720
-3.011880
-2.298740
-1.447260
-1.318060
-2.046830
-2.880790
1.649840
-0.569070
0.674970
1.412610
2.456650
3.021600
2.795210
2.003910
-3.663610
-2.389810
-1.952480
-3.430780
2.642170
3.646360
3.240660
1.832210

2.000580
2.102700
2.846390
-0.724630
0.458800
0.644550
-0.407400
-1.590070
-1.757330
0.701560
-0.311350
-0.374850
-0.466210
0.607770
-0.608160
-1.752850
-1.680860
-0.839820
1.261050
-2.368930
-2.685650
1.502480
-0.660160
-2.701230
-2.556830

0.478000
1.562830
0.013940
-1.436860
-1.264200
-0.162550
0.763370
0.594700
-0.506730
0.019870
1.996840
2.001650
0.762930
-1.119930
-1.501870
-0.733880
0.411190
-2.298140
-1.990230
1.345880
-0.631320
-1.709300
-2.388810
-1.020910
1.029530

11
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I11. Syntheses

I11. 1 Synthesis of 1-nitro-2-((2’-nitrobenzyl)oxy)benzene (6)

2-Nitrophenol (5, 800 mg, 5.75 mmol), 2-nitrobenzylbromide (4, 1.49 g, 6.88 mmol), potassium
phosphate (2.30 g, 8.63 mmol) and tetra-n-butylammonium bromide (TBAB) (940 mg, 2.90 mmol)
were stirred in 30 mL water at room temperature for 16 h. The suspension was diluted with water and
extracted with 250 mL dichloromethane. The combined organic layers were dried over sodium sulfate.
The solution was evaporated and recrystallized from ethanol to obtain colorless crystals (6, 1.47 g
5.36 mmol, 93 %).

melting point: 156 °C (154 °C)*

'H-NMR (500 MHz, acetone-ds, 300 K): & = 8.22 (dd, *J = 8.2 Hz, “J = 1.2 Hz, 1 H, H-3"), 8.01 (d,
3=79Hz, 1H,H-6),7.94 (dd, ®J = 8.1 Hz, *J = 1.7 Hz, 1 H, H-6), 7.87 (td,’J = 7.6 Hz, *J = 1.2 Hz,
1H, H-5"), 7.70 (td, ®J = 8.0 Hz, ¥J = 1.7 Hz, 1 H, H-4), 7.67 (t, 3J = 7.8 Hz, 1 H, H-4"), 7.49 (dd,
8)=8.5Hz, “J=1.0 Hz, 1 H, H-3), 7.21 (ddd, ®J = 7.8 Hz, 3J = 7.3 Hz, *J = 1.1 Hz, 1 H, H-5), 5.73 (s,
2 H, H-7) ppm.

BC-NMR (125 MHz, acetone—ds, 300 K): & = 152.04 (C-2), 148.16 (C-2°), 141.05 (C-1), 135.35(C-
4), 135.12 (C-5°), 133.24 (C-1°), 129.92 (C-4’), 129.63 (C-6"), 126.25 (C-6), 125.83 (C-3"),122.10 (C-
5), 116.18 (C-3), 68.80 (C-7) ppm.

IR (ATR): #= 3115 (w), 3089 (w), 1604 (m), 1515 (s), 1339 (s), 1248 (s), 1153 (m), 1024 (m),
865(m), 727 (s), 665 (M), 617 (w), 525 (w) cm ™.

MS (EI, 70 eV): m/z = 274.06 [M]", 152.06 [M—CeHiNO,]", 136.04 [M—CsH,NO3]".

MS (HR) (EI, 70 eV): m/z = calc.: 274.05897, found: 274.05894.

12
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Figure S4: *C-NMR spectrum of compound 6.
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111.2. Synthesis of 12H-dibenzol[b,f ][1,4,5]oxadiazocine-6-oxide (9 b)

To a solution of triethylamine (22 mL) , methanol (50 mL) , formic acid (1 mL) and water (14 mL)
were added 1-nitro-2-((2’-nitobenzyl)oxy)benzene (6, 100 mg, 364 pumol) and lead powder (350 mg,
1.69 mmol) and the suspension was treated with ultrasound (450 W) for 5 h. After the first and second
hour another portion lead (350 mg, 1.69 mmol) was added. The reaction mixture was filtrated and
reduced in vacuo. The residue was extracted with dichloromethane, dried over magnesium sulfate and
the solvent was evaporated. The residue was purified by column chromatography (0.040-0.063 mm,
dichloromethane, Ry 0.29) to obtain of a yellow solid (7a/b, 36 mg, 160 umol, 44 %). As a side
product the diazocine could be obtained as a yellow solid (9, 7 mg, 32 pmol, 9 %).

melting point: 141 °C.

'H-NMR (600 MHz, DMSO-ds:CDCl5(1:1), 300 K, TMS): 7.40 (t, *J = 7.6 Hz, 1 H, H-8), 7.36 (d,
%) =7.5Hz, 1 H, H-10), 7.26 (m, 2 H, H-3,9), 7.21 (d, *J =8.2 Hz, 1 H, H-1), 7.13 (dd, *J = 8.2 Hz,
1H, H-7), 7.01 (t, 2J = 7.5 Hz, 1 H, H-2), 6.94 (d, 2 =8.3 Hz, 1 H, H-4), 5.27 (d, *J = 12.3 Hz, 1 H,
H-12), 5.13 (d, *J = 12.3 Hz, 1 H, H-12) ppm.

