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Kurzdarstellung

Die Inkorporation photoschaltbarer Molekile in biologische oder technische Systeme ist ein
vielversprechender Ansatz zur gezielten Beeinflussung derartiger Prozesse auf molekularer Ebene.
Allerdings sind bisher viele bekannte molekulare Photoschalter aufgrund unzureichender
photochemischer Eigenschaften in ihrer Anwendbarkeit eingeschrankt. Das Diazocin als
Weiterentwicklung des am haufigsten verwendeten molekularen Photoschalters, dem Azobenzol,
weist jedoch aufgrund erhohter Rigiditdt eine hervorragende Schalteffizienz und sehr hohe
Quantenausbeuten auf. Mittlerweile sind viele Methoden zur effektiven Darstellung und
Derivatisierung auch asymmetrisch substituierter Diazocine bekannt, sodass ihr Anwendungsbereich
und ihre Bedeutung bei der Entwicklung neuer lichtgesteuerter Molekiile stetig wachsen. Allerdings
weist das Diazocin in Bezug auf die Unidirektionalitat der Schaltbewegung, die Wellenlange des fiir die
Schaltung verwendeten Lichtes und die Wasserl6slichkeit noch einige Schwachen auf. Durch
systematische = Weiterentwicklung des urspringlichen  Diazocins konnten mit den
Diindanodiazocinen (DIDs) und den N-Acetyl-Diazocinen (N-Ac Diazocin) eine vielversprechende
,Zweite Generation” entwickelt werden, deren weitere Untersuchung und Derivatisierung im Fokus
dieser Arbeit standen.

Durch systematische Eliminierung aller konformationellen und rotatorischen Freiheitsgrade konnten
bei der Entwicklung der DIDs die Quantenausbeuten, sowie die Unidirektionalitdt der Schaltbewegung
enorm verbessert werden. Darlber hinaus entstehen bei der Synthese zwei Diastereomere, von denen
das Racemat chiral ist. Im Rahmen dieser Arbeit konnte das Racemat in seine beiden Enantiomere
aufgetrennt und ihre photochemischen Eigenschaften untersucht werden. Hierbei standen
insbesondere die chiroptischen Schalteigenschaften im Fokus, wobei enorme Unterschiede zwischen
den Z- und E-Konfigurationen beider Enantiomere festgestellt wurden. Zusatzlich konnte durch
Schaltung in die E-Konfiguration mit zirkular polarisiertem Licht das korrespondierende Enantiomer
gezielt in dieser Konfiguration angereichert werden und der Enantiomereniiberschuss bestimmt
werden. Um das DID-System fiir eine weitere Funktionalisierung zuganglich zu machen, wurden
Synthesestrategien fiir die Darstellung di- und tetrahalogenierter DID-Diastereomere entwickelt. Auf
diesem Wege konnten vier neue halogenierte DID-Diastereomere erhalten und im Anschluss
photochemisch charakterisiert werden.

Im Gegensatz zum urspriinglichen Diazocin ist das N-Ac Diazocin intrinsisch wasserldslich und die fir
die Schaltung adressierten n-m*-Absorptionsbanden sind stark bathochrom verschoben, sodass sie fir
einen Einsatz als Photopharmakophor in der wassrigen Umgebung biologischer Systeme pradestiniert
sind. Unter Verwendung unterschiedlicher Varianten Ubergangsmetall-katalysierter Kreuzkupplungen
konnten ausgehend von den bereits bekannten monohalogenierten N-Ac Diazocinen zwolf neue
Derivate synthetisiert und sowohl in organischen Lésungsmitteln als auch in wassriger Umgebung
photochemisch charakterisiert werden. Im Rahmen einer Kooperation konnte fiir einige Derivate eine
starke Inhibierung des die Testosteronbildung-katalysierenden, kérpereigenen 17BHSD3-Enzyms
festgestellt werden. Ein fir den Einsatz in der Photopharmakologie notwendiger Wirkunterschied
zwischen den Z- und E-Konfigurationen der Derivate konnte jedoch nicht beobachtet werden.
Flr eine Einbettung in groRere und komplexere Systeme ist die beidseitige Funktionalisierung der
N-Ac Diazocine notwendig. Als Ausgangspunkt hierfiir konnte ein beidseitig bromiertes N-Ac Diazocin-
Derivat synthetisiert und photochemisch charakterisiert werden. Aufgrund der sehr niedrigen
Ausbeuten wurden verschiedene neue Synthesestrategien entwickelt und zundchst mit der Synthese
des unsubstituierten N-Ac Diazocins getestet. Mit den vielversprechendsten Strategien wurden
ebenfalls Versuche zur Darstellung beidseitig substituierter N-Ac Diazocin-Derivate unternommen, die
jedoch allesamt nicht zum Zielmolekl fihrten.






Abstract

The incorporation of photoswitchable molecules into biological or technical systems is a promising
approach for the selective control of such processes at the molecular level. However, many known
molecular photoswitches are limited in their applicability due to insufficient photochemical properties.
Due to its increased rigidity, diazocine, a further development of the most frequently used molecular
photoswitch, azobenzene, exhibits excellent switching efficiency and very high quantum yields. Many
methods for the effective synthesis and derivatization are known to date, so that their range of
application and importance in the development of new light-controlled molecules is constantly
growing. However, the initial diazocine still has some weaknesses with regard to the unidirectionality
of the switching movement, the wavelength of the light used for switching and its solubility in water.
By systematic improvement of the original diazocine, a promising “second generation” was developed
with the diindanodiazocines (DIDs) and the N-acetyl diazocines (N-Ac diazocines), whose further
investigation and derivatization were the focus of this work.

By systematically eliminating all conformational and rotational degrees of freedom, the quantum yields
and the unidirectionality of the switching motion were improved enormously during the development
of the DIDs. In addition, two diastereomers are formed during the synthesis, of which the racemate is
chiral. In the course of this work, the racemate was separated into its two enantiomers and their
photochemical properties were investigated. The focus here was particularly on the chiroptical
switching properties, whereby enormous differences between the Z- and E-configurations of both
enantiomers were observed. In addition, by switching to the E-configuration with circular polarized
light, the corresponding enantiomer could be specifically enriched in this configuration and the
enantiomeric excess could be determined. In order to make the DID-system accessible for further
functionalization, synthesis strategies for the preparation of di- and tetrahalogenated
DID-diastereomers were developed. This allowed four new halogenated DID diastereomers to be
obtained and subsequently characterized photochemically.

In contrast to the original diazocine, the N-Ac diazocine is intrinsically water-soluble and the
nmn*-absorptionbands addressed for switching are strongly bathochromically shifted. These properties
make the N-Ac diazocines perfectly suitable for use as a photopharmacophore in the aqueous
environment of biological systems. Using different variants of transition metal-catalyzed cross-
couplings, twelve new derivatives were synthesized from the already known monohalogenated
N-Ac diazocines. The new derivatives have been photochemically characterized both in organic
solvents and in an aqueous environment. As part of a collaboration, a strong inhibition of the
endogenous 17BHSD3 enzyme catalyzing testosterone formation was observed for some derivatives.
However, a difference in efficacy between the Z- and E-configurations of the derivatives which would
be necessary for use in photopharmacology could not be observed. For embedding in larger and more
complex systems, the two-sided functionalization of the N-Ac diazocines is necessary. As a starting
point, a two-side brominated N-Ac diazocine derivative was synthesized and photochemically
characterized. As a result of the very low yields for the synthesis of two-side brominated
N-Ac diazocine, various new synthesis strategies were developed and initially tested with the synthesis
of the unsubstituted N-Ac diazocine. Using the most promising strategies, attempts were also made to
synthesize N-Ac diazocine derivatives substituted on both sides, but none of these led to the target
molecule.
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1. Introduction

1. Introduction

Molecular switches play a key role in biology as a part of complex processes such as ion and proton
transport or vision.'3! The process of switching generally takes place between at least two different
states of a multistable system following the principle of bistability as a response to an external stimulus.
Often the switching process results in a change of the molecules properties.*”! In contrast to a
molecular motor, where the work performed upon stimulation drives a system as a function of
trajectory, the work performed by a molecular switch affects a system as a function of the state of the
switch itself. As a consequence, the work performed by the switch is reset to net zero after being
switched back to its ground state.’® |ncorporated into more complex molecules or molecular
assemblies, molecular switches are able to perform specific tasks in response to an external stimulus
as part of a molecular machine.[®

The photon-absorbing co-factor retinal is one of the best studied natural molecular switches. With the
group of retinal-carrying retinylidene proteins, it performs a multitude of biological functions, though
it is especially known for its role in mammalian eyesight.!>*%*? In the process of vision retinal undergoes
a very fast and high yielding Z- to E-isomerization upon irradiation with light when bound to the
protein rhodopsin (scheme 1.1). This leads to the coupling of rhodopsin with G protein transducin
followed by the activation of visual phototransduction.**
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Scheme 1.1: Overview of the retinoid (visual) cycle including Z- to E-photoisomerization of retinal bound to the protein
rhodopsin (blue box) leading to the signal transduction induced by G protein activation.[!214] Afterwards regeneration of
retinal takes place in both the photoreceptor and the retinal pigment epithelium mediated by various enzymes (red).[14



1. Introduction

Eyesight is one of many examples of light in the visible region of the electromagnetic spectrum
regulating biological processes.'® These have inspired many researchers for development of
numerous artificial photosensitive systems among them low bandgap polymers for photovoltaic
cells,'*® photochemical synthesis*” or photopharmacology.**?! These systems exploit the properties
of light as an external stimulus for molecular switches: it allows precise control over intensity,
wavelength and polarization while also affording spatiotemporal and traceless application.!1%21-23!

1.1 Artificial Photoswitches

Just like their naturally occurring counterparts, artificial photoswitches undergo a reversible change in
their molecular properties such as molecular geometry, rigidity, dielectric constant or refractive
index.? By incorporation of artificial photoswitches into molecular systems or materials these
changes on the molecular level can be used to reversibly affect and control targeted macroscopic
properties.?4

For the development and application of artificial photoswitches it is worth taking a look at their current
or considered photochemical parameters: addressability, switching efficiency, thermal stability and
reliability. The addressability describes the wavelength used for targeting the photoswitch and is
defined by the absorption maxima (Amax) and the separation of the absorption bands of the stable and
the metastable form of the photoswitch.?®! Moreover, the band separation has an immense influence
on the switching efficiency which is quantified by the photostationary state (PSS) (I'). The PSS
characterizes the maximum percentage accumulation of each isomer after irradiation and depends on
the irradiation wavelength and quantum yield (®).12>%! Thermal stability is quantified by the thermal
half-life (t; /;) of thermal back isomerization at constant temperature. The reliability of a photoswitch
is based on the fatigue resistance which describes the amount of decomposition or side reactions
taking place in competition with the photoisomerization over numerous switching cycles.!?
Artificial photoswitches are classified by the type of their light-induced isomerization reaction. Possible
reactions are for example: bond dissociation, hydrogen transfer, cycloaddition, electrocyclization or
E/Z-isomerization, with the last two categories mentioned being the most frequent (scheme 1.2).1%!
Although most of the above photoswitches are still subject of current research they have successfully
found their way into application. However, the most frequently used artificial molecular photoswitches
are by far the azobenzene-based photoswitches, which are structurally similar to the stilbene. 26?7
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1.2 Azobenzene-based Photoswitches

The core structure of initial azobenzene photoswitch consists of two phenyl rings connected via a
diazene bridge, the so-called azo group. In its thermodynamically stable E-configuration, azobenzene
exhibits a nearly planar structure with a barely existing dipole moment.?®! Upon irradiation with UV
light (A = 300-350 nm), the molecule undergoes a drastic structural change towards the metastable
Z-configuration.?® Here, the planes of the phenyl rings intersect with an angle of 56 ° due to a rotation
of the phenyl rings around the C-N=N-C-dihedral angle. This is caused by both the reduction of distance
between the para-carbon atoms from 9.0 A to 5.5 A and steric repulsion occurring after E- to
Z-photoisomerization. This twisted structure leads to an increased dipole moment of p = 3 D.13031
Back-isomerization can be achieved either by irradiation with blue light (4 = 430-480 nm) or by thermal
relaxation (scheme 1.3).1°

365 nm N=N
N~ —_—
M T ©
440 nm, A
-
55A
E-azobenzene Z-azobenzene

Scheme 1.3: The thermodynamically stable E-azobenzene can be converted into the metastable Z-configuration by
irradiation with UV light. Back-isomerization can be achieved either by irradiation with blue light or thermally.

The E-configuration exhibits an intense m-m*-transition at A =314 nm and a n-m*-transition in the
visible range at A =435 nm.B? Due to the symmetry prohibition the n-m*-transition shows a low
intensity, so E-azobenzene is usually irradiated with UV light for photoisomerization.*” In contrast to
this, the n-m*-transition of Z-azobenzene at A = 440 nm is not forbidden for symmetrical reasons and
thus, much more intense. Also, Z-azobenzene shows two T-mt*-absorption bands at 4 =280 nm and
A =240 nm.?% Because of this overlap in the absorption bands of both E- and Z-azobenzene, light-
induced photoisomerization leads to PSS values of Iz, (317 nm)=90% or I';_g (440 nm)=79%
without a complete formation of either configuration being possible.l?>32 Both transitions exhibit
quantum vyields of ®;_,=0.14 and ®,_; =0.47.5% However, they vary and show a strong
dependency from solvent and temperature.l®>3° Besides these relatively poor quantum vyields
azobenzene has many conformational degrees of freedom and therefore, exhibits a high flexibility.
Thus, a switching process of azobenzene does not include directional movement. 442!

However, the lack of directional motion and the insufficient switching properties are compensated by
a short synthesis path and good accessibility for derivatization since a wide range of synthesis
procedures with a high tolerance for various functional groups are known in current
literature (scheme 1.4).134% The resulting wide range of derivatives enables a multitude of possible
applications for example in photopharmacology,*®2°! material sciencel**! or energy->>*"! and data
storage systems. %8
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Scheme 1.4: Examples of the most frequently used reaction types for azobenzene synthesis: a) Initial azo-coupling reaction
of an electron poor diazonium salt generated from an aniline which contains electron withdrawing substituents (EWG) and
an arene which contains an electron donating substituent (EDG).[3441 A more recent procedure describes the reaction of
diazonium salts with metal-containing aromatic precursors.#9 b) Baver-MiLLs-reaction of electron poor anilines after oxidation
to the corresponding nitroso compound, with an electron rich aniline.[#344] ¢) Oxidation of anilines to the corresponding azo-
bridged dimer.[43:44.50]

1.3 Modification of Azobenzenes

Several approaches for the improvement of photoswitching behavior are known in current literature,
mainly targeting a significant bathochromic shift of absorption bands via reduction of the
HOMO-LUMO energy difference. This, however, also affects the remaining switching parameters
consequently.™ By substitution with either electron donating (-OMe, -NR)!*>°%53! or electron
withdrawing groups (-F, -Cl, -Br, -NQ,)!*>°0525453] 3 sjgnificant bathochromic shift of n-m*-transitions
can be achieved with accompanying extension of the thermal half-life. A combination of electron
donating and withdrawing substituents (“push-pull”’-system) results in a significant bathochromic shift
of m-m*-absorption bands while the n-m*-transitions are almost unaffected resulting in a higher overlap
of absorption bands, though at the same time it causes an extremely shortened thermal half-life.!*>5%>
The same effect applies for the extension of -systems leading to significant bathochromically shifted
-1 -transition.’® Also, the extension of m-systems is accompanied by accelerated thermal
relaxation. >
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In a different approach the photoswitching properties of azobenzene can be affected by either
substitution of at least one benzene ring by five- or six-membered heteroarenes (azoheteroarenes) or
by induction of geometric tension®*”! and reduction of degrees of conformational
freedom (diazocines, see chapter 1.4).4? This so-called second generation of azobenzene-based
photoswitches allows enhanced functionality compared to the initial azobenzene.®

Since a large number of heteroaromatics is known, a wide range of heteroaromatic azo photoswitches
is accessible and therefore, a broader structural diversity combined with very different spectral
properties is emerging. However, heteroarenes primarily containing nitrogen, or heteroarenes
containing a different heteroatom (S, O) in addition to one nitrogen are most frequently
used (scheme 1.5).°! Compared to azobenzene, the introduction of heteroarenes leads to shifted
transitions and therefore, to highly separated absorption bands, whereby different absorption bands
are addressed depending on the used heteroarene. However, this allows good to nearly quantitative
photoswitching in both directions. Moreover, superior quantum yields and extended half-lives
compared to azobenzenes can be achieved easily.[*%%%
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Scheme 1.5: Chemical structures of arylazopyrazole (top) and mixed heteroarene azo photoswitch containing a benzimidazole
and a pyrazole moiety (bottom). Heteroarenes lead to shifted transitions and higher absorption band separation resulting in
improved photochemical properties compared to parent azobenzene.

As an advantage of the use of five-membered heterocycles in Z-configuration, a new conformation is
accessible that cannot be reached if six-membered aromatic rings are used. This conformation can be
tuned sterically by substitution at the five-membered heterocycle with a drastic effect on the
photochemical properties.®2 Furthermore, a higher water solubility and a high stability against
glutathione are very good prerequisites for use in the field of photopharmacology.?®

1.4 Diazocines

The ortho-ethylene bridging of azobenzene is another possible way to alter its photochemical
properties by the introduction of geometric tension and reduction of degrees of conformational
freedom.*>#2571 The synthesis and structure of such a bridged azobenzene, also called diazocine, was
already been published by DuvAL®¥ in 1910, while its photochemical characterization only followed in
2009 in a publication by HERGES and Temps et al.®”! The additional ethylene bridge results in the
formation of a strained eight-membered cycle in the center of the diazocine framework whose
thermodynamically most favorable structure is the boat-conformation. This results in a Z-configuration
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for the C-N=N-C bond, although usually E-configurations are preferred for azo compounds. This
indicates an inverse thermodynamic stability of the diazocines’ E- and Z-configurations with respect
to azobenzene and azoheteroarenes (scheme 1.6). However, density-functional theory (DFT)
calculations revealed two possible E-conformations, with the E-twist-configuration being more
thermodynamically favorable than the E-chair-conformation.[>7:6465]

6.3 A - 85A
385 nm
’ N=N ‘ —. 0 S
520 nm, A N

Z-diazocine E-diazocine

Scheme 1.6: Photoswitching of parent diazocine starting from thermodynamically stable Z-configuration with violet light to
the metastable E-twist-configuration. Complete back isomerization can be achieved either with green light or thermal
relaxation.

Due to geometric tension the n-m*-transitions are significantly shifted compared to azobenzene. The
n-m*-transition of the Z-configuration undergoes a hypsochromic shift to A =404 nm while
E-n-m*-transition is bathochromically shifted to A =490 nm, resulting in a high separation of
absorption bands in the visible range of the electromagnetic spectrum.>” Therefore, parent diazocine
exhibits exceptionally high PSS values of [';_,z (385 nm) = 92% for Z- to E- and [';_,; (530 nm) = >99%
for E- to Z-photoisomerization.P”! Furthermore, the rigidity introduced by the ethylene bridge allows
a more defined and directional motion induced upon photoisomerization as the free rotation of the
phenyl rings is prevented. This results in extraordinarily high quantum yields of ®,_- =0.72 and
®r_,, =0.90.57 These superior photochemical properties indicate that diazocines are promising
candidates for application as molecular switches. Accordingly, diazocines have already been
implemented in photoresponsive materials,'®®, surface functionalization'®” or in biological applications
such as photopharmacology.!®74

1.4.1 Synthesis of Diazocines

While the preparation of diazocines was initially associated with low reproducibility, low yields and low
tolerance to functional groups, a number of methods have been developed in recent years that have
largely overcome these problems, with the methods of MooRMANN et al.l’®! (reductive coupling),
MAIER et al.l’® (oxidative coupling) and Li et al.’”! (C-N-cascade-coupling) appearing to be the most
promising as these methods are used in most publications on diazocine synthesis (scheme 1.7). There
are other methods, including electrochemical cyclization,”® BAYER-MiLLs-reaction!® or metal-catalyzed
deoxygenation,!®7%#1 but these methods either resulted in insufficient yields, low reproducibility or
an increased occurrence of overoxidation to the corresponding azoxy-compound. However, all of the
above-mentioned synthesis procedures have in common that the phenyl rings are linked via the
ethylene bridge in the first step followed by the formation of the azo group closing the eight membered
cycle as second step.

The formation of the ethylene linkage itself already represents a crucial step as it is a limiting factor for
the range of accessible substituents. The initial procedure via oxidative dimerization of
o-nitrotoluenes (scheme 1.7) developed by CHAUDHARI et al.’®? and improved by MOORMANN et al.l’"!
provides very good yields for symmetrical target molecules, but is not very suitable for asymmetric
target compounds. These are only accessible with low yields due to the low selectivity of the reaction
giving a statistical distribution of different products if two different starting molecules are to be
combined.®® Furthermore, the oxidative dimerization reaction is causing problems for sensitive
functional groups since a strong base and an oxidizing agent are required for successful coupling. A
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well thought-out protecting group strategy or easily feasible late stage modification not affecting the
azo group is therefore essential.[%72%3]

The reductive dimerization developed by Li et al.””! requires neither strong bases nor oxidizing agents
and instead uses organolithium compounds, so that even in this case sensitive the introduction of
functional groups is only accessible via protecting groups or late-stage modification. In addition,
asymmetrically substituted diazocines have not yet been synthesized via this method.l’”!

Using either a WITTIG-reaction according to LANGBEHN et al.[®¥ and SAMANTA et al.®® or a SONOGASHIRA-
coupling according to MAIER et al.l’®!, dimerizations are feasible under significantly milder conditions.
These methods also allow a selective preparation of asymmetric diazocine precursors.®*#! However,
the preparation of the starting molecules is more difficult and functional groups must be resistant to
reduction. Moreover, the double or triple bonds formed during the reaction still have to be reduced to

the ethylene bridge.®#”!
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Scheme 1.7: Overview of the most common synthesis strategies for the formation of the diazocine framework: a) Oxidative
azo condensation of dianiline precursors obtained by reduction of dinitro compounds which in turn can be prepared via
WiTTIG-reaction, SONOGASHIRA-coupling or oxidative dimerization. b) Reductive azo condensation of dinitro precursors usually
synthesized via oxidative dimerization. c) Ring closure of aryl halogenide with protected hydrazine in a C-N-cascade-coupling
reaction resulting in the formation of the diazocine after subsequent deprotection and oxidation. Aryl halogenides are
prepared via reductive dimerization.

8



1. Introduction

Reductive intramolecular azo condensation of o-ethylene bridged bis-nitrotoluenes has been
performed with various reducing agents such as zinc®® or glucose®°® under basic conditions in a one-
step synthesis resulting yields that are both low and not reproducible. A two-step synthesis initially
published by PAUDLER et al.®, which includes a reductive step with zinc under basic conditions and an
oxidative step with catalytic copper(ll)chloride and oxygen, provides higher yields. Investigations of the
reaction mechanism of the reduction step by MOORMANN et al.””! showed that the corresponding
azoxy-compound, initially formed in a BAYER-MILLS-like reaction from a nitroso and a hydroxylamine
moiety reductively generated from the dinitro precursor, is subsequently reduced via diazocine
intermediate giving a hydrazine derivative as main product. This is subsequently oxidized quantitatively
in the second step to the corresponding diazocine. Due to this, the yield and the reproducibility of the
reductive azo condensation could be significantly improved by tuning of the reaction parameters and
elongation of reaction time./’” However, the yields vary depending on the substituents and their
positions. In addition, solubility problems occur in the polar solvent required for the reaction. To
overcome these problems several procedures for the reductive reaction pathway have been
developed. Examples include the preparation of the hydrazine derivative with lithium aluminum
hydride,®? the oxidation of the hydrazine derivative with mercury oxide,®3 synthesis of the azoxy-
compound under ultrasonication with subsequent reduction to diazocine with phosphorous
trichloride”®8Y or the solvent-free synthesis of diazocine with lead powder in a ball mill.”*! However,
these methods play a subordinate role in diazocine synthesis.

In contrast to the reductive azo condensation the oxidative synthesis path is starting from a dianiline
precursor. By addition of meta-chloroperbenzoic acid (mCPBA) one aniline moiety is oxidized to the
corresponding nitroso group which subsequently undergoes an intramolecular BAYER-MILLS reaction
with the remaining aniline moiety. However, the reaction remains sensitive to polymerization and
formation of the overoxidized azoxy-side product. While polymerization can be suppressed by high
dilution, the formation of azoxy-side product can be prevented by adding the oxidizing mCPBA not all
at once but slowly over time, since the azoxy-compound is preferably formed by intramolecular
coupling of overoxidized nitroso-hydroxylamine side product.[’®!

Whereas the two previous synthesis strategies start from dianiline or dinitro compounds, the ring
closing in the method presented by Li et al.”” is based on intramolecular C-N-coupling of aryl iodides
with tert-butoxycarbonyl (Boc) protected hydrazine via a diamine ligand-catalyzed ULLMANN-GOLDBERG-
amidation cascade. The diazocine synthesis is then completed by LEwis acid-induced cleavage of the
Boc-protecting groups and subsequent oxidation resulting in the formation of the azo group. However,
the practicability of the synthesis path is severely limited by both the high number of reaction steps
and the optimization required for different substituents.””!

1.5 Functionalization of Diazocines

For the incorporation of diazocines into functional materials or biological active compounds an
additional functionalization of the diazocine framework is necessary. Unfortunately, a method for
direct substitution at the aromatic system of the diazocine framework has not yet been explored due
to the sensitivity of the azo group to many reaction conditions. Although one procedure describing an
electrophilic substitution of the overoxidized azoxy-compound has been published, which, however,
needs two additional reaction steps in the form of reduction of the azoxy to the hydrazine intermediate
and subsequent oxidation forming the azo bond. While this procedure does result in the desired
halogenated diazocine, the yields are insufficient.””) Therefore, functional groups or halogens as
starting points for subsequent derivatization have to be part of the building blocks for the dimerization
reaction.!® This requirement, though, limits the choice of functional groups, as the reaction conditions
of the dimerization reactions are harsh and the oxidative or reductive conditions of the azo
condensation require a suitable protecting group strategy. For this reason, a late-stage conversion of
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functional groups into other functional groups is another possibility for diazocine framework
functionalization. The limitation, in this case, is that the azo group is not inert under oxidative,
reductive or basic conditions limiting the range of accessible functional groups as well.[7#! But still,
there are a few examples of different kinds of late-stage functionalization giving acetamides!®®°4+°¢],
ethers®!, amines® or activated carboxylic esters’>°>”1 which do not require functionalization by
cross-coupling reaction.

For azobenzenes transition metal-catalyzed cross-coupling reactions have been a door opener for late-
stage functionalization and derivatization. In these reactions azobenzenes have been used both as
formal nucleophilic and formal electrophilic components.®®® For diazocines few examples are known
in current literature, but the range of different cross-coupling reactions already proves the great
potential for late-stage derivatization and functionalization (scheme 1.8). With diazocines as formal
electrophilic components procedures for Suzuki-®%, STiLLE-[668499100  BycHWALD-HARTWIG-17685])
ULLMANN-Y NEeGisHI-Y, Heck-[%81 and SONOGASHIRA-cross-coupling reactions® %2 gre known, while
diazocines have been used as formal nucleophilic components only in Suzuki- and STIiLLE-coupling
reactions.”®! However, the cross-coupling of diazocines remains challenging since procedures using
azobenzene components cannot be adapted without limitations. One reason for the problems in cross-
coupling reactions of diazocines might be the electronic structure. More precisely, the problem might
be rooted in the orientation of the lone electron pairs of both nitrogen atoms, which, in contrast to
azobenzene, are not aligned with the -system of the aromatic rings. Besides, sterical issues might also
play an important role.®
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Scheme 1.8: Overview of cross-coupling procedures already known for parent diazocine starting from the corresponding
halogenated compound. Except for Suzuki- and STiLLE-cross-coupling reactions, diazocines have only been used as formal
electrophilic halogenated components in cross-coupling reactions.

The derivatization of diazocines, however, involves more than just the mere choice of substituents.
Since targeted substitution of azobenzene is used to specifically affect its switching properties, a similar
behavior can also be expected for diazocines.™ Thus, if the switching behavior is not to be affected by
the substituent(s), care must be taken to prevent the electronic influence on the azo group. The
derivatization of azobenzene showed that the influence of substituents is at its maximum in ortho-5>%
and para-positions,®™® which must therefore be avoided for a functionalization without influence on
the switching behavior. An attenuation of the conjugation can be achieved by substitution in the meta-
position, so that the influence on the switching behavior is reduced.!*1%4 Another approach is the use
of bridging methylene groups between the photoswitch and the substituent to disrupt the electronic
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interactions between functional group and diazocine.*%! |t is important to note, however, that the
free rotation of bridging methylene groups introduces unwanted flexibility into the system.[103104 gy
using bridging alkynes instead, rigidity can be maintained while at the same time interrupting the
electronic coupling between the substituent and photoswitch. 20210

1.6 Limitations of Parent Diazocine
1.6.1 Undirectional Motion

Azobenzenes and diazocines are not unidirectional switches and therefore do not allow any
unidirectional movement. In the case of azobenzenes two enantiomers are formed during
photoisomerization, which interconvert rapidly at room temperature while in both Z- and
E-configuration both phenyl rings rotate freely.*?! This rotation is suppressed in the diazocine
framework by the ethylene linkage between both phenyl rings.’”! Despite the increased rigidity,
conformational movements are still possible. However, these are limited to twist- and
twist-chair-inversion in E- and boat-inversion in Z-configuration.!*2%% To overcome these degrees of
conformational freedom the introduction of even more rigidity compared to parent diazocine seems a
promising approach.*? In addition to the directed motion achieved in this way, increased quantum
yields of light-induced switching processes could be a side effect, since unproductive relaxation
pathways are suppressed.4%>”]

1.6.2 Irradiation Wavelengths

Compared to most photoswitches parent diazocine exhibits bathochromically shifted n-m*-transitions
suitable for induced isomerization with light in the visible range of the electromagnetic spectrum.”,107!
Nevertheless, parent diazocine is usually switched from Z- to E-configuration with light at 385 nm[®”!
which is still close to high energetic UV irradiation potentially damaging sensitive materials or biological
tissue.l1%8 Additionally, light in the near infrared area between 680 nm and 900 nm has the largest
penetration depth in aqueous and blood supported biological tissue compared to visible or
UV light.[1%81%9] For this reason, further shift of n-t*-transitions is required to achieve light induced
isomerization in the so called biooptical window.!®” For azobenzenes a bathochromic shift of
absorption wavelengths has been achieved by ortho-/para-substitution with electron withdrawing
substituents such as fluorine®, push-pull systems!* or by substitution of at least one phenyl ring with
a heteroarene.®®%2 Due to the differences in the electronic structure of azobenzenes and diazocines
this approach would likely prove unsuccessful.®®! However, DFT-calculations showed promising results
concerning bathochromically shifted n-mt*-transitions for diazocines in whose ethylene bridge a carbon
atom has been substituted by a heteroatom (see 1.8 Heteroatom-bridged Diazocines).[64%%

1.6.3 Water Solubility

Parent diazocine exhibits superior photochemical properties compared to azobenzene.™” Yet, the
application in agueous media faces similar problems, since parent diazocine like azobenzene is mostly
insoluble in pure water without the addition of highly polar organic solvent additives like dimethyl
sulfoxide (DMSO) or acetonitrile (MeCN)."% Concerning the applicability this is not a big obstacle,
since it is common to utilize notable concentrations of MeCN[!¥ or DMSQU74111.112] jn stock solutions
of nonpolar inhibitors or drugs which in turn are used in pharmacological testing via cell essays to
prevent precipitation. However, even small quantities of organic solvents in water may alter the
photochemical and even possibly the biological properties of the photoswitch, since it might be
surrounded by a solvating shell of organic solvent instead of water.''® |nvestigations of the
photoconversion rates I';_, as a function of the water content in MeCN revealed a significant decrease
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in the conversion rates from initially [,z = 88% to I';_,5 =73% at 90% water content until precipitation
at 100% water content.!'% Therefore, the addition of functional groups to increase the polarity and as
a result also the solubility in water is required. This can be achieved by introduction of amino or
carboxylic acid substituents that are separated from the diazocine framework by a bridging methylene
group to prevent significant impact on the switching characteristics. This separation is necessary,
because especially anilines are known to significantly deteriorate switching.®>'?! These derivatives are
soluble in pure water, however, they have the disadvantage that they also show a significant decrease
in photoconversion yields by about 30%.1*'% Moreover, for a successful application both the solubilizing
and the functional groups have to be present in the molecule at the same time, which makes the
synthesis of water soluble and functionalized molecules even more difficult. In conclusion, it is required
to achieve an intrinsic water solubility of the diazocine framework to make it suitable for application
especially in agueous media and a biological environment.