BC.NMR (125 MHz, DMSO-d:CDCly(1:1), 300 K, TMS): 145.32 (C-6a), 144.44 (C-4a), 139.66
(C-12a), 130.17 (C-3), 129.45 (C-10), 128.83 (C-8), 126.44 (C-9), 124.12 (C-10a), 122.01(C-1,2),
120.15 (C-7), 120.07 (C-4), 69.28 (C-12) ppm.

®N-NMR (600 MHz, DMSO-ds:CDCl5(1:1), 300 K, TMS): & = 363.6 (s, 1 N, N-6), 342.3 (s, 1 N,
N-5) ppm.

IR (ATR): ¥ = 3037 (w), 2828 (w), 2887 (W), 1597 (w), 1468 (s), 1443 (s), 1343 (m), 1225 (m), 1195
(m), 981 (m), 765 (s), 678 (W), 639 (W), 611 (m) cm ™.

MS (El, 70 eV): m/z=226.07 [M]", 196.07 [M—CH,O]", 181.07 [M—CHO,]", 141.07 , 120.04
[M—C;HO]".

MS (HR) (EI, 70 eV):[m/z] = calc.: 226.07423, found: 226.07381

14
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111.3 Synthesis of 12H-dibenzo[b,f ]J[1,4,5]oxadiazocine (2)

12H-dibenzo[b,f][1,4,5]oxadiazocine-6-oxid (9a/b, 89.0 mg, 390 umol) was dissolved under a
nitrogen atmosphere in THF (5 mL) and triphenylphosphine (521 mg, 1.99 mmol) and
molybdenum(VI)dichloride dioxide (18.0 mg, 91.0 umol) were added. The solution was refluxed for
3 h, the solvent was evaporated and the residue was purified by column chromatography (0.040-0.063
mm, dichloromethane, Ry: 0.65) to obtain of a yellow solid (34 mg, 163 mmol, 42 %) .

melting point: 106 °C

'"H-NMR (500 MHz, acetone-ds, 300 K): & = 7.47-7.41 (m, 2H, H-1,3), 7.30 (td, ®J=7.5Hz,
*J=1.2 Hz, 1 H, H-2), 7.20 (dd, *J = 7.9 Hz, *J = 1.1 Hz, 1 H, H-4), 7.09 (td, *J = 7.7 Hz, “J = 1.8 Hz,
1 H, H-9), 6.98 (td, *J=7.6 Hz, “J= 1.3 Hz, 1 H, H-8), 6.91 (dd, 3J=8.0 Hz, “*J = 1.8 Hz, 1 H, H-7),
6.87 (dd, ®J = 8.2 Hz, “J = 1.3 Hz, 1 H, H-10), 4.97 (s, 2 H, H-12) ppm.

BC-NMR (125 MHz, acetone—ds, 300K): & = 157.87 (C-4a), 147.26 (C-6a), 144.12 (C-10a),
133.21(C-3), 130.64 (C-1), 129.74 (C-9), 129.12 (C-2), 123.17 (C-8), 123.00 (C-7), 122.71 (C-12a),
122.13 (C-10), 120.81 (C-4), 71.94 (C-12) ppm.

IR (ATR): ¥ = 2908 (W), 1596 (W), 1523 (w), 1465 (m), 1434 (m), 1202 (m), 989 (m), 764 (s) cm .
UV/Vis (acetonitrile): A(lg €) = 398 (2.72) nm.

MS (EI, 70 eV): m/z=210.08 [M]", 181.06 [M-CH,0]', 152.06 [M—-CH,N,O]', 90.04
[M—C;HsNOJ".

MS (HR) (EI, 70 eV):[m/z] = calc.: 210.07931, found: 210.07923.
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Figure S8: *C-NMR spectrum of compound 2.
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111.4 Synthesis of 2’-nitrobenzyl-2-nitrophenyl-sulfide (6)

Bis(2-nitrophenyl)disulfide (7, 2.00 g, 6.48 mmol) was suspended in THF (40 mL) under nitrogen
atmosphere, sodium borohydride (1.22 mg, 32.4 mmol) was added to this suspension (solution turns
immediately red) and heated up to 60 °C 1 h. To this solution 2-nitrobenzylbromide (4, 2.80 g,
13.0 mmol) was added and stirred 16 h at room temperature (solution turns yellow). The reaction
mixture was carefully poured on ice water. The precipitated solid was filtered and washed with water
and methanol. The product was obtained as a yellow solid (1.69 g, 5.85 mmol, 45 %).

melting point: 165.6 °C

'H-NMR (500 MHz, acetone-dg, 300 K): & = 8.18 (dd, ®J = 8.2 Hz, ¥J = 1.3 Hz, 1 H, H-3), 8.07 (dd,
31=8.2Hz,*3=1.2Hz, 1 H, H-3"), 7.77-7.69 (m, 4H, H-5, 5", 6, 6°), 7.61 (m,, 1 H, H-4"), 7.47 (ddd,
%)=8.2Hz, % =8.3Hz, “J=1.6 Hz, 1 H, H-4), 4.71 (s, 2 H, H-7) ppm.

BC-NMR (125 MHz, acetone-ds, 300 K): & = 150.13(C-2"), 147.94 (C-2), 136.26 (C-1), 134.79
(C-5), 134.47 (C-5"), 133.35 (C-6), 131.78 (C-1°), 130.11 (C-4"), 129.26 (C-6"), 126.81 (C-4), 126.54
(C-3), 126.16 (C-3), 35.17 (C-7) ppm.