1.7 Heteroatom-bridged Diazocines

TD-DFT calculations revealed that if one carbon atom in the ethylene bridge of the diazocine
framework is substituted by either an oxygen or sulfur atom, the n-m*-transitions of their respective
E-configurations would bathochromically shift and an absorption band separation of about 100 nm
could be expected. This assumption has been confirmed by UV-vis spectra showing maxima of the
n-m*-transitions for Z-configurations at A = 405 nm (S-diazocine) and A =385 nm (O-diazocine) and
E-configurations at A =525 nm for both diazocines. Furthermore, the absorption bands of their
E-configurations are significantly broadened up to 700 nm, allowing quantitative back isomerization
with red light at 660 nm.!®* The photoconversion yields of both S-(I';_z (405 nm)=70%) and
O-diazocines’ (I';_,5 (385 nm) = 80%) Z- to E-isomerization are lower than for parent diazocines. This
significantly lower photoconversion yield of S-diazocine can be explained by an additional absorption
band at 380 nm overlapping with the n-m*-transition of its Z-configuration.®® In contrast to O- and
parent diazocine, the relative energy difference between thermodynamically favored E-twist- and
unfavored E-chair-conformation is only 1.6 kcal mol?, resulting in a significantly more frequent
formation of unfavored E-chair-conformation due to fast interconversion (scheme 1.9). Therefore, the
additional absorption band can be assigned to the E-chair-conformation.®#% Another difference
between both heteroatom-bridged diazocines is their respective thermal half-live. The more strained
O-diazocine exhibits a drastically shortened half-life of 89 s while the half-life of S-diazocine is
elongated to 84 .1
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Scheme 1.9: Photoswitching of heteroatom-bridged diazocines. Z- to E-photoisomerization can be achieved with blue light
at approximately 400 nm. Two conformations are accessible of which the E-twist-conformation is thermodynamically favored
over the E-chair-conformation. Back switching can be achieved with light up to 740 nm or via thermal relaxation.
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The substitution of one carbon atom of the ethylene bridge by a heteroatom leads to an advantage in
the synthesis of diazocines since the bridge can now be linked by nucleophile substitution under mild
conditions which in turn allows the introduction of sensitive substituents and asymmetric substitution
patterns.'® However, the final formation of the azo bond remains difficult, since the reductive reaction
pathway following the procedure of MOORMANN et al.”! resulted in no formation of corresponding
heteroatom-bridged diazocine due to polymerization or (thio)ether cleavage under basic conditions.®°!
Finally, following the reductive conditions of YAN et al.7>#Y, the S- and O-diazocines were synthesized
with lead powder under less basic conditions resulting, however, in insufficient yields.!®* This synthesis
strategy, therefore, is rarely found in current literature.’#*3] Usage of C-N-cascade-coupling following
the procedure of Li et al.’”! for ring closure led to little improvement of the obtained yields.[***
Besides oxygen- and sulfur-bridged diazocines, nitrogen-bridged diazocines have been taken into
account. Here, TD-DFT calculations also predicted n-m*-absorption band separation of more than
100 nm between Z- and E-configurations for N-H diazocine as well as for alkyl or acyl derivatives since
nitrogen-bridging opens the field of additional and easy bridge functionalization.®* UV-vis spectra of
all N-diazocine derivatives confirmed the very good band separation with maxima for the
n-m*-transitions of the Z-configurations between 385 nm and 410 nm, while E-configurations exhibit
absorption maxima around 520 nm for acyl derivatives and even around 560 nm for unsubstituted and
alkylated derivatives. Additionally, the alkylated derivatives show broadened absorption bands for
E-configurations, allowing quantitative light induced back isomerization with near-infrared light
between 520 nm and 740 nm."** However, the photoconversion yields of Z- to E-photoisomerization
are rather low with I[';_,z (405 nm) = 45-50% for alkylated and I';_,z (405 nm) = 65% for unsubstituted
N-diazocines, while acylated derivatives show significantly higher photoconversion yields of
[,z (405 nm) = 80-85%. The lower photoconversion yields of unsubstituted and alkylated derivatives
are rooted in the higher overlap of the absorption bands due to their broadness.%

The preparation of unsubstituted N-H-diazocine is considerably more complex than the synthesis of
parent diazocine, S- or O-diazocine since six reaction steps are required (scheme 1.10). The reason for
this is the necessity of a well-thought-out orthogonal protecting group strategy due to the sensitivity
of the bridging nitrogen atom towards side reactions. The key steps are the protection of the bridging
secondary amine with a fluorenylmethoxycarbonyl (Fmoc) protecting group and the ring closing
reaction under formation of the azo group. Therefore, an intramolecular BAYER-MILLS-reaction was
used, though it suffered from low reproducibility and insufficient yields.!®
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Scheme 1.10: Synthesis path for the preparation of the unsubstituted N-H-diazocine. Key steps are introduction of the
Fmoc-protecting group and the azo group-forming ring closing reaction. This can either be carried out via intramolecular
BAYER-MLLs-reaction.[64]

Functionalization of bridging nitrogen can only be achieved with strong reagents under mild conditions
since the secondary amine is not as reactive due to the neighboring azo group and the azo group itself
being sensitive for drastic reaction conditions (scheme 1.11). Strong alkylating agents like MEERWEIN-
salts are necessary for alkylation of N-diazocine. Acetylation can be achieved with propanephosphonic
acid anhydride (T3P) which activates the carboxylic acid for nucleophilic attack by the bridging
nitrogen. [

Et/Me

[(Me/Et);0*BF 4~ @Nb
N=N

\

SOPE

N=N

Y

O‘J\
AcOH, T3P @Nb
N=N

Scheme 1.9: Derivatization of N-H-diazocines. Alkylation can be achieved by methyl or ethyl MeerweiN-salts while acetylation
can be performed by T3P-mediated ester synthesis with acetic acid.[64]

The introduction of an acetyl group via substitution at the bridging nitrogen atom leads to a higher
polarity of the whole molecule and leads to an intrinsic water solubility (~1 mm) without any further
functionalization.[®**% UV-vis measurements in water revealed a slight hypsochromic shift of
n-m*-transitions of both Z- and E-configurations and thermal half-life twice as long as in organic
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solvents. At the same time the photoconversion yield of Z- to E-isomerization in water is just about
10% lower than in organic solvents while back isomerization can still be achieved quantitatively.
Furthermore, quantum yields seem not to be affected by the change of solvent from organic to
water.[ This is a big advantage, since conversion rates, quantum yields and thermal half-lives are
often observed to be significantly lower in water.!'%115 Thus, acetylated nitrogen bridged diazocines
are a powerful tool and promising candidate for application in aqueous and biological environments
for example as photoswitches in light activatable drugs.

1.7 Diindanodiazocines

Since rotational degrees of freedom have been eliminated in the development stage from azobenzene
to parent diazocine, only elimination of conformational degrees of freedom remains in the way of
turning azobenzene into directional photoswitches./*>*” The introduction of two additional ethylene
bridges between positions 1 and 12 and positions 10 and 11 significantly increases the rigidity already
present in the parent diazocine framework and ensures that the last conformational degrees of
freedom are eliminated as intended. The resulting diindanodiazocine (DID) no longer shows any
inversion between different boat- or twist-conformations, since both Z- and E-configurations are
limited to only one conformation due to the increased rigidity.?’ Moreover, the two additional
ethylene bridges cause the formation of two stereocenters, resulting in a meso-compound and a
racemic mixture (rac) (scheme 1.12a). The photochemical properties of both diastereomers can be
investigated separately, as conversion is not possible because an inversion on a sp3-carbon would be
necessary.*? Surprisingly, the two diastereomers show distinct differences in their switching
properties, particularly with regard to their thermal relaxation. While the thermal half-life of
rac-DID (117 h) is about four times as long as of parent diazocine (27.6 h), thermal relaxation of
meso-DID (3 s) is four orders of magnitude faster. This may be caused by the differences in the relative
energies of Z- and E-configurations of both diastereomers. The Z-configuration of meso-DID is
thermodynamically more favored over the highly strained E-meso-configuration by a relative energy
difference of approximately 18.5 kcal mol™. In contrast, the difference in relative energies between
Z-rac-DID and E-rac-DID is much smaller (3.5 kcal mol™) resulting in a significantly longer half-life.[%%
The UV spectra of meso -DID is quite similar to those of parent diazocine with absorption maxima at
A =411 nm (Z-configuration) and A =468 nm (E-configuration) indicating almost completely
separated n-m*-transitions. This leads to a photoconversion of I';_; (385 nm)=84% and almost
quantitative back isomerization (I's_; (530 nm) =>99%). Since the n-m*-transition of the
Z-configuration of rac-DID (A = 431 nm) is shifted significantly to higher wavelengths, it overlaps with
transition of the E-configuration (A =478 nm). This leads to lower photoconversion yields for Z- to
E-photoisomerization I';_z (385 nm) = 76% and complete back isomerization is only accessible via
thermal relaxation, as a PSS of merely Iz.;(530nm)=94% can be achieved by
irradiation (scheme 1.12b).[*%
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Scheme 1.12: Structures of rac- and meso-DID diastereomers (top) and photoisomerization of rac-DID (bottom). Light induced
Z- to E-isomerization can be achieved with blue light, while back isomerization can be performed either by green light up to
the PSS or completely by thermal relaxation.

Due to the elimination of all unproductive rotational and conformational degrees of freedom the
photoconversion yields of both diazocine diastereomers are exceptionally high. With photoconversion
yields of ®,_,; = 0.7 and ®f_,, = 0.9 for the meso-compound and ®,_,z = 0.8 and ®5_,; = 0.9 for the
racemic mixture, both diastereomers exceed all known artificial and naturally occurring
photoswitches.*? In addition, the racemic diastereomer consists of two chiral enantiomers and
therefore exhibits intrinsic chirality, which makes it the smallest chiral photoswitch known to date.!?
Because of the significant differences in their photochemical properties, the two diastereomers are
suitable for very different applications. The very short half-life and excellent photoconversion yields
make the meso-diastereomer an ideal candidate as actuator for driving molecular machines, while
rac-DID as a chiral photoswitch is ideally suited for chiroptical switching and controlling of chirality for
example in liquid crystals.[4116-119]
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2. Scope

Parent diazocines exhibit superior photochemical properties and have therefore generated a high level
of interest in the field of photopharmacology®®’¥ and the development of mechano- and
photoresponsive materials.®®®”! However, with regard to the usable wavelength range, solubility and
switching properties in agueous media and the non-directional motion during the switching process,
they still have some weaknesses. These have been addressed by further development either by
systematic elimination of conformational degrees of freedom resulting in the DID*? or by substitution
of one carbon atom in the ethylene bridge by a nitrogen and subsequent introduction of a polar acetyl
substituent resulting in the water soluble N-Ac diazocine.!® These two further developments of parent
diazocine can therefore be described as second-generation diazocines.

During the formation of the DID framework two diastereomers are formed of which the racemic form
is a chiral photoswitch.*?! The chiroptical properties of both racemate-forming enantiomers could not
yet be investigated. Thus, separation of both enantiomers should be achieved via high performance
liquid chromatography (HPLC) for determination of their absolute configuration via single crystal
structure analysis and subsequent characterization of their chiroptical properties. Furthermore, it
should be investigated whether an enantiomeric excess could be achieved within the DID-racemate by
Z- to E-photoisomerization with circular polarized light (CPL). In order to make the chiroptical
properties of rac-DID accessible for further applications, synthesis strategies should be developed for
halogen functionalization.

Nitrogen-bridged diazocines offer great potential for application in photopharmacology since they
offer red-shifted n-mt*-absorption bands and intrinsic water solubility.'®¥ For intended application
derivatization and incorporation into bigger molecules is required. Therefore, bromine and iodine
substituents should be introduced as starting points for further derivatization. Additionally, reaction
conditions for further derivatization of functionalized N-Ac diazocines should be identified. For this
purpose, reaction conditions for a wide range of cross-coupling reactions should be screened. Of the
derivatives obtained in this way, the influence of the new substituents on the switching behavior was
to be investigated in organic and aqueous solvents.

Since the synthesis of N-Ac diazocines via the initial synthesis path developed by LENTES et al.l5%2% js
quite complex with at least seven synthesis steps, new synthesis strategies should be developed and
tested, which are characterized by higher overall yields with a simultaneous reduction in the number
of synthesis steps. After successful preparation of the unsubstituted N-Ac diazocine via the new
developed synthesis route, the suitability for different functional groups should be investigated.
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3. Chiroptical Switching, Enrichment of Enantiomeric Excess and
Derivatization of Diindanodiazocines

In structural chemistry chirality is defined by the symmetry of the corresponding molecules or
supramolecular assemblies. Systems that either have no symmetry or only rotational axes (C,) are
chiral. Therefore, the absence of mirror planes, inversion centers and rotational reflection axes is a
basic requirement for the presence of chirality in a molecule. At the molecular level, this means that
there are two isomeric compounds of a chiral molecule, the so-called enantiomers, which cannot be
superimposed with the aid of symmetry operations.*?%2?l |n organic chemistry, a distinction is made
between chirality based on stereogenic centers, axial or planar chirality and helicity.?¥ In nature a
countless amount of molecules is chiral and therefore they often only occur as enantiomerically pure
compounds*?? such as L-amino acids, D-saccharides or L-phospholipids.l*?®! Thus, interactions between
chiral compounds or assemblies and their biosynthesis in biological systems hold a key position in
nature.t24125 Therefore, the control over stereochemical information under the influence of external
stimuli like heat, solvent, redox reaction, pH or light has generated a great deal of interest aiming for
the development of new functional materials.™*?3 Especially light-induced isomerization has proven to
be a versatile tool since it is a non-destructive and traceless stimulus with a high spatiotemporal
resolution and precisely adjustable wavelength.[*?! Molecules that show a significant change in their
chiral properties induced by stimuli mentioned above are called chiroptical switches."® Upon switching
there are three conceivable effects: First, selective on-off switching of molecular chirality can be
achieved. Second, the already existing chirality can be amplified upon stimuli induced switching and
third an inversion of chirality can occur (figure 3.1).1*2%

a) b) c)

On-Off Amplification Inversion

Figure 3.1: Possibilities of influencing optical activity upon switching: a) turning on and off of optical activity by switching.
b) signal of optical activity is amplified or weakened due to stimuli induced switching. c) inversion of optical activity by
switching. The change in optical activity is detectable via measurement of specific rotation or circular dichroism.[125]

Helical structures are a dominant structural element in biological systems and therefore dynamic
control over helical chirality is a key process making numerous biological functions even
accessible.*?”128] For this reason, control over helicity by chiroptical switching has generated a great
deal of interest in the fields of medicine, biochemistry and polymer chemistry.!?! Especially
overcrowded alkene photoswitches and motors with an intrinsic helical chirality induced by sterical
hinderance initially developed by FERINGA et al. outgoing from the stiff-stilbene system have proven to
be powerful tools.[*?32 |ncorporated into helical structures helical chirality could be inverted
reversibly during photoisomerization.[*?>32] Besides controlling intermolecular interactions between
helicates by chiroptical switching these molecules have been used to differentiate between several
catalytic reactions.™*3 Moreover, azobenzenes have been attached to helical polymer backbones as
side chains. Irradiation of these helical polymers also resulted in an inversion of helical chirality due to
light-induced azobenzene isomerization leading to a change in non-covalent interactions between
polymer strings.3*13% Furthermore, a three state switch consisting of two azobenzene moieties
connecting two imidazole-containing clamps has been developed.™® Starting from E,E-ground state
in a first photoisomerization to Z,Z-state M-helicity can be induced which subsequently is turned into
P-helicity in a second photoisomerization where the E,Z-isomer is formed.'3® Of other types of
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chirality like planar chirality, axial chirality or chirality induced by stereogenic centers, there are
significantly fewer examples in current literature relating to chiroptical switching induced by
unpolarized light.!123

At the same time the idea of using circular polarized light (CPL) as stimulus for chiroptical switches
emerged (figure 3.2). This approach is based on the property of CPL to interact differently with the
enantiomers depending on the direction of rotation of the electric field vector and therefore, being
used for enantioselective photodecomposition of chiral molecules in a racemic mixture.!*37-*4% Also CPL
has been observed in regions of the universe were young stars are formed and for this reason might
be the origin of molecular asymmetry in nature.[*41-143]

r-CPL

Figure 3.2: Schematic illustration of left-handed (green, [-CPL) and right-handed circular polarized light (blue, r-CPL). CPLis a
superposition of two different waves polarized in orthogonal planes (blue and red curves) with a relative shift of a quarter of
the corresponding wavelength resulting in an electric field vector (black) rotating around the axis of light propagation.
Clockwise rotation of the electric field vector results in right-handed CPL (r-CPL) while anticlockwise rotation gives left-
handed CPL (I-CPL).[144145]