IR (ATR): ¥ = 3118.33 (w), 1596.24 (w), 1565.58 (m), 1527.51 (m), 1505.15 (s), 1428.01 (m),
1334.40 (s), 1308.91 (s), 1256.71 (m), 1231.44 (m), 1168.31 (w), 1106.66 (m), 1061.87 (w), 1045.75
(m), 954.13 (w), 858.20 (m), 782.28 (s), 734.90 (s), 712.24 (s), 653.32 (s) cm ™.

MS (EI, 70 eV): m/z = 290.04 [M]", 155.00 [CsHsNO,S]", 136.04[C;HsNO,]".

MS (HR) (EI, 70 eV): [m/z] = calc.: 290.03613, found: 290.03624.
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Figure S9: *H-NMR spectrum of compound 8.
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I11.5 Synthesis of 12H-dibenzo[b,f][1,4,5]thiadiazocine  6-oxide (10b) and 12H-
dibenzo[b,f][1,4,5]thiadiazocine 5-oxide (10a)

To a solution of triethylamine (22 mL), methanol (50 mL), formic acid (1 mL) and water (14 mL),
2’-nitrobenzyl-2-nitrophenyl-sulfide (6, 100 mg, 344 umol) and lead powder (350 mg, 1.69 mmol)
were added, and the solution was treated with ultrasound (450W) for 5 h. After the first and second
hour another portions lead (350 mg, 1.69 mmol) were added. The reaction mixture was filtrated and
reduced in vacuo. The residue was extracted with dichloromethane, dried over magnesium sulfate and
the solvent was evaporated. The residue was purified by column chromatography (0.040-0.063 mm,
dichloromethane, Ry. 0.29) to obtain a mixture of the regioisomers of both azoxy compounds (36 mg,
160 pmol, 44 %) as yellow solid. As a side product the diazocine could be obtained as a yellow solid
(7 mg, 32 umol, 9 %).

The azoxy compounds were used for the next synthetic step as a mixture of regioisomers.

12 12
10 S 1 10 S 1
9 " 2 9 11 2
10a 12a 10a 12a
6a 4a 6a 4a
8 R 3 8 . 3
7 N=N 4 7 N=N .

S\ "

o and o]

6 Gl 5

melting point: 129.9 °C
MS (EI, 70 eV): m/z = 242.04 (X) [M]", 225.04 (100), 184.03, 136.02.
MS (HR) (El, 70 eV): [m/z] = calc.: 242.05138, found: 242.05127.

IR (ATR): ¥ = 3280.52 (m), 3242.53 (m), 3507.86 (m), 1603.56 (w), 1568.61 (s), 1448.77 (s), 1347.71
(m), 1194.35 (w), 1131.15 (w), 1034.00 (w), 924.48 (m), 880.93 (m), 854.04 (m), 809.66 (m), 760.89
(s), 743.84 (s), 743.84 (s), 723.04 (m), 692.78 (m), 660.14 (m), 610.84 (m), 583.58 (m), 564.12 (m),
504.93 (m) cm .
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11.6 Synthesis of 12H-dibenzo[b,f][1,4,5]thiadiazocine (3)

A mixture of 12H-dibenzo[b,f][1,4,5]thiadiazocine 6-oxide and 12H-dibenzo[b,f][1,4,5]thiadiazocine
5-oxide (10b/10a, 50 mg, 206 umol) and lead shots (341 mg, 1.65 mmol) were placed in a ball mill
with 20 balls and were shaken for 4h with 40 Hz. The black powder was extracted with
dichloromethane. The solvent was evaporated and the crude product was purified by column
chromatography (0.040-0.063 mm, dichloromethane). The product was obtained as yellow solid
(26 mg, 115 pmol, 56 %).

melting point: 112.9 °C

'H-NMR (500 MHz, acetone-ds, 300K): §=7.52-7.20 (m, 3H, H-1, H-3, H-8), 7.12 (td,
3=76Hz, 9=13Hz, 1H, H-2), 7.10 (dd, 2J=7.8Hz, “J=12Hz, 1H, H-10), 6.99 (ddd,
30=75Hz,%=78Hz,“J=1.4Hz, 1H, H-9),6.78 (dd, 3J = 7.6 Hz, *J = 0.7 Hz, 1 H, H-4), 6.76 (dd,
3=79Hz, “J = 1.4Hz, 1H, H-7), 3.98 (d, 2J=11.6 Hz, 1 H, H-12), 3.84 (d. 2J =11.6 Hz, 1 H,
H-12) ppm.

BC-NMR (125 MHz, acetone—dg, 300 K): § = 158.30 (C-6a), 158.58 (C-4a), 134.28 (C-10), 130.31
(C-1), 129.27 (C-3), 128.80 (C-8), 128.29 (C-2), 127.86 (C-9), 124.97 (C-12a), 122.94 (C-10a),
120.16, (C-7) 117.81 (C-4), 35.12 (C-12) ppm.

IR (ATR): ¥ = 2923.65 (m), 1517.7(w), 1476.23 (m), 1454.55 (m), 1260.02 (m), 1155.28 (m), 1087.98
(m), 1064.49 (m), 1030.39 (M), 954.58 (m), 915.22 (m), 892.30 (s), 801.76 (m), 768.92 (s), 734.28 (s),
691.15 (s), 659.16 (s), 578.66 (m) cm ™.