Starting from a racemic mixture of a molecule with axial or helical chirality both enantiomers can
reversibly interconvert into its mirror image enantiomer in the process of photoresolution under
irradiation with CPL. Thereby, the irradiation of a racemic mixture with CPL selectively excites the
corresponding enantiomer leading to subsequent racemization under formation of an excess of the
respective mirror image enantiomer and vice versa.[4%1461471 The selectivity to be expected during
photoresolution can be estimated by Kuhn anisotropy factor g which can also be used to calculate a
theoretical enantiomeric excess (equation 1) using the molar circular dichroism As and molar
extinction coefficient £,;.14! However, it must be noted that ee achieved by photoresolution rarely
exceeds 0.5%, as values of less than 0.01 are usually achieved for the molecular anisotropy
factor.[146:149)

ce =9 — A& (1)
2 2¢

Photoresolution can also be achieved by switching between two interconvertable enantiomers of
chiroptical photoswitches with CPL from a racemic mixture. The possibility to interconvert selectively
between both enantiomers without photodegradation, a high g factor, thermally stable enantiomers
and an efficient photoracemization with high quantum yields are therefore necessary requirements
for a successful CPL switch.™® This type of dynamic photoresolution has been achieved for
overcrowded alkenes!’3® and bicyclic ketones,!*4%%0 whereby these molecules are brought to an
excited state via CPL in which racemization of the enantiomer corresponding to the handedness of the
used CPL occurs.® Another example are mono-*>Y and bicyclic azobenzene derivatives!**? as
chiroptical switches for photoresolution although this takes place via a different reaction pathway.
Outgoing from the thermodynamically stable E-configuration cyclic azobenzenes are excited to
Z-ground state where fast racemization of the enantiomer corresponding to the CPL used for excitation
takes place.[*51152]
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CPL can also be used for asymmetric synthesis aiming for the introduction of chirality into an achiral
precursor resulting in an enantiomeric imbalance. However, the conversion of achiral diarylolefines
into their chiral helicene derivatives is the only example in current literature for this type of irreversible
chirality induction.’>3*>”) The only example of dynamic asymmetric synthesis resulting in an
enantiomeric imbalance starting from an achiral photoswitchable compound was provided by the
TAMAOKI group and is based on an E,E-azobenzene dimer.**® |rradiation of the E,E-dimer with CPL
results in formation of a racemic mixture of two E,Z-enantiomers whereby an ee of the enantiomer
corresponding to the handedness of the used CPL could be achieved. The chirality can be removed by
either switching to the Z,Z-configuration or thermal or respectively light-induced relaxation to the
initial E,E-configuration. Basic requirement is that both enantiomers cannot be interconverted into
each other.[1%8

In terms of their use, a wide range of applications for light-controlled chiroptical switches are
conceivable. For example, enormous potential is offered in the field of asymmetric synthesis, where
chiroptical switches could be incorporated into catalysts with switchable chirality. For targeting a
specific enantiomer, the corresponding chiral catalyst is required. If the opposite enantiomer is
targeted the same catalyst could be used with inverted chirality adjusted by external
CPL-stimulus.[?31331%9] Besides, light-driven chiroptical switches have been incorporates into helical
foldamers for inversion and affection of their chirality for application in molecular recognition*3*13%! or
host-guest chemistry.!*3®! Furthermore, great potential is offered in the field of tunable liquid crystals.
There are already examples in current literature, where light-induced chiroptical switching of chiral
liquid crystalline polymers has affected their macromolecular organization and therefore an
interconversion between various liquid crystal phases could be induced.!*16:16%

Although azobenzenes as direct predecessors of diazocines have been applied in a variety of ways in
the field of light-driven chiroptical switching the parent diazocine itself has not been used as a
chiroptical photoswitch so far. The rac-DID recently reported from the HERGES group™? could bring
bridged azobenzenes into the focus of chemists working on chiroptical photoswitches due to its
superior photochemical properties and its intrinsic chirality. Therefore, the intention of this project
was to investigate the chiroptical properties of rac-DID in detail and to make the molecule accessible
for subsequent application by derivatization.
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3.1 Summary of Determination of Enantiomeric Excess by Photoswitching of Chiral
Diindanodiazocine Racemic Mixture with Circular Polarized Light

Previously our group reported the successful synthesis of rac- and meso-DID diastereomers.!*? Both
are photoswitches in which unproductive conformational and rotational degrees of freedom have been
eliminated in favor of improved switching characteristics. The synthesis results in two diastereomers
of which the racemate consists of two non-convertible chiral enantiomers whereby chirality is induced
by the presence of two stereogenic centers in the molecule.*?) Within the scope of this work we
developed a method to separate both enantiomers via chiral HPLC. Single crystal structures of both
enantiomers could be obtained and with the help of specific rotation measurements as well as
guantum-mechanical calculations absolute configuration could be determined. Measurements of
specific rotation before and after photoisomerization showed a huge difference of optical activity
between Z- and E-configuration in form of massive amplification of optical activity. This is supported
by spectra of circular dichroism (CD) showing significantly different spectra for both Z- and
E-configuration as well.

Since TAMAOKI et al. showed that enantiomeric excess (ee) could be obtained after irradiation of a
prochiral azobenzene dimer with CPL, we aimed for selective photoresolution of one rac-DID
enantiomer after irradiation of the racemic mixture with the corresponding CPL.*>V*>8 For this
purpose, the ee to be expected was calculated with help of molecular dissymmetry (g-factor) using
molar extinction coefficient () and molar circular dichroism (A¢) of rac-DID at irradiation wavelength
giving theoretical ee values of about 0.32%. In the following a solution of rac-DID was irradiated with
CPL and from the ellipticity measured at defined wavelength in the CD spectrometer under assumption
of the PSS as quasistationary state the ee could be calculated with values of about 0.35% being slightly
higher than the theoretical value but still in very good agreement (scheme 3.1).

-CPL (+)-S, S—raff-DI D

0] — ICPL

0.34% ee

® [mdeg]
5 ©
o
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Scheme 3.1: Photoisomerization of Z-rac-DID (yellow) after irradiation with r-CPL or [-CPL respectively of 405 nm
wavelength. By this way of photoresolution ee values of 0.34% for r-CPL and 0.36% for [-CPL could be achieved for the
corresponding E-enantiomers (red).

Besides being the smallest chiral photoswitch known to date superior switching characteristics and
chiroptical switching properties presented in this article make rac-DID a promising candidate for
application in chiral smart materials or liquid crystals.
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3.2 Determination of Enantiomeric Excess by Photoswitching of Chiral
Diindanodiazocine Racemic Mixture with Circular Polarized Light
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Introduction

The interactions between chiral compounds or assemblies in
biological systems are a key factor of molecular processes in
nature."2 Thus, control of stereochemical information on a
molecular level by external stimuli has gained a lot interest
concerning the development of new functional materials in the
broad field of supramolecular chemistry.! Molecules that undergo
a significant change in their optical behavior (dynamic chirality)
under the influence of an external stimulus like redox reactions,
heat, solvent, pH or light are called chiroptical switches.
Especially light-induced photoisomerization is a versatile tool as
a traceless and non-destructive stimulus.®™ The best investigated
chiral irradiation is circular polarized light (CPL),®®"l which is also
assumed to be the root of molecular asymmetry.®'"! Therefore,
the interaction of CPL with chiral molecules or assemblies to
affect the enantiomeric balance remains an area of high
interest.l'>" The enrichment of an enantiomer from a racemic
mixture via CPL are either performed by photodestruction,
photoresolution or  asymmetric synthesis.®!  While
photodestruction with [ -CPL selectively decomposes the
corresponding (S)-enantiomer the opposing (R)-enantiomer is
enriched without interconversion in the racemic mixture and vice
versa photoresolution enables nondestructive enrichment. For
this the irradiation of a racemic mixture with /-CPL causes the
formation and consequently accumulation of a R-enantiomer due
to selective excitation and racemization of S-enantiomer up to an
equilibrium. Enrichment of S-enantiomer works the same way
with r -CPL. In contrast to these two methods asymmetric

synthesis starts from an achiral precursor, whereby irradiation
with [-CPL gives the R- and irradiation with r-CPL gives the
S-enantiomer.®! There are a few examples in literature for
dynamic photoresolution initiated by CPL irradiation like
overcrowded alkenes,® bicyclic ketones?%2" or mono-'¥ and
bicyclicl'® azobenzene derivatives. Also, a dynamic CPL-induced
asymmetric synthesis of an unbalanced racemic mixture of an
azobenzene dimer obtained from a prochiral precursor was
reported,['”) showing that azobenzenes which are the most
commonly used photoswitches are a factor in the field of dynamic
chirality.?! Although they are superior to azobenzenes in almost
all aspects?>%% bridged azobenzenes, so called diazocines, to the
best of our knowledge have not been taken to account for
chiroptical switching so far while finding application in the fields of
material sciencel?*?%! or photopharmacology?% and great
achievements have been made in their further development.31-3!

DID 1 meso DID 2
(> . 365 nm — )
N == =10
A, 530 nm N
Z-rac DID 3 E-rac DID 3

Figure 1. General structure of diindanodiazocine 1 and of meso- 2 and rac-
diastereomers 3 (top). Light-induced switching between Z- and E-configurations
of rac-DID 3.

Our group recently reported the development of
diindanodiazocines (DID) 1 which are showing superior quantum
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yields outnumbering even the highest yields known from natural
(rhodopsin) and artificial photoswitches. Furthermore, the
elimination of conformational degrees of freedom by introduction
of further ethylene bridges compared to diazocine parent system
leads to an outstandingly high efficiency converting light to
chemical energy and directional motion upon photoisomerization
which can be achieved with light in the visible range. Besides, the
additional ethylene bridges lead to a diastereomeric mixture
containing the achiral meso-DID 2 and the chiral rac-DID 3, the
latter being the smallest chiral photoswitch known to date. Both
diastereomers can easily be obtained on a multigram scale in a
two-step synthesis path.3%
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=

Figure 2: Grown crystal of rac-diindanodiazocine 3.

In this work we explored the chiroptical properties of our recently
presented rac-diindanodiazocine 3 and its’ enantiomers in
thermodynamically stable Z-configuration and in the PSS after
irradiation with light. In addition, we studied the effect the
enantiomeric ratio of rac-DID 3 in the PSS after excitation from
ground state after excitation with CPL of a specific wavelength.
Furthermore, the kinetic resolution from PSS to the ground state
was performed with CPL. The determinations of enantiomeric
excess were performed via CD-spectroscopy and compared to
calculated values. To the best of our knowledge this is the first
example of dynamic photoresolution of a chiroptical switch only
by CPL-induced Z-to E-isomerization without racemization.

Results and Discussion

Synthesis and structural characterization

The rac-DID 3 has been synthesized according to our previously
published two-step synthesis path where the diastereomeric
mixture of dinitroprecursor 4 could be separated via column
chromatography.®®® The chiroptical properties of rac-DID 3 should
be examined subsequently. Therefore, rac-DID 3 has been
separated into the enantiomers via high performance liquid
chromatography (HPLC) on Daicel Chiracel® OD-H chiral column
with n-heptane/isopropanol 98:2 as eluent (figure 3).
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Figure 3: Chromatogram of enantiopurification of rac-DID 3 via chiral HPLC.

The specific rotation of both enantiomers was determined for
identification of the left- and the right-handed enantiomer. The
unirradiated (-)-DID 5 shows a specific rotation of -370 ° while the
unirradiated (+)-DID 6 shows a specific rotation of 390 °.

For assignment of (-)-5 and (+)-DID6 to the absolute
configuration single crystals were grown and the single crystal
structure was determined (figure 4). The (-)-DID 5 could be
assigned to the R,R-enantiomer and the (+)-DID6 the
S, S-enantiomer.

N2

Figure 4: Single crystal structures of (-)-DID 5 (left) and (+)-DID 6 (right). The
R,R-configuration could be assigned to the (-)-DID 5 and the S,S-configuration
to the (+)-DID 6.

Chiroptical characterization

Since the conformational changes and the differences of the
photochemical properties of rac-DID 3 upon photoisomerization
are quite big, this should also be visible in the specific rotation
values and the CD-spectra of the Z- and E-configurations. To
assign the specific rotation TD-DFT calculations were performed.
The obtained theoretical CD-Spectra assign positive Molar
circular dichroism values to the (+)-S,S-enantiomer 6 (See SI
“Quantum Chemical Calculations” for details).’4¢1 We were
subsequently able to obtain enantiomeric pure compounds 5
and 6. For switching of the specific rotation the unirradiated
(-)-R,R-enantiomer 5 was measured at first giving a specific
rotation of -370 °. Then the sample was irradiated with blue light
of 385 nm and measured again giving a seven times higher
specific rotation of -1358 ° before being switched back to -196 °
with green light at 530 nm. Irradiation of (+)-S,S-enantiomer 6
with a specific rotation of 390 ° gave a value of 1524 ° after
irradiation with blue light (385 nm) which also about seven times
higher as the value of 216 ° after irradiation with green light
(530 nm). For both enantiomers the switching between specific
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rotation of E- and Z-configuration could be performed repeatedly Z-rac-DID 3
for several times without fatigue (figure 5). 2,01 —— PSS 385 nm rac-DID 3
01 -=---E-rac-DID 3
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Figure 5: Repeated switching of specific rotation at 589 nm of (-)-R,R-DID 5 "'"\‘\ ----E(*)-5SDD 6
(top) and (+)-S,S-DID 6 (bottom) upon irradiation with 385 nm (Z to E) or 530 nm 204 j Zs(i_g)g;g)m g
(E to Z) in acetone at 20 °C with a concentration of 50 mg/100 mL. z‘ 104 N
o
This enormous change is also visible in the CD-spectra of '3 04
unirradiated and irradiated DID enantiomers 5 and 6 (figure 6). E
The CD-spectra of pure trans-configurations of both enantiomers 5-10-
were extrapolated from the CD-spectra measured at PSS in THF
at 25°C after irradiation with blue light (385nm). The 207 St
determination of the PSS in THF-ds at 25 ° resulted in a value of 304 RN
77%. i i i ,
300 400 500 600 700

wavelength [nm]
Figure 6: a) UV-spectra of rac-DID 3 (1 mm) in THF at 25 °C. Spectra of pure
E-configuration were extrapolated from PSS at 385 nm.
b) Molar circular dichroism 4e of (-)-R,R-DID5(1.04 mm) and
(+)-S,S-DID 6 (1.34 mm) before (center) and at PSS after irradiation with blue
light at 385 nm (bottom) in THF at 25°C. The spectra of pure trans-configuration
were extrapolated from PSS values and spectra.

Enrichment of the enantiomers via CPL

In this work we aimed for the induction of enantiomeric imbalance
by irradiation with CPL from a racemic mixture of chiral
diindanodiazocine 3 as a new type of photoresolution without
racemization. Therefore, a 0.86 mM solution of Z-rac-DID 3 was
irradiated with r/I-CPL at 405 nm to achieve a high concentration

25
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of E-configuration and a high value of Ae for both enantiomers.
Irradiation with r -CPL at 405nm resulted in a positive
CD spectrum after an irradiation time of 27 min. The opposing
CD signals with the same intensity could be achieved by
irradiating the sample with [-CPL at 405 nm for the same time
(figure 7) while irradiation with unpolarized light lead to an inactive

CD spectrum.
2,5

2,04

r-CPL

154 ——CPL

0,5

0,0

© [mdeg]

-0,5

-2,0 4

-2,5 T T T T T T T 1
375 400 425 450 475 500 525 550 575

A [nm]
Figure 7: Induced CD spectra of rac-DID 3 0.86 mm in THF at PSS after 27 min.
of irradiation with -CPL (black) or I-CPL (red) at 405 nm.

The ability of chiral molecules is defined by its absorption
selectivity of CPL light which is quantified by the dissymmetry or
g -factor*”%%1 which can be calculated from the molar circular
dichroism Ae¢ of the pure enantiomer and the molar extinction
coefficient ¢ for the excitation wavelength (eqgn 1).[°48 Inserting
the experimental values of Aeyosnm (1.88353 L mol! cm™) and
€405 nm (286.93 L mol' cm™") for the irradiation of Z-S,S-DID 6
with r-CPL at 405 nm results in a g-factor of 6.56 x 102 while for
irradiation of Z-R,R-DID 5 with [-CPL a g-factor of 6.23 x 1023 is
achieved with Agygs pm = -1.78884 L mol' cm-'.

A
g="1 )
The g-factor also allows the calculation a the theoretical ee
(eqn 3) for the photoresolution with CPL if the values of 4¢ and ¢
for the excitation wavelengths are used.!"®!

eepss = 5= % 100% = £ x 100% @)

This gave a theoretical ee of 0.328% for E-S,S-DID 6 (r-CPL at
405 nm) and 0.312% for E-R,R-DID 5 (I-CPL at 405 nm) after
irradiation with CPL.

For experimental determination of the enantiomeric excess (ee)
of E-rac-DID 3 after irradiation with r/1-CPL at 405 nm we
performed several measurements at 480 nm with increasing
irradiation times up to 31 min. to ensure the achievement of the
PSS (figure 8). We calculated the photoinduced ee using eqn 3
following the method of TAMAOKI and coworkers!'® from the molar
circular dichroism Ae,gonm Of the pure E-enantiomer and the
induced CD value 6,g »n, for a 0.86 mm solution of rac-DID 3 in
THF (table 1). For the calculations the PSS of rac-DID 3 was
determined via "H-NMR at 298 K with 67% after irradiation with
blue light at 405 nm.