UV/Vis (acetonitrile): A(lg €) = 398 (2.61) nm.
MS (El, 70 eV): m/z = 226.05 (100) [M]", 199.04 (X) 165.07 (X).

MS (HR) (El, 70 eV): [m/z] = calc.: 226.05647, found: 226.05602.
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Figure S11: "H-NMR spectrum of compound 3
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Figure S12: *C-NMR spectrum of compound 3
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IV. *H- NMR measurements

IV.1*NMR measurements of oxygen diazocine 2 at 198 K

As the rate of the back isomerization (cis = trans) of O-diazocine 2 is fast at room temperature,
investigations of the photo switching can only be performed at low temperature. Therefore, the sample
was cooled within the NMR spectrometer to 198 K. Upon cooling of cis-2 we observe coalescence of
the methylene protons in the bridge. We attribute the splitting of the singlet at 4.97 ppm into two
doublets to the freezing of the ring inversion of the boat conformation leading to the separation of the
signals for the pseudo equatorial and pseudo axial protons.

198 K

7 6 | 5 | | [ppm]

Figure S13: 'H-NMR spectra of oxygen diazocine 2 upon lowering of the temperature from room
temperature to 198 K. Ring inversion is fast at room temperature on the NMR time scale. The
methylene protons appear as a sharp singlet. At lower temperatures the methylene protons split into
two separate signals (doublets) for the pseudo equatorial and pseudo axial protons.
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1VV.2 Determination of the photostationary state of O-diazocine 2

'"H NMR spectra of compound 2 were measured in deuterated acetone at 198 K before and after
irradiation with 385 nm for 15 min. The probe was irradiated outside the NMR spectrometer in an
NMR tube at 195 K immersed in a quartz Dewar with acetone and dry ice. After irradiation the probe
was transferred rapidly to the precooled spectrometer to avoid warming of the sample. According to
integration of characteristic signals in *H NMR spectrum the oxygen diazocine 2 switches to 80 % to

the trans isomer.

after irradiation
at 385 nm

|

|

__J 'MJJ / qum LN

pure cis isomer
before irradiation

8 7 6 5 [ppm]

Figure S14: 'NMR spectra of oxygen diazocine 2 at 198 K before (blue) and after irradiation (red).

{‘trans cis

Y
@D
o
™
o

e

7.8 7.6 7.4 7.2 7.0  [ppm]

Figure S15: aromatic region of the ‘NMR spectrum of oxygen diazocine 2 at 198 K after irradiation.
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1V.3 Kinetic measurements of the thermochemical trans->cis isomerization of O-diazocine 2

'H NMR spectra of compound 2 were measured in deuterated acetone at 278 K before and after
irradiation with 385 nm (Nichia LED’s) for 15 min (the probe was irradiated at 195 K with the NMR
tube immersed in a quartz Dewar with acetone and dry ice outside the NMR spectrometer). Several
spectra were recorded within a period of serveral half-lives (every fifth spectrum is shown in the
graphic below, Figure S16 and Figure S17).

e . 430

M k H " 3870 s

M l M l 3440 s
AN

M N w 3010 s

AN
2580 s
l
e ;Vllt J\A,\MM J‘Jl"\, ,'“tl‘. leu‘iﬂ‘, ) A N 2150 S
1720 s

M N 1290 s
EVAN'S

860 s

i __Jﬂkg_JVLMJAML i MU-’L A
430 s
_MMM{MJUUM_. A~
385 nm
5

s 1 6 [ppr

Figure S16: "H-NMR spectra of oxygen diazocine 2 after irradiation with 385 nm (directly after
irradiation: blue spectrum at the bottom) and at regular time intervals after irradiation at 287 K.
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Figure S17: Aromatic region of the *H-NMR spectra of oxygen diazocine 2 after irradiation with
385 nm (directly after irradiation: blue spectrum at the bottom) and at regular time intervals after
irradiation at 287 K.
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IV.4 Thermal half-life of O-diazocine 2 determined with *"H-NMR spectroscopy

To determine the half-life of compound 2 with *H-NMR spectroscopy the integrals of the cis and trans
isomer were plotted against time. The half-life was calculated with an exponential fit.
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Figure S18: Percentage of cis and trans isomer of compound 2 plotted as a function of time.

Table S2. Exponential fit of the cis and trans signal for the thermal back isomerization to the cis
isomer.

cis

trans

percentage

100

90 4

80

704

60 4

50 4

40

30

= cis

!-_—.-

T T T T T J
0 1000 2000 3000 4000 5000
time /s

exponential fit

40 4

30 -

percentage

204

= trans
exponential fit

T T T T
0 1000 2000 3000 4000

time/s

J
5000

k =9.45+0.09 *10™ mol/s

k = 9.45+0.09 *10™* mol/s

ty,=733126 s =12.2+0.1 min

ty,=73346 s =12.240.1 min
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1.5 Determination of the photostationary state of sulfur diazocine 3

'H NMR spectra of compound 3 were measured in deuterated acetone at 300 K before and after
irradiation with 405 nm for 15 min. It could be shown, that the sulfur diazocine 3 switches to 70 % to

the trans isomer.

after irradiation
at 405 nm

I

pure cis isomer
before irradiation

L N
| 6

8 4 é [ppm]

Figure S19: *NMR spectra of sulfur diazocine 3 before (blue) and after irradiation (red).

after irradiation
at 405 nm

|

g
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Figure S20: Aromatic regions of the "NMR spectra of sulfur diazocine 3 before (blue) and after
irradiation (red).
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Figure S21: Photostationary state of sulfur diazocine 3 after irradiation with 405 nm (trans: 70% and
cis: 30 %).
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1V.6 Kinetic measurements of the thermochemical trans->cis isomerization of sulfur diazocine 3