WILEY . vcH
€€pss405nm = gt}g X 100% (3)
where
[
[5] _ [R] 480 nm

~ 32080 X Aeygum X lom
[S]+ [R] = [E-rac-DID 3] at PSS405 nm

These calculations gave an ee of 0.344% for E-S,S-DID 6 after
irradiation with r-CPL at 405 nm while irradiation with [-CPL at the
same wavelength resulted in an ee of 0.357% of E-R,R-DID 5.
These values are in very good agreement with the theoretical

values calculated from the enantiomers g-factors.
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Figure 8: Induced ellipticity ® at 480 nm of E-rac-DID 3 (0.86 mm) after

irradiation with r-CPL (black) and [-CPL (red) at 405 nm depending on the

irradiation time.

Table 1:
E-rac-DID 3 (0.86 mwm) after irradiation with r//~-CPL at 405 nm.

Values used for the calculation of the enantiomeric excess of

CPL DAE4go nm B480nm ©6pss 405 nm

nm L mol” cm"'

r-405 27.97355 1.83124 0.344%

1-405 -27.36345 -1.85721 0.357%
Conclusion

Racemic mixture of diindanodiazocine 3 has been synthesized
according to previously published literature® and separated into
its enantiomers 5 and 6 via HPLC. Absolute configuration of both
enantiomers could be assigned via specific rotation, single crystal
structure determination and quantum mechanical calculations. It
could be shown that Z- and E-configuration of both enantiomers
show different interactions with linear polarized light. Specific
rotation can therefore be influenced via switching between Z- and
E-configurations with light by a factor of seven. Measurements of
circular dichroism of both enantiomers also showed a significant
change of the interaction of Z- and E-configurations with circular
polarized light. Thus, the ratio of both enantiomers being
isomerized upon irradiation should be assessable via
photoisomerization with CPL. This could be shown with CD
spectra of the racemic mixture after irradiation with I- or r-CPL
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respectively. The accessible ee of the Z to E photoisomerization
with I- and r-CPL at 405 nm has been calculated from the
molecules g-factor and was in very good agreement with the
results from CD measurements. These promising results of the
smallest chiral photoswitch known so far are proof of its potential
for application in liquid crystals or chiral smart materials.
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3.3 Summary of Synthesis and Characterization of New Diindanodiazocine
Derivatives

Diindanodiazocines have shown to be superior photoswitches compared to known naturally occurring
and artificial switches due to the elimination of rotational and conformational degrees of freedom.*?
Further investigations on the chiral rac-diastereomer and the consisting enantiomers also showed
significant change in chiroptical properties upon light induced Z- to E-isomerization and also
accumulation of one favored enantiomer could be achieved by irradiation with corresponding CPL.[*%Y
For further derivatization and functionalization di- and tetrahalogenated DID derivatives should be
synthesized and characterized (scheme 3.2).

H halogenation H dimerization X% ‘ ' X2
e = 1L, .JC
H NO, X1 NO, X1 NO, OsN X1

X' =Br, | reductive
X2=H,Br azo coupling
NH, NH;
H bromination  Br framework Br
—_— —_—
Br Br assembly pgr NO,

Scheme 3.2: Schematic synthesis of given halogenated DID derivatives following the procedure of MoormANN et al. for
unsubstituted DID framework.#2] Dihalogenated building blocks could be obtained by electrophilic aromatic substitution of
nitroindane while for tetrasubstituted DID halogen substituents had to be introduced before setting up the indane
framework.

Halogenated derivatives could be synthesized according to the known procedure established by
MOORMANN et al.*? after the halogenated nitroindane building blocks had been prepared. For
dihalogenated derivatives the corresponding nitroindane building blocks could easily be obtained by
electrophilic aromatic substitution of nitroindane with corresponding halogen succinimide. While
meso- and rac-diastereomers of dibrominated DID could be synthesized without complications, only
the rac-diiodo DID could be obtained. As the reason for this reduction of the iodine substituent
occurring during the reductive azo condensation. Therefore, meso-diodo DID was reduced to the
unsubstituted DID in its entirety. For tetrabrominated DID the second bromo substituent had to be
introduced before synthesizing the indane framework resulting in low yields of the corresponding
building block due to side reactions. Additionally, only the racemate of tetrabrominated DID could be
synthesized due to the unfavored formation of the meso-diastereomer. Photochemical
characterization revealed only minor deviation from the corresponding unsubstituted diastereomers
concerning absorption wavelengths and photoconversion yields while at the same time thermal half-
lives of all derivatives synthesized within this project are significantly shortened after introduction of
halogen substituents.
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3.4 Synthesis and Characterization of New Diindanodiazocine Derivatives

Thomas Brandt, Jan Peter Mikosch, Lasse Cipriani and Rainer Herges

Manuscript prepared for submission.

Scientific contribution to this paper: Conceptual Design, Development of the Synthesis pathway,
Synthesis and Characterization of compounds with help of Jan Peter Mikosch and Lasse Cipriani,

UV (spectra and half-lives) and NMR measurements (spectra and PSS measurements), writing of the
manuscript and Supporting Information.
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Introduction

Bridged azobenzenes, so called diazocines, exhibit exceptional photophysical
properties [1,2] and are therefore frequently used photoswitches with a broad field of

application such as material science [3-6] or photopharmycology [7-11]. Especially the

1
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well separated n — t* transition in the visible range of the electromagnetic spectrum
allowing excellent photoconversion between Z and E
configurations (I';og, 3g5num = 92%, Tzoe s25nm > 99% in n-hexane) and high
quantum yields (®,_; = 0.72, ®,_ = 0.9) of these transitions are noteworthy. [2] The
reason for these improved photochemical properties compared to parent azobenzene
is the additional ethylene bridge in ortho-position to the azo group between both phenyl
rings reducing the conformational flexibility of the molecule. Moreover, this strained
eight-membered framework leads to a higher light-to-chemical-energy conversion
efficiency. [12]

A systematical improvement of the diazocine parent system by even more reduction of
the conformational flexibility in form of two additional ethylene bridges between the
parent systems benzyl position and the neighboring aromatic carbon lead to the
previously reported diindanodiazocine (DID). In addition to its photochemical
properties, this molecule is characterized by the fact that two diastereomers, a meso-
form 1 and a racemic mixture (rac) 2, of DID are formed during synthesis. To the best
of our knowledge the unsubstituted rac-DID 2 is the smallest chiral photoswitch known
so far. Both diastereomers 1 and 2 show the highest quantum yields of an artificial
photoswitch known to date and also outperform the best naturally occurring
photoswitch rhodopsin. [12]

Additionally, the reduction of conformational movement leads to a directional motion
during the switching process in contrast to azobenzene and parent diazocine which
are in fact no directional photoswitches. Furthermore, the DID by far more efficient
concerning the efficiency of conversion of light into chemical energy than parent
diazocine or azobenzene. Besides, both diastereomers show quite different behavior

concerning thermal half-life. While rac-DID 2 shows a very long half-life in the range of
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a few days while meso-DID 1 only needs a few seconds to relax at room temperature

which makes both diastereomers suitable for different applications. [12]

Q
Y N=NY (%) YXNY

“ X A 530 nm N X
z E
X Y meso rac
H H 1 2
Br H 3 4
I H - 5
Br Br - 6

Figure 1: Diindanodiazocines synthesized and characterized in this work.

To make this new class of azobenzene based photoswitch accessible for further
derivatization and application we focused on the symmetrical derivatization of DID with
bromo- or iodo-substituents. Therefore, we synthesized the meso-3 and rac-
diastereomers 4 of dibromosubstituted DID, the rac-diastereomer5 of
diiodosubstituted DID and rac-diastereomer 6 of tetrabromosubstituted DID (figure 1)

and characterized their photochemical properties.

Results and Discussion

Synthesis

The synthesis of unsubstituted DID’s1 and 2 is straightforward by dimerizing
unsubstituted nitroindane 7 to the corresponding diastereomers followed by reductive
azo coupling. [12] Since there is no example in current literature of electrophilic

3
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aromatic substitution of diazocines the halogenic substitution targeted in this work has
to be performed before the dimerization step (Scheme 1). The halogenation has been
performed by adding NXS to a solution of the nitroindane 7 in sulfuric acid following a
procedure of RAJU et al. [13] and the corresponding product could be obtained
quantitatively (bromide 8) and a rather low yield for the iodide 9. Subsequent
dimerization yields for the dimerization products (meso-dibromodimer 10, rac-
dibromodimer 11, meso-diiododimer 12 and rac-diiododimer 13) are not significantly
influenced by halogen substitution of the building blocks compared to the unsubstituted
system. This also fits the reductive azo coupling of the dibromodimers 10 and 11 to the
corresponding DID’s 3 and 4. In contrast to this the diiodocompounds are affected
during the reductive azo coupling by reduction of the iodo-substituents to the
corresponding unsubstituted DID, so that the rac-diiodo-DID 5 can be obtained in a
ratio of 3:1 together with the unsubstituted rac-DID 2 while the meso-compound 14
could not be obtained due to reduction to the unsubstituted meso-DID 1 in its entirety.
A similar reduction of the bromo derivatives to the unsubstituted system could not be

observed.

NXS
e
H,SO,
NO, X NO,
7

X =Br8>99%

=1 9 13%
1. Ba(OH)2*8 Hzo
KOtBu Zn
Br; EtOH/H,O .
—— [ A — L
X No, THF X NO, O,N X 2.0 X N=N X
CuCl,
X = Br meso 10 30% KOH 0.1 M X=Brmeso3 75%
rac 11 56% in MeOH rac 4 76%
=1 meso12 34% =] meso14 -
rac 1361% rac 5 49%

Scheme 1: Synthesis of meta-substituted DID’s 3,4 and 5.
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For the synthesis of tetrabromo-DID the same strategy was used as for the synthesis
of the disubstituted DID’s: At first synthesis of the halogenated nitroindane building
block 15 followed by the established dimerization and reductive azo coupling. Since
the second bromine substitutent cannot be introduced directly to the already
synthesized bromnitroindane building block 8 the electrophilic aromatic substitution
has to take place before the indane framework is formed and the nitro group is
introduced (Scheme 2). For that reason the synthesis path starts with an electrophilic
aromatic bromination of 3-bromaniline (16) following the procedure of BARTOLI e/
al. [14] giving the desired dibromaniline 17 in a quantitative yield. The formation of the
indanone framework was performed according to the procedure of TIRFOIN et al. [15]
with a nucleophilic aromatic substitution to establish a propanoic acid side chain in the
dibromo intermediate 18 followed by FRIEDEL-CRAFTS-Acylation to close the indanone
ring system 19. However, following the procedure of TIRFOIN et al. [15] resulted in no
product formation, so that the reaction was carried out in pure trifluoromethane sulfonic
acid giving the desired indanone 19 in a yield of 20% along with the side product
5,6-dibromo-indan-1-one (80%). The undesired side product is favoured in the ring-
closing reaction due to less sterical hinderance during the electrophilic attack. The
subsequent reduction to the dibromoindane 20 could be achieved in a quantitative
yield while the nitration giving the dibromonitroindane building block 15 in a yield of

32% also affected by the formation of an unwanted side product.
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Scheme 2: Synthesis of the dibromonitroindane building block 15 starting from
3-bromaniline (16).

Starting with dibromonitroindane building block 15 the synthesis of the corresponding
rac-DID 6 can be obtained following the established procedure (Scheme 3). The
corresponding meso-tetrabromodiindanodiazocine 21 however, could not be obtained,
since the meso-precursor 22 was formed in an amount of only 5% compared to the
rac-precursor 23 and therefore could not be separated from the rac-diastereomer.
Additionally, the yields of both dimerization and reductive azo-coupling are by far worse

than for di- or unsubstituted systems.

1. Ba(OH)z*S H,0

KOtBu
NO, O,N Br 202

2

CUC|2
15 meso 22 - KOH 0.1 M meso 21 -
rac  2321% in MeOH rac 6 28%

Scheme 3: Synthesis of rac tetrabromo-DID 6 from dibromonitroindane 15 building

block.
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Photochemical Characterization

The UV-vis spectra of DID’s 2,4-6 were recorded at 298 K and of 1 and 3 at 233 K and
acetone was used as solvent for all measurements. PSS values (I') were determined
via NMR spectroscopy in acetone. Thermal half-lives of rac-diastereomers 4-6 were
investigated via UV-vis measurements at 298 K while meso-diastereomer 3 was
examined via UV-vis measurements at 233 K, 238 K, 243 K and NMR spectroscopy at
238 K (For details, see Supporting Information File 1, section Slll and SIV).
As well as the unsubstituted meso-DID 1 the dihalogenated meso-DID 3 shows a high
separation of n — w* transitions of Z and E configuration with absorption maxima at
405 nm (Z configuration) and 464 nm (E configuration) (Figure 2). Likewise, the
photoconversion yield (') shows no significant difference to the unsubstituted system
for Z to E photoisomerization at 385 nm (Table 1). Complete reisomerization can be
achieved by light with a wavelength of 530 nm. In contrast to the unsubstituted meso
diastereomer 1 the rac diastereomer 2 exhibits a significant bathochromic shift of the
Z n — * transition about 20 nm to 431 nm and a less strong bathochromic shift of the
E n — m* transition to 478 nm. This leads to significantly lower photoconversion yields
for Zto E and E to Z isomerization due to a high overlap of these transition bands. Both
disubstituted rac DIDs 4 and 5 show an even higher bathochromic shifts for Zto En —
m* transitions to 435 nm leading to significantly lower photoconversion yields with 68%
with 385 nm while E to Z isomerization with light at 530 nm exhibits a slight decrease
to 92%. In contrast the tetrabromosubstituted DID 6 exhibits a more bathochromically
shifted E n — n* transition at 483 nm resulting in a slightly higher PSS of 78% for Z to
E photoisomerization with light at 385 nm compared to unsubstituted rac DID 2.

When considering thermal relaxation (¢, /,), an influence of the halogen substituents is

also evident. The already very short half-life of meso-DID 1 is significantly shortened
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about the factor of twelve to 0.25 s for the brominated meso-DID 3 at 298 K. A similar
effect of halogen substitution is also visible for rac-DID’s 4-6. Compared to the
unsubstituted rac-DID 2 with an half-life of 117 h the thermal relaxation of
dihalogenated DID’s 4,5 is reduced by more than half to about 50 h. Even stronger is
the effect of tetrahalogenation leading to half-life to 29.2 h. So, in general halogenation

of DID-system leads to a significant decrease of thermal relaxation.
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Figure 2: UV-vis spectra of unsubstituted (1,2), dibromo (3,4), diiodo (5) and
tetrabromo (6) DID’s. All spectra were recorded in acetone. The spectra of Z-
configurations are given in black, the spectra of the PSS at 385 nm are represented in

red and the extrapolated spectra of pure E-configurations are presented as dashed

blue lines.
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Table 1: Photophysical properties of DID’s (1-6) in acetone.

Amax (2) Amax@®)  ti2 (25°C) T,z (385nm) Tz (530 nm)
nm h %
1112] 411 4682 8.8*104P 842 >092
20121 431 478 117 76 94
3 405 4642 7.0%105°P 86° >90d
4 435 479 51.5 68 92
5 435 476 50.8 67 92
6 431 483 29.2 78 93

ameasured at 233 K; Pmeasured at four temperatures (233 K, 238 K, 243 K, 248 K) and

then extrapolated to 298 K (For details, see Supporting Information File 1, section

SIV.); °‘measured at 238 K and extrapolated (for details, see Supporting Information

File 1, section SllII; 9measured at 238 K.

Conclusion

In context of this work four new additionally bridged diazocines (diindanodiazocines)

have been synthesized and characterized. For this purpose, bromo- (3 and 4) and

iodo-substituents (5) have been introduced in meta-position related to the azo-bridge

by substitution of nitroindane building block 7. Furthermore, the indane framework has

been built up around a dibromo substitution pattern resulting in the successful

synthesis of tetrabromosubsituted rac-diindianodiazocine 6. The meso-diastereomers

of diodo- or tetrabromo-DID’s could not be obtained due to either reduction of the

halogen substituent or insufficient yield.

The new DID derivatives have been investigated with regard to their photochemical

10
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properties. It could be shown that meta-halogenation of rac-diindanodiazocine
framework leads to drop in their PSS due to a higher n — m* transition overlap for the
synthesized rac-DID derivatives 4 and 5 while the PSS stays at the same level for
meta- and para-brominated DID 6 compared to the unsubstituted system 2. The meta-
bromination of meso-DID framework 3 also showed no significant influence on the
PSS. However, all new DID-derivatives share a drastic shortening of thermal relaxation
as common property.