'H NMR spectra of compound 3 were measured in deuterated acetone at 300 K before and after irradiation with 400 nm for 5 min. Several spectra were recorded
over several half-lives (every fifth spectrum is shown in the graphic below).
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Figure $22: *H-NMR spectra of sulfur diazocine 3 after irradiation with 405 nm (blue spectrum at the bottom) and spectra measured after regular time intervals
at 300 K.
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IV.7 Half-life of sulfur diazocine 3 determined with *"H NMR spectroscopy

To determine the half-life of compound 3 with *H NMR spectroscopy the integrals of two aromatic
signals for both isomers were plotted against time. Half-life was calculated with exponential fit.
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Figure S23: Percentage of cis and trans isomer of compound 3 plotted against time.

Table S3. Exponential fit of the cis and trans signal for the thermal back isomerization to the cis
isomer.

cis trans

k = 1.37+0.048 *10™ mol/min k = 1.3610.054 *10™ mol/min

ti/, = 5050+161 min = 84+2.6 h t1/2 = 5093+190 min = 85+3.18 h
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V. UV/vis switching experiment
V.1  UV/Vis measurements of oxygen diazocine 2

A solution of oxygen diazocine 2 in THF was irradiated with 385 nm for 5 minutes and UV/vis spectra
were recorded every two minutes at constant temperatures. The absorption maxima were plotted
against time and the reaction time constants were determined.

V.1.1 Temperature T =262 K

O-Diazocin, THF, -11 °C

0.0

T T
400 500 600 700
wavelength / nm

Figure S24: UV/Vis spectra of oxygen diazocine 2 after irradiation with 385 nm at 262 K.

Table S4. Exponential fit of the cis and trans signal for the thermal back isomerization at 262 K

absorption at 389 nm absorption at 523 nm

0.55 4 ® A (398 nm)

—fit 0.7
0.50 f#........
0.6

0.45 4

054

A (398 nm)
A (523 nm)

0.35 4

e,

0.30 4 0.3 '-.......
0.25 4 0.2 T T T T T
; b P pA ps A
time/ min [-11 °C]
k =2.39+0.03 *10™ mol/s k = 2.24+0.03 *10™* mol/s
ty, = 2902442 s = 48.3+0.7 min ty/, = 3096442 s = 51.6+0.7 min
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Figure S25: UV/Vis spectra of oxygen diazocine 2 after irradiation with 385 nm at 273 K.

Table S5. Exponential fit of the cis and trans signal for the thermal back isomerization at 273 K.

absorption at 389 nm

absorption at 523 nm

A (398 nm)

0.70 4

0.65 4

0.60 4

0.55 4

0.50 4

0.45 4

0.40 4

0.35 4

0.30 4

= A (389 nm)

—fit =
,.Il'“'

T T T T T
20 30 40 50 60
time / min [0 °C]

o
24

A (523 nm)

0.6 4

0.5+

0.4 4

0.3+

0.2+

0.14

0.0

m A (523 nm)
—fit

Sag
S Eengy

T T T T T T T
0 10 20 30 40 50 60
time / min [0 °C]

k =9.07+0.04 *10™* mol/s

k =9.02+0.07 *10™* mol/s

ty, = 76414 s =12.7+0.06 min

ti1, = 76917 s = 12.840.12 min
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V1.3 Temperature T =277 K

O-Diazocin, THF, 4 °C ——385m

T T T j ) ' !
400 500 600 700
wavelength / nm [4 °C, THF]

Figure S26: UV/Vis spectra of oxygen diazocine 2 after irradiation with 385 nm at 277 K.

Table S6. Exponential fit of the cis and trans signal for the thermal back isomerization at 277 K.

absorption at 389 nm absorption at 523 nm

= A (389 nm)
—fit
= A(523

o4

@

3
!

A (398 nm)
°
&

A (523 nm)
o
2

-5 0 5 10 15 20 25 30 35 40
time / min [4 °C, THF]

r r r r r r r r r
-5 0 5 10 15 20 25 30 35 40
time / min [4 °C, THF]

k = 1.42+0.008*10° mol/s k = 1.42+0.01 *10° mol/s

t, =489+4 s = 8.15+0.06 min t12, =49016 s = 8.16+0.1 min
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V14 Temperature T =282 K

0.8 O-Diazocin, THF, 9 °C —2min

I T I T I T I
400 500 600 700
wavelength / nm [9 °C, THF]

Figure S27: UV/Vis spectra of oxygen diazocine 2 after irradiation with 385 nm at 282 K.

Table S7. Exponential fit of the cis and trans signal for the thermal back isomerization at 282 K.

absorption at 389 nm absorption at 523 nm
0.70 4 0-Diazocin, THF, 9 °C 06 O-Diazocin, 9 °C, THF ; 21(523 nm)
0.65 - - e ] []
060 = 051 \
0.55 4 0.4
E 0.50 o ’E\
3 Q 034
© 0454 ©
< <
0.40 4 j 0.2 4
03 // 014
0304 . \l'""i+.+l—n—ra
5 0 5 10 15 20 25 30 35 40 T T T T T T e e e .
time /min [9 °C, THF] time / min [9 °C, THF]
k = 2.42+0.009 *10° mol/s k = 2.42+0.009 *10° mol/s
ti, = 28742 s =4.78+0.03 min ty, = 28612 s=4.77+0.03 min
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V1.5 Experimental determination of activation energy of the oxygen diazocine 2

To determine the activation energy of the switching process the logarithm of the rate constants were
plotted as a function of 1/T.