Since both meso- and rac-diindanodiazocine frameworks offer quite different
photochemical properties different fields of application can be targeted. Due to their
very short thermal half-life, excellent switching behavior and the directed motion upon
photoisomerization meso-diindanodiazocines are predestined for application as
actuators in molecular machines. Rac-diindanodiazocines also exhibit superior
photochemical properties and long thermal half-lives while being the smallest chiral
photoswitches known to date and are consequently ideal candidates for controlling of
chirality in liquid crystals or chiroptical switching. The functionalization presented in this
work makes these excellent photoswitches now accessible for application in these

fields.
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4. Synthesis and Characterization of New N-Acetyl Diazocines for
Application in Photopharmacology

The basic concept of photopharmacology is the control of biological or pharmacological activity of a
drug by light for activation and deactivation. The use of light as an external stimulus is particularly
suitable since it does not interfere with most biological and chemical systems and is therefore a
traceless and biorthogonal stimulus. Furthermore, light can be used with high spatiotemporal
resolution and can be tuned precisely in intensity and wavelength as a highly selective
stimulus (figure 4.1).[1%115162]

R hvs

A

hV2

|

pharmacologic effect

Figure 4.1: Schematic illustration of the basic principle of photopharmacology. The photoresponsive drug (yellow) cannot
bind to the targeted receptor binding pocket due to sterical hindrance and is therefore biologically inactive. By irradiation
with a certain wavelength (hv;) a photoisomerization is induced. This leads to a structural change and allows binding of the
now biologically active photopharmacophore to the receptor inducing the desired pharmacologic effect. Irradiation with light
of a different wavelength (hv,) converts the photoresponsive drug back into its biologically inactive initial form.[18-20,162,163]

Basic requirement for a reversibly light-controllable pharmacophore is the presence of a
photosensitive chromophore as part of the molecule. By irradiation of the photopharmacophore a
photoisomerization reaction is induced accompanied by a geometrical change of the molecule allowing
the formation of a receptor-ligand complex followed by the pharmacologic effect.[*®2% Usually,
photoswitchable molecules are used as chromophoric units, which are subject to high demands. The
photopharmacophore should offer high photoconversion vyields, ideally quantitative switching
between both active and inactive form in aqueous media, especially under physiological conditions.
Thus, the absorption bands used for induction of the photoisomerization reactions must be well
separated and offer high quantum yields.!*** The wavelengths used for isomerization should be chosen
in order to avoid interference with the biological environment and, importantly, to prevent damage to
surrounding tissue. Therefore, UV light should be avoided and light of the visible region or near infrared
irradiation (NIR) be used instead. Especially, NIR is preferable due to high penetrating depth in aqueous
media and biological tissue (biooptical window).!1%81091641 The |ight-induced structural change upon
isomerization of the chromophore should cause a significant difference in pharmacological activity of
the whole photopharmacophore for switching between completely activated or deactivated
configurations.'®#1%]  Besides, the stability of the chromophore against influences causing
decomposition is a key aspect. The presence of naturally occurring intracellular reducing agents like
glutathione or certain enzymes have shown that they are able to reduce photoswitches containing an
azo group.7#1641661 The choice of the right chromophore must therefore be carefully considered, as
every known photoswitch has its advantages and disadvantages concerning switching properties and
applicability in biological environment.

The basic principle of a pharmacophore that can be activated and at a designated point of impact
deactivated later on aims to provide an effective alternative to conventional drugs and
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prodrugs (figure 4.2). For conventional drugs, liberation and resorption already take place in the active
form and are likewise distributed throughout the body by the circulatory system, which means that
the effect is not limited to the designated site of action, but also extends across the entire body. This
leads to adverse drug reactions and resistances or even collateral damage if more aggressive drugs are
used. Furthermore, the active drug is excreted in the active form and is released in to the
environment.!**1¢3 Especially synthetic hormones and other endocrine disruptors are very problematic
as they damage human and animal organs and endocrine systems even in low concentrations.[*67,168!
Prodrugs are introduced into the body in their inactive form and are then converted into their active
form within the metabolism after resorption. The activation of a prodrug is irreversible and ensures
that they are also distributed and excreted from the body in their active form. Therefore, they share
the disadvantages of conventional drugs.*63!

Photopharmacophores instead, can selectively be activated with high spatiotemporal resolution at the
designated point of action after being resorbed by the metabolism leading to a lower concentration of
active pharmacophore being distributed across the body and therefore inducing less adverse drug
reactions and resistances. Furthermore, the activation of the photopharmacophore is reversible and
therefore deactivation can be achieved by irradiation of a different wavelength or thermal relaxation.
Therefore, the photopharmacophores are excreted in their inactive form so that environmental
contamination is significantly reduced.[*>163!

Environment

Conventional drug

Reversibly photocontroled drug I

Toxicity
Side effects

Local and temporal impact

inactive [ NN active

Figure 4.2: Schematic comparison of the local and temporal impact of conventional drugs, prodrugs and reversibly
photocontroled drugs before medication, in the metabolism before and after the designated place of impact and after
excretion.[19,163]

A variety of photoswitches are conceivable for use as chromophores within a photopharmacophore.
For example diazocines, spiropyranes and azobenzenes or respectively azoheteroarenes have already
been used as chromophores, with the latter being most frequently used to date.*®2%163 Azobenzenes
and azoheteroarenes are particularly suitable since the structural motif of two aromatic or
heteroaromatic rings separated by diatomic linker (e.g. -CH,-CH,-, -CH=CH-, -CH,-NH-, -CONH-, -CH,-O-,
-S0,-NH-, and others) can frequently be found in pharmacophores and easily be replaced by an azo
group. The high amount of candidates for this azologization shows the great potential of this approach
developing photopharmacophores.[**®! Also for diazocines structural analogs can be found in the field
of pharmacophores since a wide range of tricyclic antidepressants,[*’%*"% calcium antagonists,*’?
antihistamines!’”® and other enzyme inhibitors*’# are known and are therefore predestined for
azologization giving a diazocine-based photopharmacophore.

Compared to azobenzenes diazocine offer superior photoconversion yields, higher quantum yields and
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switching in the visible range of the electromagnetic spectrum. But most importantly the
thermodynamical stability of E- and Z-configurations are inversed compared to azobenzenes with the
latter being favored.®”! This indicates that for diazocines the bend sterically more hindered and
thermodynamically stable Z-configuration does not fit into the enzyme binding pocket resulting in the
formation of a receptor ligand complex being prevented. If irradiated the diazocine isomerizes to the
more flat E-configuration which is able to slip into the enzymatic binding pocket of the receptor easily.
By irradiation or thermal relaxation the diazocine is switched back to the bulky Z-configuration and the
receptor ligand complex is resolved (figure 4.3).1%%! This is a great advantage over azobenzenes and
azoheteroarenes since they are thermodynamically stable in their flat E-configuration which is also
biologically active and therefore can only be turned off for a short time by being switched into the
more hindered and biologically active Z-configuration.#>16°

N=N
azobenzene @ @ @

Ney,

s

- 5 |
1 ] < - |
"‘ hva, A A
b J v
thermodynamically stable metastabile
biologically active biologically inactive
diazocine 7 N=’*N\\‘
hV1
_—
— "
hV2, A
v b
thermodynamically stable metastabile
biologically inactive biologically active

Figure 4.3: Schematic view of the binding of azobenzene and diazocine binding to a receptor. The planar and
thermodynamically stable E-azobenzene fits into the binding pocket while the azobenzene in its metastable Z-configuration
obtained by irradiation cannot bind due to sterical hinderance. In contrast the bend and sterical hindered thermodynamically
stable Z-diazocine does not fit into the binding pocket whereas the stretched and less hindered metastable E-diazocine can
bind to the receptor.[69,85169]

So diazocines are predestined to be applied as chromophores in light-controllable pharmacophores
since the drug can be introduced into the organism in its biologically inactive form and subsequently
be activated at the designated target. After leaving the target region the pharmacophore can be
selectively switched to inactivity either by light or thermal relaxation. This leads to prevention of drug
adverse side effects while being transferred throughout the body and environmental toxicity after
excretion.

However, as the parent diazocine lacks the property of sufficient water solubility a functionalization is
needed which, unfortunately, is accompanied by a deterioration of switching properties in aqueous
media.'*® The N-Ac diazocine offers more than satisfactory water solubility up to 1 mm without
significantly influencing the switching properties.[641101201 Thijs is a most recent finding by the
HERGES group and therefore no work has been put in the late-stage functionalization for application of
N-Ac diazocines so far. For this reason, the derivatization and functionalization of water-soluble
N-Ac diazocine was the target within this project. Additionally, the complex synthesis path of the
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unsubstituted N-Ac diazocine used so far should be revised and improved to less reaction steps and a
higher total yield. Afterwards the insights of this work should be applied on substituted systems.

4.1 Summary of Substituted Nitrogen-Bridged Diazocines

In contrast to parent diazocine the improved N-Ac diazocine offers intrinsic water solubility without
significant reduction of the switching properties in aqueous media.®*'® Furthermore, the
n-m*-transitions targeted for Z- to E- and vice versa-photoisomerization offer a significant
bathochromic shift.®*11% These properties indicate that N-Ac diazocines could be a promising
candidate for application in aqueous biological environments. For accessibility of more N-Ac diazocine
derivatives further functionalization is required. For this purpose, halogen substituents can be used as
linking points. Since late-stage functionalization of N-Ac diazocines turned out to be very difficult, the
targeted halogen functionalization had to be included in the starting material. The synthesis of the new
N-Ac diazocine derivatives followed the initial synthesis path except the azo condensation, which
followed the oxidative approach of MAIER et al.’® with mCPBA after previous reduction to the
corresponding dianiline intermediate (scheme 4.1).1%47% This improvement lead to higher and more
reproducible yields.

Br
@NHZ O.N X \/@ FmocCl FmOC
NHBoc
X=H,Brl NHBoc NHBoc
TFA
Fmoc Fmoc

) TEA ) reduction
Q m .} AcOH b\ .) mCPBA (;I/
T3P NH,
Q O,
2.) chloral

DIPEA

Scheme 4.1: Synthesis procedure for preparation of halogenated N-Ac and N-formyl diazocine derivatives. The initial
synthesis path developed by LENTEs et al.[®¥ was improved by performing the oxidative azo cyclization by Maier et al.[76]
resulting in higher and reproducible yields.

For investigations on the influence of other polar substituents at the bridging nitrogen atom also formyl
substituents were introduced, so that in total five new N-diazocine derivatives could be synthesized.
All new derivatives offered excellent PSS between 80% and 85% for the Z- to E-photoisomerization
and quantitative E- to Z-isomerization. Thermal half-lives of the halogenated N-Ac diazocines
derivatives does not significantly differ from unsubstituted N-Ac diazocine, while thermal relaxation of
the formyl derivatives was significantly slowed down. Additionally, the photochemical characteristics
of the monobrominated N-Ac diazocine and the unsubstituted N-formyl diazocine were investigated in
water. The PSS values in aqueous media of both derivatives do not significantly differ from the
unsubstituted N-Ac diazocine while the thermal relaxation of N-formyl diazocine is considerably
extended.
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Novel nitrogen-bridged diazocines (triazocines) were synthesized that carry a formyl or an acetyl group at the CH,NR-bridge and

bromo- or iodo-substituents at the distant phenyl ring. The photophysical properties were investigated in acetonitrile and water. As

compared to previous approaches the yields of the intramolecular azo cyclizations were increased (from ~40 to 60%) using an oxi-

dative approach starting from the corresponding aniline precursors. The Z— E photoconversion yields in acetonitrile are 80-85%

and the thermal half-lives of the metastable E configurations are 31-74 min. Particularly, the high photoconversion yields (=70%)

of the water-soluble diazocines are noteworthy, which makes them promising candidates for applications in photopharmacology.

The halogen substituents allow further functionalization via cross-coupling reactions.

Introduction

Diazocines (bridged azobenzenes) are frequently used photo-
switches with outstanding photophysical properties. Parent
diazocine (CH,—CH;-bridged) exhibits well-separated n—m*
transitions, which allow excellent photoconversion between the
Z and E configurations ((Z—E)385 nm = 92%, (E—Z)505 nm >
99% in n-hexane) with light in the visible region [1]. Moreover,
the Z-boat configuration is the thermodynamically stable isomer
[2-9]. The latter property (i.e., the inverted stability compared to
azobenzenes) makes them promising candidates for applica-
tions in photopharmacology. In the majority of azobenzene-
based photopharmacophores, the bent Z configuration is biolog-
ically inactive [10-12]. Hence, (and in contrast to azobenzenes)
the thermodynamically stable and biologically inactive
Z-isomer can be administered and switched on with light at the

48

site of interest with spatiotemporal resolution. Moreover, the
photoconversion yield for the E—Z isomerization is quantita-
tive (within the detection limit of UV and NMR spectroscopy).
A high efficiency in switching the biological activity off is im-
portant to avoid side effects of residual concentrations of the
active form [13].

Water solubility and high Z— E switching efficiencies in water
are additional important criteria for applications in biological
environments [14]. Our previously published NAc-bridged
diazocine 10c (Scheme 1, Table 1) exhibits both properties [15].
This is in stark contrast to the CH,—CH; and S—CHj-bridged
diazocines and the majority of azobenzenes [9,16-20]. Spurred
by the promising properties of CH,—NR-bridged diazocines
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(triazocines), we now explored this class of photoswitches and

developed synthetic access to these photochromes (Figure 1).

o R
e ~ ﬂ
Results and Discussion m 400 nm
Synthesis 500 650 nm ,©\/ D

The first three stages of the synthesis of CH,—NR-bridged A th

diazocines are analogous to the previously described synthesis z

of CHp—NH-bridged diazocine [15]. The single Boc-protected RX‘ H  Br |
1,2-phenylenediamine (2, Scheme 1) is reacted with halogen- d | 11e 11a 116

substituted 2-nitrobenzyl bromides 3 [21] forming N-benzylani- CHs| 10¢ 10a 10b

lines 4, which were protected with Fmoc chloride to accom-

plish an orthogonal protective group strategy. The removal of

the Boc groups from compounds 5 with TFA gave the mixed Figure 1: Bridged diazocines synthesized and investigated in this

. . work.
aniline and nitro precursors 6.

NH2  Boc,0, MeOH X NH2 Br THF, NEt,
64% _ +
NH, ° NHBoc O,N X

2

NHBoc
1 2 X =Br3a X=Br4a71%
X=1 3b X=1 4b 96%
DMF,
DIPEA,
Fmoc-Cl
X X
Fmoc Fmoc Fmoc
reduction ,{j DCM, TFA
- -
X = Br, H: Zn, NH4CI ©i NO
NH2 X = 1: 8nCly2H,0 NH, 2 NHBoc
7 X = Br 6a quant. X = Br 5a 56%
X=1 6b96% X=1 5b33%
HOACc, O
mCPBA

DMF, DIPEA,
HOAC, TSP @ b\

Fmoc H
N DCM, N X = Br 10a 86%
NEt; X=1 10b 60%
X “ X=H 10c 77%
= N=N
N=N O
X =Br 8a 56% X = Br 9a 93% MeCN, DIPEA,
X=1 8b56% | over 2 steps X=1 9b84% chloral
X=H 8c 62% X=H 9c¢ 80% @

X =Br11a 84%
X=1 11b 52%
X=H 11¢c 76%

Scheme 1: Synthesis of 3-bromo- and 3-iodo-acetylated CHoNR diazocines 10 (R = Ac) and formylated diazocines 11 (R = CHO).
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In previous approaches, the nitro groups were reduced to
hydroxylamines with zinc and oxidized to the corresponding
nitroso compounds with iron(III) to perform an intramolecular
Baeyer—Mills reaction [15,21]. We found that a complete reduc-
tion of the nitro group to aniline 7 and oxidation with mCPBA
is increasing the yield of the intramolecular cyclization from
39% to 62% (over two steps) for the unsubstituted diazocine 8¢
as compared to the pathway via the hydroxylamine. The
3-bromo 8a and 3-iodo 8b compounds were obtained in 56%
yield using the oxidative method of Trauner [22] with mCPBA.
The Fmoc groups were removed with NEt; to yield the

NAc 10c in MeCN, 25 °C

800 800
—Z

600 --- PSS 400 nm 600
— extrapol. E

Br-NAc 10a in MeCN, 25 °C

Beilstein J. Org. Chem. 2021, 17, 1503—-1508.

NH-diazocines 9. The acetylated diazocines 10a—c were synthe-
sized using a mixed anhydride of acetic acid and T3P
(propanephosphonic acid anhydride). The formylation of
NH-diazocines 9a—¢ was accomplished with chloral [23] under
non-acidic conditions.

Investigation of the photophysical properties

The UV-vis spectra of diazocines 10a—c, and 11a—c¢ were re-
corded in acetonitrile at 25 °C. All compounds exhibit an n—m*
transition at about 400 nm (Z— E conversion) and an n—* tran-

sition at about 520 nm (E'—Z conversion, Figure 2, Table 1).