Table S8. Arrhenius plots to determine the activation energy of the thermal back isomerization of the
oxygen diazocine 2.

A =398 nm

A=523nm

In(k)

-6.0

-6.5

-7.0

<754

-8.0 4

-8.5

activation energy (A=398 nm) u In(k)
— linear fit

E, = b*R =71.218 kd/mol = 17.014 kcal/mol

T T T T T T 1
0.00350 0.00355 0.00360 0.00365 0.00370 0.00375 0.00380 0.00385

T (K-1)

activation energy (A = 523 nm) u In(k)
— linear fit

E, = 73.378 kJ/mol = 17.530 kcal/mol

T T T T T T 1
0.00350 0.00355 0.00360 0.00365 0.00370 0.00375 0.00380 0.00385
1T (K-1)

Ea=71.2+0.49 kJ/mol=17.01+0.11 kcal/mol

Ea=73.4+£1.01 =17.53+0.24 kcal/mol
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V.2 UV/Vis measurements of sulfur diazocine 3

Heterodiazocines

A solution of sulfur diazocine 3 in THF was irradiated with 405 nm for 5 minutes at 293 K and UV/vis
spectra were recorded every hour. The absorption maxima were plotted against time and the reaction

time constants were determined.
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Figure S28: UV/Vis spectra of oxygen diazocine 2 after irradiation with 405 nm at 293 K.

Lellmann, E.; Mayer, N. Chem. Ber. 1892, 25, 3583-3586.
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V1.1 Short explanation of the movie

The movie is shown in real-time (no time-lapse!) The first part of the movie demonstrates that blue
(385 nm) and green (530 nm) light don’t penetrate the human skin while blood supported tissue is
transparent to red light. Then the yellow cis isomer of the oxygen diazocine 2 is irradiated with
385 nm (LED light source) demonstrating the very rapid formation of the red trans isomer. By
irradiation with green light (LED light source) the diazocine 2 isomerizes back to the yellow cis
isomer within less than a second. The diazocine is switched a second time to the red trans isomer, to
show the back isomerization to the cis configuration with red light.
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6 Conclusion

The most common approach to functionalize Au(111) surfaces uses alkane thiols to form densely
packed, covalently bound self-assembled monolayers (SAMs) on metal surfaces.[”>74 Due to
the tight packing of these SAMs, functional molecules attached to the alkane chains stand nearly
perpendicular to the surface.[’8! Concomitantly, this is a great disadvantage of the strategy as for
sterically demanding reactions (e.g. cis — trans isomerization) the space between the functional
units is not sufficient. /7331 A more sophisticated approach to realize highly ordered functionalized
Au(111) surfaces is the platform concept that was developed by HERGES et al. in 2009. 831 It is
based on triazatriangulenium (TATA) platforms that which form highly ordered hexagonal SAMs on
Au(111), concomitantly providing sufficient free volume for a number of functionalities. The large
planar cations offer the possibility of vertical functionalization by reaction of the cationic center
with a nucleophile.®* The advantage of this concept exists in the inherent orthogonal orientation
of the functional molecules with respect to the surface. 194! Therefore, sufficient space between the
functional units is ensured and isomerization of azobenzene moieties is possible. 103

In this work three photoswitches were successfully developed as new functional units within the
TATA platform concept. All three photoswitchable molecules perform different types of motion
during the isomerization process. Both lateral shift and vertical stroke could be realized as motion
on a molecular level. Thus, the fundemental work for the design and further development of the
TATA platform concept towards molecular machines was achieved.

The first part of this work lays the groundwork for lateral movement of molecules on a Au(111)
surface. To this end, two platform units were connected by an azobenzene moiety. This azobezene
unit undergoes a conformational change if it is irradiated with 365 nm, which leads to a contraction

of the whole molecule. Consequently, molecules of this type were coined molecular muscle.

18.9 A
/ trans

Figure 6.1: Scheme of the functional principle of the molecular muscle: by switching the azoben-
zene moiety the distance of the centers of the TATA platforms is shortened leading
to a lateral movement above the surface. [109]
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Conclusion

As TATA platforms bind only by London dispersion forces to Au(111) surfaces the sliding on
the surface should have almost no barrier.!3”! The design of these molecules was supported by
density functional theory (DFT) calculations and the parameters were chosen in such a way that
both platform units are able to bind to the metal surface in both configurations. Secondly, to prevent
quenching of the photoisomerization by the gold surface, %! the azobenzene unit needs to be
located sufficiently far above the surface (Figure 6.1). Therefore, phenylacetylene was introduced
as a vertical spacer unit between the platform and the azobenzene moiety. The synthesis of the
best candidates followed a convergent synthetic route, whereby the azobenzene moiety and the
TATA platforms were prepared separately and combined in the last step. Investigations of the
photophysical properties in solution showed the high potential of the molecular muscles as they
could be switched efficiently (95 %) to the metastable cis configuration. The trans isomers could
be obtained again thermally or by irradiation with 440 nm. Switching the molecules between both
configurations for several cycles proved the high photochemical stability as no sign of fatigue was
observed. %]

The concept of the molecular muscle enables the molecules to perform a lateral contraction and
relaxation of the platform moieties. The second part of this theses focuses on the realization of
a transport system for nanoparticles above a functionalized surface. Therefore, a new strategy
had to be developed. It is inspired by the ciliated epithelium that transports mucous liquid and
particles out of the human respiratory tract by performing a unidirectional stroke movement, [117-119]
This movement consists of two separate parts; initially the progressive stroke is performed with
a stretched conformation of the cilium followed by the regressive stroke in a bent shape.[!291 A
similar motion can be realized at the molecular level by an imine—functionalized TATA platform

monolayer (Figure 6.2).

schematic depiction of imine functionalized
the movement of a cilia TATA platform (cist+trans)

transformation
to a molecular

\ level tQN

5

K‘KZ:"‘Q\
s Au(111)/

. ¥
progressive stroke progressive stroke
-— regressive stroke frans - cis: regressive stroke

Figure 6.2: Cilia perform a unidirectional movement by adopting different shapes while performing
the power stroke and the recovery motion.[*21l It was the goal of this work to realize
this transport system at the molecular level using imine-functionalized TATA platform
monolayers on Au(111) as an artificial ciliated epithelium. [1??]



Conclusion

By irradiation with UV light the imines undergo a trans — cis isomerization via a rotation mecha-
nism, which mimics the regressive stroke. The following thermal back isomerization to the trans
configuration occurs by inversion and, therefore, resembles the progressive stroke. 2134 While
using polarized light for the trans — cis isomerization, only the molecules with their dipole moment
parallel to the incident light beam are switched. Thus, the stroke movement should lead to a net
displacement of particles lying on top of the artificial epithelium.

To validate the above assumption six imine—functionalized TATA platforms were synthesized. The
syntheses of the imines were achieved by condensation reaction of the corresponding benzaldehyde
with the aniline derivative. The obtained imines were connected to the TATA platforms and the
photochemical properties were investigated in solution. Experiments had to be performed at low
temperatures (215-233 K) as the cis configurations are rapidly isomerizing back to the trans forms
at room temperature (t; , = 0.58 s). At low temperatures the cis configurations could be obtained
with a yield of 50 % ('H NMR). Rate constants for the thermal cis — trans isomerization were
determined for different temperatures with UV/vis spectroscopy and extrapolated to room tempera-
ture. Scanning tunneling microscopy (STM) investigations show that the imine TATA platforms
form highly ordered hexagonal monolayers on Au(111) surfaces with a /19 x /19 superstructure.
Investigations of these monolayers with UV/vis spectroscopy indicated the integrity of the molecules
on the Au(111) surface as the spectra in solution and on surface were nearly identical.[!2?]

The efficiency of the stroke movement could be enhanced if the high flexibility within the molecules
is constrained. This can be accomplished by bridging the two phenyl rings with an ethyl unit,
whereby free rotation is prevented. These diazocines exhibit excellent photochemical properties,
such as high conversion to the corresponding isomer, high quantum yields and photostability. [4°]
Therefore, diazocines were developed for the functionalization of TATA platforms. Although the
desired molecules have been synthesized and showed the anticipated photochemical properties,
the difficult preparation hampered applications so far.[?! The ring closure reactions forming the
diazocine azo group are hardly reproducible, difficult to scale up, and low yielding. [7-9%:114-116] T
simplify the synthetic procedure new bridging units were developed within this thesis. Towards this
end, one of the methylene groups in the bridging unit was replaced by an oxygen or sulfur atom,
respectively (Figure 6.3).

a) b)

& 400 nm_ X b

i > N\\/@ -
500-660 nm N i

X=0/S X=8 0

Figure 6.3: a) The metastable, red trans isomer can be obtained by irradiation with 400 nm,
the back-isomerization to the yellow cis configuration is achieved with 500-660 nm,
b) The UV /vis spectra of the cis and of the trans isomer reveal the well separated
n7t* bands.

X=0
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Conclusion

The syntheses of the dinitro precursors were achieved by reaction of the (thio)phenol with the
corresponding benzyl bromide in a WILLIAMSON ether synthesis in good yields. The reaction
time of the ring closure was drastically reduced using sonication with lead as a reducing agent.
The azoxy compounds which are formed in the process were reduced to the diazocines using
triphenylphosphine/MoO,Cl, for the O—diazocine and Pb/ball mill for the S—diazocine. The overall
yields for the ring closure are approximately 30 %. The oxygen as well as the sulfur diazocine
exhibit improved photophysical properties compared to the parent system. Similar to the parent
diazocine the cis configurations represent the thermodynamically more stable forms, with absorption
bands at 400 nm (n7t* excitations). After irradiation with blue light the absorption bands of the trans
1somers are strongly shifted bathochromically with maxima at 525 nm. The n7t* bands are broad
and extend up to 700 nm. Hence, the back isomerizations to the cis configuration can be performed
with green (530 nm) and red (660 nm) light. Therefore, these heterodiazocines represent ideal
candidates for the application in photopharmacology as blood supported tissue is transparent in the
near infrared region (650-950 nm). Although the switching wavelengths are nearly identical, both
trans diazocines exhibit tremendous differences in their half-lives. Whereas the trans configuration
of the oxygen diazocine has a short half-life of 89 s (20 °C, acetone), the sulfur diazocine has a
distinctly higher thermal stability (t;, = 85 h, 27 °C, acetone), compared to the parent system
(t;;2 =4.5h, 28.5 °C, n-hexane). Both diazocines can be switched several times, without noticeable
fatigue or decay.