I-NAc 10b in MeCN, 25 °C

800

600

400 400 400
200 200 200
D ol . . . , 0 0
‘£ 400 500 600 700 800
o
TB
£ NCHO 11¢c in MeCN, 25 °C
< 8001 800 800
(%)
6001 600 600
400 400 400
200 200 200
0 0 0
800 400 500 600 700 8OO

wavelength / nm

Figure 2: UV-vis spectra of 3-bromo and 3-iodo, and unsubstituted CHoNAc-bridged (10a—¢) and CHoNCHO-bridged (11a—c) diazocines. The spec-
tra of Z-isomers are given in black, the photostationary states at 400 nm are represented as dashed red lines and the extrapolated spectra of the pure

E-isomers are in blue.

Table 1: Photophysical properties of N-diazocines 10a—c and 11a—c in acetonitrile.

acetonitrile
Amax(z) Amax(E)  eAmax(Z)  EAmax(E) rz-g® t1/2(25 °C) En In(A)
nm L mol~1cm- % min kJ mol-?
Br-NAc 10a 397 515 495 791 81 30.9 93.4 29.8
I-NAc 10b 397 517 480 778 82 28.6 87.0 27.3
NCHO 11¢ 397 509 502 760 85 74.0 88.4 26.9
Br-NCHO 11a 397 509 469 784 82 49.9 93.9 29.5
I-NCHO 11b 398 511 483 798 80 48.1 90.9 28.3
NAc 10¢ 397 513 495 759 88 29.5 87.6 27.5
3 xtrapolated values (for details, see Supporting Information File 1, section IV).
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Irradiation with 400 nm gives the metastable E-isomers of the
acetylated and formylated derivatives 10 and 11 with good

photoconversion yields (I') of 80-85% (Table 1) in acetonitrile.

A complete E—Z conversion (>99%) can be achieved with light
between 520 and 600 nm. The unsubstituted acetylated and
formylated diazocines 10¢ and 11c exhibit similar conversion
yields (88% and 85%) and halogenation as well does not have a
significant influence. However, thermal half-lives (¢12) of the
metastable E-isomers of the 3-bromo and 3-iodo N-acetyl
diazocines 10a and 10b (=30 min) are significantly smaller than
the half-lives of the corresponding bromo and iodo N-formyl
derivatives 11a and 11b (=50 min). In general, halogenation
decreases the half-lives compared to unsubstituted diazocines
10c¢ and 11c. The activation barrier (E 5) of the E—Z isomeriza-
tion (obtained by an Arrhenius plot) is higher in formylated
compounds 11 compared to acetylated compounds 10 and is

further increased by halogenation.

The unsubstituted N-formyl diazocine 11¢ and brominated
NAc-diazocine 10a were also investigated in pure water since
they are water-soluble (11¢: =250 uM, 10a: =150 pM). The
highest Z— E conversion yields are observed by irradiation with
400 nm in water and the back-isomerization £—Z can be

Br-NAc 10a in H,0, 25 °C

cm

£/ L mol

Beilstein J. Org. Chem. 2021, 17, 1503-1508.

accomplished by irradiation with light in the range of 525 and
600 nm (Figure 3, Table 2).

The photoconversion yields (Z— E) of N-formyl diazocine 11¢
in water and bromo-NAc diazocine 10a are about 70%, which
do not differ significantly from unsubstituted NAc diazocine
10¢ (72%) [15]. Tt is interesting to note that the half-lives and
activation barriers (E—Z) are increasing (f2 = 2-2.5-fold) in
water as compared to the less polar acetonitrile.

Conclusion

Five nitrogen-bridged diazocines (triazocines) were synthe-
sized and characterized. Formyl (R = CHO) and acetyl groups
(R = Ac) were introduced at the CH,NR bridge and the distant
phenyl rings are Br and I substituted. In contrast to previous ap-
proaches, the azo cyclization (ring closure) was achieved via the
oxidation of the bis-anilines 7 with mCPBA (=60% yield).
Among the nitrogen-bridged diazocines compounds 10a and
11c are water soluble and retained their high switching effi-
ciency (=70%) also in water. The half-lives of the metastable
E-isomers are larger for the N-formyl diazocines 11a—¢ com-
pared to the acetylated compounds 10a—c and generally, the
half-lives are larger in water than in acetonitrile. Halogen atoms

10007 NCHO 11¢in H,0, 25 °C
800+ —_
-=-- PSS 400 nm
6001 — extrapol. E

400+

200

400 500 600 700 800

0 - v v 7 J
400 500 600 700 800

wavelength / nm

Figure 3: UV-vis spectra of 3-bromo-NAc-diazocine 10a and N-formyl-diazocine 11¢ in water. Spectra of Z-isomers (black curve), the photosta-
tionary states at 400 nm (dashed red line), and the extrapolated spectra of the pure E-isomers (blue).

Table 2: Photophysical properties of water-soluble N-diazocines 10a, 10c, and 11¢ in H20.

H-0
Amax(z) Amax(E) €\max(2) EAmax(E) rz-g? t1/2 (25 °C) Ep In(A)
nm L mol-" cm™! % min kJ mol-"
Br-NAc 10a 394 502 534 975 70 69.6 99.9 31.6
NCHO 11¢ 393 500 567 871 69 198 97.8 29.7
NAc 10¢c 393 502 564 850 72 72.8 90.4 27.7

2Extrapolated values (for details, see Supporting Information File 1, section 1V).
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Br and I at the phenyl rings in 3-position as in 10a,b, and 11a,b

are a good starting point for further functionalization
[17,20,24]. We conclude that CHNAc and CH,NCHO bridged
diazocines (triazocines) are promising candidates for applica-

tions in biological environments and particularly as photo-

switches in light-activatable drugs.

Supporting Information

Supporting Information File 1

Analytical equipment, experimental procedures, NMR and
UV-vis spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-107-S1.pdf]

Acknowledgments

The authors thank Malte Wellmann for his assistance in synthe-

sis.

Funding

The authors gratefully acknowledge financial support by the
Deutsche Forschungsgesellschaft (DFG) within the Sonder-
forschungsbereich 677, “Function by Switching”.

ORCID® iDs

Jeremy Rudtke - https://orcid.org/0000-0001-8079-7715
Rainer Herges - https://orcid.org/0000-0002-6396-6991

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.3762/bxiv.2021.16.v1

References

1.

Siewertsen, R.; Neumann, H.; Buchheim-Stehn, B.; Herges, R.;
Néther, C.; Renth, F.; Temps, F. J. Am. Chem. Soc. 2009, 131,
15594—15595. doi:10.1021/ja906547d

. Siewertsen, R.; Schénborn, J. B.; Hartke, B.; Renth, F.; Temps, F.

Phys. Chem. Chem. Phys. 2011, 13, 1054—1063.
doi:10.1039/c0cp01148g

. Moormann, W.; Langbehn, D.; Herges, R. Synthesis 2017, 49,

3471-3475. doi:10.1055/5-0036-1590685

. Moormann, W.; Langbehn, D.; Herges, R. Beilstein J. Org. Chem.

2019, 15, 727-732. doi:10.3762/bjoc.15.68

. Samanta, S.; Qin, C.; Lough, A. J.; Woolley, G. A.

Angew. Chem., Int. Ed. 2012, 51, 6452—6455.
doi:10.1002/anie.201202383

. Sell, H.; Nather, C.; Herges, R. Beilstein J. Org. Chem. 2013, 9, 1-7.

doi:10.3762/bjoc.9.1

. Li, S.; Eleya, N.; Staubitz, A. Org. Lett. 2020, 22, 1624-1627.

doi:10.1021/acs.orglett.0c00122

52

9.

1

o

1

—_

12.

1

w

14,

15.

16.

17.

18.

19.

2

o

2

-

22.

23.

24.

Beilstein J. Org. Chem. 2021, 17, 1503—1508.

. Hammerich, M.; Schiitt, C.; Stahler, C.; Lentes, P.; Rohricht, F.;

Héppner, R.; Herges, R. J. Am. Chem. Soc. 2016, 138, 13111-13114.
doi:10.1021/jacs.6b05846

Heintze, L.; Schmidt, D.; Rodat, T.; Witt, L.; Ewert, J.; Kriegs, M.;
Herges, R.; Peifer, C. Int. J. Mol. Sci. 2020, 21, 8961-8981.
doi:10.3390/ijms21238961

.Beharry, A. A.; Woolley, G. A. Chem. Soc. Rev. 2011, 40, 4422—-4437.

doi:10.1039/c1cs15023e

.Szymanski, W.; Beierle, J. M.; Kistemaker, H. A. V.; Velema, W. A,;

Feringa, B. L. Chem. Rev. 2013, 113, 6114-6178.
doi:10.1021/cr300179f

Hull, K.; Morstein, J.; Trauner, D. Chem. Rev. 2018, 118,
10710-10747. doi:10.1021/acs.chemrev.8b00037

.Fuchter, M. J. J. Med. Chem. 2020, 63, 11436—11447.

doi:10.1021/acs.jmedchem.0c00629

Lubbe, A. S.; Szymanski, W.; Feringa, B. L. Chem. Soc. Rev. 2017, 46,
1052-1079. doi:10.1039/c6cs00461j

Lentes, P.; Stadler, E.; Rohricht, F.; Brahms, A.; Grébner, J.;
Sénnichsen, F. D.; Gescheidt, G.; Herges, R. J. Am. Chem. Soc. 2019,
141, 13592—-13600. doi:10.1021/jacs.9b06104

Lentes, P.; Frihwirt, P.; FreiBmuth, H.; Moormann, W.; Kruse, F_;
Gescheidt, G.; Herges, R. J. Org. Chem. 2021, 86, 4355-4360.
doi:10.1021/acs.joc.1c00065

Cabré, G.; Garrido-Charles, A.; Gonzalez-Lafont, A.; Moormann, W.;
Langbehn, D.; Egea, D.; Lluch, J. M.; Herges, R.; Alibés, R.;

Busqué, F.; Gorostiza, P.; Hernando, J. Org. Lett. 2019, 21,
3780-3784. doi:10.1021/acs.orglett.9b01222

Trads, J. B.; Hull, K.; Matsuura, B. S.; Laprell, L.; Fehrentz, T;

Gorldt, N.; Kozek, K. A.; Weaver, C. D.; Klocker, N.; Barber, D. M.;
Trauner, D. Angew. Chem., Int. Ed. 2019, 58, 15421-15428.
doi:10.1002/anie.201905790

PreuBke, N.; Moormann, W.; Bamberg, K.; Lipfert, M.; Herges, R.;
Soénnichsen, F. D. Org. Biomol. Chem. 2020, 18, 2650—-2660.
doi:10.1039/c90b02442¢e

. Thapaliya, E. R.; Zhao, J.; Ellis-Davies, G. C. R. ACS Chem. Neurosci.

2019, 10, 2481-2488. doi:10.1021/acschemneuro.8b00734

. Schehr, M.; Hugenbusch, D.; Moje, T.; Nather, C.; Herges, R.

Beiistein J. Org. Chem. 2018, 14, 2799-2804. doi:10.3762/bjoc.14.257
Maier, M. S.; Hill, K.; Reynders, M.; Matsuura, B. S.; Leippe, P.;

Ko, T.; Schaffer, L.; Trauner, D. J. Am. Chem. Soc. 2019, 141,
17295-17304. doi:10.1021/jacs.9b08794

Liebig, J. Ann. Pharm. (Lemgo, Ger.) 1832, 1, 182-230.
doi:10.1002/jlac.18320010203

Biffis, A.; Centomo, P.; Del Zotto, A.; Zecca, M. Chem. Rev. 2018, 118,
2249-2295. doi:10.1021/acs.chemrev.7b00443

1507



4. Synthesis and Characterization of New N-Acetyl Diazocines for Application in Photopharmacology

Beiistein J. Org. Chem. 2021, 17, 1503—-1508.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal
provisions.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.17.107

1508

53



4. Synthesis and Characterization of New N-Acetyl Diazocines for Application in Photopharmacology

4.3 Summary of Cross-Coupling of N-Acetyl Diazocines

A big advantage of N-Ac diazocines is the intrinsic water solubility without a significant deterioration
of its switching properties.l6#110120l However, for application further derivatization is required which
unfortunately cannot be achieved by late-stage aromatic substitution.'’””! Therefore, either
functionalization or connection point for late-stage derivatization via cross-coupling reaction have to
be introduced in the initial building blocks. In previous work monohalogenated N-Ac diazocines have
already been synthesized and characterized.!*?” The missing dibrominated N-Ac diazocine should be
synthesized within this project and the range of cross-coupling reactions accessible for N-Ac diazocines
should be elaborated for synthesis of potential new photopharmacophores.

The targeted dibrominated N-Ac diazocine could be synthesized following the synthesis path
established by LENTES et al.!*?%, albeit only very low yields could be achieved especially caused by
problematic Fmoc-protecting step. In contrast, the cross-coupling of monohalogenated
N-Ac diazocines could be successfully achieved with fifteen new N-Ac diazocine derivatives now
accessible via Suzukl-, STILLE-, IQBAL- or BUCHWALD-HARTWIG-coupling reactions (scheme 4.1). STILLE-
coupling proved to be an effective method for vinylation while arylation could only be achieved with
poor yields. For this, Suzuki-coupling proved to be an efficient method for arylation especially for
phenyl derivatives while heteroaromatics seemed to be problematic. Boc-protected anilines could be
synthesized in good yields and arylated anilines in insufficient yields via BUCHWALD-HARTWIG coupling.

Ac
\
@[Nb\ |IQBAL- SuzUKI- @[
N=N CN  coupling coupling

Ac
BUCHWALD- N
HARTWIG- STILLE-
—_—
NR> c:oupllng N=N X coupling
X =Br, |
Aq Aq
Q“‘b\ ULLMANN- STILLE- @Nh
N=N N3 coupling coupling N=N Ph

Scheme 4.2: Overview of cross-coupling reactions performed within this work. Suzuki-coupling with phenylboronic acids could
be achieved in yields from 46% to 88%, with heteroarene boronic acids gave only low yields. Vinylation via STiLLE-coupling
gave good yield between 65% and 78% whereas phenylation resulted in yields of 10%. BucHwALD-HARTWIG-coupling products
could be obtained in yields between 25% and 72%. Nitrile derivative could be obtained via laBAL-coupling in yields up to 81%.