7 Prospect

This thesis lays the groundwork to further develop the TATA platform concept to realize a unidi-
rectional movement and transport on the surface. As a next step towards this goal the presented
compounds have to be investigated by scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) to gain further insight into their properties after deposition onto a surface. This
is a crucial step for their future application as molecular machines.

The molecular muscle is capable of a light-induced reversible contraction. Consequently, irradia-
tion results in a non-directional motion. The molecule can be enhanced towards a unidirectional
movement on the surface by incorporation of a chiral photoswitchable unit. The great advantage of
these molecules is the intrinsic unidirectional movement within the switching process. 1231261 A
well known example for the realization of a directed motion is the so-called molecular car that was
introduced by FERINGA et al..!"?’] The directed locomotion of the molecular car that is induced by
inelastic electronic tunneling using a STM tip was demonstrated on a Cu(111) surface. Concomi-
tantly, with a STM tip only a single molecule could be addressed at the same time. Contrary to
this, light is a promising external stimulus to address a large number of molecules simultaneously.
However, there is no example of a light-induced unidirectional transport on a surface to date.

One approach towards this goal is the replacement of the azobenzene moiety by a chiral imine.
LEHN suggested that this class of photoswitches is a promising candidate to be employed as a
molecular motor since the light-induced trans — cis isomerization can only occur in one direc-
tion.!*] For one thing imines possess two isomerization pathways for forward and back reaction
(rotation and inversion), and for another the rotation of the light-induced trans — cis isomerization
could only occur in one direction while a chiral center is located next to the switching unit. A
molecular motor that is based on this concept could already be realized but only works in solution
and not on surfaces. *® Thus, the replacement of the azobenzene unit of the molecular muscle by
the Lehn Motor may facilitate a light-induced unidirectional movement. The resulting so-called

molecular caterpillar is depicted in Figure 7.1.
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Molecular Muscle Lehn Motor

o O

N—R
R\ N’R
Q R=(CH,),CH3 R
Q : =(CH,);,CH3
R

Molecular Caterpillar

Figure 7.1: Implementation of a LEHN motor analogue[*®! into the molecular muscle framework
results in a molecular caterpillar that facilitates a unidirectional motion on the
Au(111).

Furthermore, this chiral switching units are potential candidates to facilitate a directed transport
on a surface based on the TATA platform concept. The switching process of the artifical ciliated
epithelium that was presented in this thesis is already unidirectional. However, the rotation that is
performed during the isomerization process may occur clockwise or counterclockwise. This can be
circumvented by the implementation of a chiral center into the switching unit (e.g. indanediazocine
or the lehn motor). Consequently, irradiation with polarized light induces an aligned rotation of all

molecules. Thus, the stroke motion is more efficient and the transport velocity increases.

Au(111) s

Figure 7.2: Implementation of a chiral center into the imine epithelium results in a strongly
enhanced transport rate as all molecules perform an aligned rotation/inversion
mechanism.

126



Prospect

The superior photochemical properties of the heterodiazocines that were presented in the last part
of the thesis open up a great variety of new possible applications. The developed synthetic route
permits an easier access to unsymmetric diazocines. Consequently, the artificial ciliated epithelium
designed by TELLKAMP are now available in larger yields and less effortful syntheses. Thus, future
works focus on the syntheses of an indanediazocine derivative following the synthetic approach that

was developed in this thesis to obtain an chiral and rigid photoswitch in high yields (Figure 7.3).

indane diazocine

azobenzene diazocine O O ' heterob_ridgeq
N=N indane diazocine

Mg e IO

N=N diazocine N=N
X=0/S

el

X=0/$

Figure 7.3: Diazocines could be further enhanced by a combination of heterobridge and indane
diazocines to obtain chiral, rigid and easily obtainable photoswitches.

With their outstanding property to switch within the biooptical window heterodiazocines are
predestinated for the application in photopharmaceuticals. This field of pharmacology has become
of great interest in recent years as it provides promising approaches to answer urgent questions about
the mechanisms of action and side effects of pharmaceuticals. Poor drug selectivity is one of the
great challenges in the development of pharmaca as it is the main reason for side effects and dosage
problems. A second drawback of the currently employed pharamaceuticals is the development of
multiple drug resistances. To gain a deeper understanding of how these resistances emerge and how
to avoid them is one of the most investigated issues in pharmacology. Photopharceuticals can be
utilized to provide further insight into this matter since they can be switched repeatedly between an
active and an inactive state and thus, allow the investigation of pharmacological processes by novel
methods. 1281321 The incorporation of a nitrogen atom into the bridging unit results in a promising
candidate for these investigations since the resulting photoswitchable molecules bear a strong
resemblance to tricyclic antidepressants e.g. imipramine and desipramine (Figure 7.4). Additionally,
the corresponding derivatives of this novel diazocine may be employed as model systems to gain
a deeper understanding of the binding mechanism of antidepressants into the neuronal gap.!133]

Furthermore, molecules of this type can be utilized as light-responsive activators for neurons.

7
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Me/NMe,

NHMe = desipramine X
NMe, = imipramine
N
N=N

established developed X=
pharmaceutical photoswitch

clinical study

photoswitchable improved

e/NMe; pharmaceutical | photoswitch

\\\\ i
N olhe

K

Figure 7.4: A photoswitchable antidepressant could eventually be developed by further modifica-
tion of the heterodiazocines. By implementation of a nitrogen atom the photoswitch
already resembles commercially available antidepressants. Combination of both
structures would result in the design of a photopharmaceutical compound (neuro-
transmitter uptake inhibitor).
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