All new N-Ac diazocine derivatives have been photochemically characterized in organic solvent and
showed excellent photoconversion yields of I';_z (405 nm) = 76%—85% for arylated and vinylated
compounds while aniline derivatives showed lower values of I',_z (405 nm) = 41%—50%. Thermal
relaxation of all new compounds was quite similar to the unsubstituted N-Ac diazocine in a range
between 28 and 40 minutes. Quantitative back isomerization could be achieved for all new
N-Ac diazocines. Furthermore, the switching of chosen derivatizes was performed in aqueous media
at different pH values. Compared to unsubstituted N-Ac diazocine photoconversion yields of selected
benzoic acid and aniline derivative were significantly lower (I';_,5 (405 nm) = 37%—62%). However, it
is worth noting that photoconversion yield of aniline derivative for Z- to E-photoisomerization in
aqueous media in slightly acidic pH is improved compared to organic solvent.
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4.4 Cross-Coupling of N-Acetyl Diazocines

Thomas Brandt, Pascal Lentes, Jeremy Rudtke, Michael Hosgen, Christian Nather and Rainer Herges

J. Org. Chem 2024, submitted, Manuscript ID: jo-2024-00398n.R2

Scientific contribution to this paper: Concept Design, Development of the Synthesis pathway, Synthesis
and characterization of compounds with help of Jeremy Rudtke and Michael Hosgen, UV-vis (spectra

and half-lives) and NMR measurements (spectra and PSS measurements), writing of the manuscript
and supporting information.
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N-Acetyl Diazocine Derivatives via Cross-Coupling
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KEYWORDS: photoswitch, » diazocine e cross coupling » photoisomerization » N-acetyl diazocine » thermal relaxation

ABSTRACT: Diazocines are photoswitches derived from azobenzenes by bridging the two phenyl rings in ortho position with
a CH2CH:z group forming an eight membered (diazocine) ring. Diazocine is superior to most azobenzenes in almost all photo-
physical properties (switching efficiency, quantum yield, wavelengths etc.). The biggest advantage, especially in photophar-
macology and when used in photoswitchable materials, is the inverted thermodynamic stability of the two switching states
(isomers). The Z isomer is more stable than the E form. However, one disadvantage that it shares with the frequently used
azobenzene is that the switching efficiency decreases sharply with increasing water content in the solvent. In a recently pub-
lished paper, we reported that replacing one CHz group in the bridge with NCOCHs not only confers intrinsic water solubility,
but also largely eliminates the problem of reduced switching efficiency in aqueous solutions. In order to investigate the chem-
istry of this promising photoswitch and to unlock further applications, we now investigate strategies for the synthesis of
derivatives, which are based on cross-coupling reactions. 20 vinyl-, aryl-, cyano-, and amino-substituted diazocines were pre-
pared via Stille, Suzuki, and Buchwald-Hartwig reactions. X-ray structures are presented for derivatives 1, 2 and 7.
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Introduction administered and subsequently activated with light at the
Diazocines are frequently used photoswitches with supe- site of illness with high spatiotemporal resolution. Thus,
rior photophysical properties. The parent ethylene bridged collateral damage in the surrounding healthy tissue can be
diazocine shows excellent switching photoconversion be- avoided. In addition, the quantitative thermal back-isomer-
tween the Z and the E configurations (I'(Z = E)3asam = 92% ization from the active E to the inactive Z configuration pre-
and [(E > Z)s20mm > 99 % in n-hexane) due to well-sepa- vents contamination and accumulation in the environment
rated n-*-transitions in the visible part of the electromag- after excretion.[¢7] These superior properties of diazocines
netic spectra.ll Moreover the ethylene bridge creates a cy- have been exploited in several applications such as the con-
clic 8-membered core, inverting the thermodynamically trol of protein folding by implementation as cross-linkers

between protein side chains/® or in peptide backbonesl?], as
photoswitchable neurotransmitters1®11] or as switching
units for potential dependent potassium channels.l'?) Com-
macophores showed that, in most cases, the sterically de- pared to the Z — E conversion rate of 92% (in n-hexane) of
manding Z configuration is biologically inactive, while the the parent diazocine the conversion water/DMSO mixtures
stretched E configuration is biologically active.l5?| Because is decreasing with increasing water concentration (73% in
of the inverted thermodynamic stability compared to azo- water/DMS0 9:1).[12] Moreover, the parent diazocine is in-
benzene, the stable Z configuration of the diazocine can be

stability in favor of the Z boat conformation compared to
parent azobenzene, which has a stable E configuration.l4]
Preceding studies including azobenzene-based photophar-
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soluble in water (precipitation in water/DMSO > 9:1). Sub-
stitution with polar substituents such as CH2NH: provides
water solubility, however, it does not restore the high Z —» E
conversion rates of the parent system in organic solvents,
which is a disadvantage, since biochemical reactions usually
take place in aqueous environments.[!3] The substitution of
one CHz group in the CH2CHz bridge by N-CO-CHs leads to
an intrinsic water solubility of the N-acetyl diazocine 1 (Fig-
ure 1).131 Furthermore the photoconversion of 1 shows no
significant drop in pure water in contrast to the solubilized
parent diazocine. These superior properties make the N-ac-
etyl diazocine 1 an ideal candidate for application in the
field of photopharmacology especially in aqueous environ-
ments.[13]

There are two strategies of applying diazocines in photo-
pharmacology. The first one exploits the structural similar-
ity of the tricyclic diazocine framework to the tricyclic struc-
ture of e. g. tetrahydrodibenzazocines[#15] and tetracyclic
steroid scaffolds such as 178-estradioll*®! where the diazo-
cine core mimics the framework of the bioactive compound.
The other option is to attach the diazocine photoswitch as a
substituent (appendix) to the biologically active molecule.
[610.17-19] The art of designing a photoswitchable drug is to
place the switch at a position in the pharmacophore that al-
lows switching of the biological effect by irradiation with
light without greatly reducing the overall activity by unse-
lective interference with the inhibitor-receptor interaction.
This is a difficult task because the design of a photoswitch-
able agent usually starts with a known, non-switchable drug
or a known biological molecule, which is already carefully
"optimized" either by pharmaceutical industry or by nature.
Hence, there is a high risk that any change in structure will
also lead to a reduction in efficiency. In any case the light-
induced geometry change via isomerization should selec-
tively control the interaction between the inhibitor and the
receptor.[1

Currently there is only one example reported in the litera-
ture for the incorporation of N-acetyl diazocines into biolog-
ically active molecules.['] As a starting point for further
derivatization, the synthesis and characterization of mono-
halogenated N-acetyl diazocines 2 and 3 (Figure 1) have
been performed.?! Unfortunately, diazocines in general,
and N-acetyl diazocines in particular cannot be derivatized
by electrophilic aromatic substitution. Substituents such as
halogen atoms must be introduced into the N-acetyl diazo-
cine structure during the synthesis of the building blocks. In
the present work we start from mono- and dihalogenated
N-acetyl diazocine 2-4 (Figure 1) and focus on the further
derivatization via cross-coupling reactions and the synthe-
sis of a new dihalogenated N-acetyl diazocine 4 (Figure 1).

CH
X4 ) 0=/ :
Pl X, N
0= Y, 405 nm A
> N pr— o
530 nm- X1 - Ns
— N Xa
N=N 650 nm
z A E

1.2 3 4
X1|H H H Br
X2|H Br | Br

Figure 1. The halogen substituted N-acetyl diazocines 2-4
were used as the starting compounds for further derivatiza-
tion via Pd-catalyzed cross-coupling reactions. Solutions of
the Z isomers are yellow. The E isomers are red.

Results and discussion

The monosubstituted N-acetyl diazocines 2 and 3 were syn-
thesized according to the procedure published by our group
recently.29] The synthesis of disubstituted compound 4 fol-
lowed the same procedure except the preparation of the di-
aniline building block 5, which was prepared by boc-protec-
tion of the o-nitroaniline starting material 6 and subsequent
reduction of the nitro group (See supporting information
chapter I1.1).

Crosscoupling reactions

Stille cross-coupling reactions were performed by an or-
ganic halide reacting with an organotin compound. A great
advantage of the used organostannanes is the easy accessi-
bility, and their high air and moisture stability, so that usu-
ally a wide range of functional groups can be introduced un-
der mild conditions.[?!l Nevertheless the arylation of mono-
halogenated N-acetyl diazocines via Stille coupling in our
case gave unsatisfying results (Table 1). Reactions with
tetrakis(triphenylphosphine)-palladium(0) as catalyst re-
sulted in no product (7) formation. Bis(tri-tert-butyl-
phosphin)-palladium(0) as catalyst gave rise to the product
in very low yields independent from the used halogenated
diazocine. In contrast to other cross coupling reactions de-
scribed in this work, most of the starting material decom-
posed during the reaction and could not be re-isolated.

Table 1. Reaction conditions of arylation of halogenated N-
acetyl diazocines via Stille coupling reaction.

O O

Stille \‘(

N coupling N
X — O
N=N X N=N O

23 7
cat. system  Organotin conditions yield
compound
Pd(0Ac): Ph3SnCl abs.DMF Nz, -
PPhs 100°C,16 h
Pd(tBusP)2  PhsSnCl abs. THF N;, X=Br10%

65°C,16h X=1 10%

In contrast, the vinylation of diazocines 2 and 3 provides
good yields of 65% resp. 71% for the vinyl N-acetyl diazo-
cine 8 (Table 2). An alternative way of vinylating N-acetyl
diazocines is the Pd-catalyzed vinylation with polyvi-
nylsiloxanes and TBAF as activating agent following the
method by DENMARK et al. giving rise to even higher yields
(74% and 78% Table 2).[22]

Table 2. Vinylation of halogenated N-acetyl diazocines via
Pd-catalyzed coupling reactions.
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O O
Pd- catalyzed

@ Dot @ oV

2,3 8
cat.system  reaction conditions yield
partner or
additive
Pd(0Ac): tributylvi- abs. DMF, N2, X=Br65%
PPhs nyltin 100°C,16h  X=1 71%

PdBr: D4Va abs. THF, N2, X=Br74%
JohnPhos TBAF 50°C, 16 h X=1 78%

@ D4V: 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasilox-
ane

To overcome the problems of poor yields in the arylation of
N-acetyl diazocines via Stille-coupling we used Suzuki-
Miyaura reactions of the diazocines 2 and 3 with different
arylboronic acids.[?324 There are several examples of last-
step-modifications of azobenzenes via Suzuki-Miyaura re-
actions in the current literature, which indicate that the re-
action conditions are compatible with azo groups.[252¢6! Su-
zuki-Miyaura-reaction of 2 and 3 with different phenyl-
boronic acids resulted in the formation of the correspond-
ing arylated N-acetyl diazocines 7,9-13 in yields from 68 to
88% (Table 3). The yields increased slightly if boronic acids
with electron withdrawing groups were used. An influence
of bulky substituents like carboxyl groups in ortho-position
of the phenyl boronic acids on the reaction was not ob-
served. The synthesis of N-acetyl diazocines connected to
heteroaromatic aromatic systems 14-16 was less success-
ful. The pyridine substituted N-acetyl diazocine 14 was
formed in yields of 7% or 19% while furan 15 and thio-
phene substituted N-acetyl diazocine 16 could not be ob-
tained. The reaction with benzylboronic acid gave the cor-
responding N-acetyl diazocine 17 (46%, Table 3). Interest-
ingly this reaction only took place if brominated N-acetyl di-
azocine 2 was used as starting material although iodo aryl
compounds are in general more reactive.[?3 The reaction of
halogenated N-acetyl diazocines 2 and 3 with bis(pinaco-
lato)diboron did not lead to the formation of the pinacol-
borane substituted N-acetyl diazocine 18. Accordingly, the
Suzuki-Miyaura reaction with inversed roles between N-ac-
etyl diazocine boronic acid pinacol ester and aryl or alkyl
halides could not be investigated.

Table 3. Derivatization of halogen-substituted N-acetyl di-
azocines via Suzuki-Miyaura reaction.

O Pd(PPh3)4 0
K2C03
Nb\ boronic acid
@EN:N X Tol/MeOH/H,0 @ m
5:1:2, Ny
2,3 85°C,16 h

boronic acid product Yield
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(HO),B fj X =Br 74%
\© 7 \© X=1 83%
o F X = Br 68%
(HO)B 0 X=1 74%
Br Br X=1 82%
(HO)B &

10
(HO),B & X =Br81%
1 \Q X=1 88%

F F

_0O _0 X=Br70%
(HO),B fé X=1 77%

12
HO._O HO__O X = Br 76%?
(Ho)zB Afj X=l 79%a

13
(HOB_~ & X=Br 7%

X
| N 1o [l X=1 19%
~

(HO),B.__0O, ;ﬁ o X=Br -
U 15 \D X=1 -
(HO),B.__s £ s X=Br -
\D 16 \E/) X=1 -
X = Br 46%
(HO),B 17 & X=1 -
X=Br -
X=1 -

18

o. 0
7
/w\
s
"}%
O—UJ
>ké

2Reaction was carried out in abs. DMF at 100 °C because no
reaction took place if the Suzuki-Miyaura standard proce-
dure was applied.

The Buchwald-Hartwig amination is a versatile and power-
ful tool for C-N bond formation and applied widely in the
synthesis of new pharmaceutical substances.[?7-29 Further-
more azobenzenes3%31 as well as diazocines![3233] have been
derivatized via Buchwald-Hartwig amination.

The Buchwald-Hartwig amination of halogenated N-acetyl
diazocines according to the procedure of MAIER et. al.32]
with tert-butyl carbamate resulted in the formation of boc-
protected aniline-substituted N-acetyl diazocine 19 in a
yield of 72%. However, the reaction only took place if the
iodo N-acetyl diazocine 3 was used as starting material. Us-
ing diphenylamine as a more electron rich amine resulted in
the formation of diphenylaniline-substituted N-acetyl di-
azocine 20 in a significantly lower yield of 25% starting
from the bromide 2 and 47% starting from the iodo precur-
sor 3 (Table 5).

Table 4. Derivatization of halogenated N-acetyl diazo-
cines 2 and 3 via Buchwald-Hartwig amination.
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O Xantphos Pd G3 O
CsCO;

QN \’ : amine compound by
— bs. dioxane @E
N=N X @
N,, 100 °C, 16 h
2,3

amine compound product yield

(0] 0 X=Br -
HZN)LOJ< 19 fxukok X=1 72%
H /@ X = Br 25%
©/ \© . Ay X=1 47%

.

Deprotection of the carbamate 19 with trifluoroacetic acid
provided the corresponding aniline-substituted N-acetyl di-
azocine 21 (Scheme 1).
Scheme 1. Synthesis of aniline N-acetyl diazocine by depro-
tection of the carbamate.

O O

©E I e o ©E L,

60%

Another option for carbon-heteroatom bond formation re-
actions are copper catalyzed Ullmann type reactions, which
have already been applied to the parent diazocine.[34351 The
attempted synthesis of azide functionalized N-acetyl diazo-
cine 22 under the conditions described by HUGENBUSCH et
al.13% showed no product formation and only starting mate-
rial could be obtained (Scheme 2).

Scheme 2. Reaction conditions for the attempted Ullmann-
type reaction with sodium azide

A0, @(H@

DMEDA

EtOH/H,0
95°C, 16 h

The palladium catalyzed introduction of cyano groups un-
der mild conditions in analogy to IQBAL et al.3¢ gave the cy-
ano-substituted N-acetyl diazocine 23 in yields of 61% from
bromide 2 and 81% from iodide 3 (Scheme 3).

Scheme 3. Reaction conditions for the palladium catalyzed
synthesis introduction of nitrile functionality

0 Pd(dba), O
dppf
@ 7@ S O
—_—
N5, DMAC N=N CN
120 °C, 16 h 23

X=Br61%
=1 81%
Nitriles are a good starting point for further functional
group interconversions.!37!

Crystal structures have been obtained for the Z isomers of
the N-acetyl diazocine derivatives 1, 2 and 7. It should be
noted that the carbonyl group in all three molecules is ori-
ented towards the CHz group as drawn in all structural rep-
resentations. For details see Supporting Information Chap-
ter V.

Photochemical characterization

With these new N-acetyl diazocine derivatives at hand we
turned towards the photochemical characterization, in par-
ticular to gain insight into the effects of different substitu-
ents on UV-spectra and switching behavior. For determina-
tion of the n*-absorption maxima of the E and Z isomers
250 uM solutions of each compound in acetonitrile were
prepared and measured at 25 °C. All compounds (4, 7-14,
17, 19-21, 23) exhibit an nm*-transition at approximately
400 nm, matching the nm*-transition of unsubstituted N-ac-
etyl diazocine 1 (Table 5). Irradiation with 405 nm gives the
metastable E isomers with photoconversion yields of 76-
85% due to a very good separation of the nm*-transitions.
The nitrogen-substituted derivatives 19-21 show signifi-
cantly lower conversion rates of 41-61%. This behavior has
already been observed in other amino-substituted diazo-
cines as well and is probably due to the overlap of nmt*-tran-
sitions of the E and Z isomers.[38 An almost complete E—Z
conversion (>99%) can be achieved by irradiation with light
between 520 and 600 nm for all synthesized compounds.

Table 5. Photophysical properties of N-acetyl diazocines 1-4, 7-14, 17, 19-21, 23 in acetonitrile.

Amax (Z) Amax (E) t172 (25 °C) k (25°C) ['z-£ (405 nm)?  Te-»z(530 nm)

nm min. 104 st
10201 397 513 29.5 3916 88% >99%
2[20] 397 515 30.9 3.744 81% >99%
3120 397 517 28.6 4.036 82% >99%
4 396 519 16.9 6.820 85% >99%
7 399 516 29.3 3.944 79% >99%
8 398 515 29.6 3.897 76% >99%
9 394 515 34.2 3.374 77% >99%
10 396 516 34.2 3.382 82% >99%
11 397 515 33.8 3418 78% >99%
12 396 517 29.8 3.877 80% >99%
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13 399 517 31.2
14> 396 515 39.9
17 398 515 29.3
19 397 514 30.6
20 389 510 31.5
21 396 511 38.9
23 396 518 39.8

3.688 77% >99%
2.897 79% >99%
3.944 82% >99%
3.779 61% >99%
3.670 49% >99%
2.973 41% >99%
2.906 83% >99%

eExtrapolated values (for details, see Supporting Information Sektion IV) in deuterated acetonitrile 5 mM.

bUV spectra measured with a concentration of 128 pM in acetonitrile and NMR spectra with a concentration of 2.55 mM.

Thermal half-lives (t1,2) were determined by monitoring
the thermal relaxation of the synthesized diazocines at
25 °C in the UV spectrometer (see Supporting Information
IV). The dihalogenated N-acetyl diazocine 4 shows a signif-
icantly reduced half-life compared to the mono- 2 and 3 and
the unsubstituted system 1. The substitution with a phenyl
group does not show a significant influence on the thermal
half-life whereby it makes no difference if there is a bridging
methylene group between diazocine and the substituent or
not. The half-lives of molecules 7 and 17 are nearly identi-
cal compared to the parent system 1. If electron withdraw-
ing substituents are added in ortho-position of the addi-
tional phenyl ring (12 and 13) the half-life is not affected
significantly as well. An increase of about 10% of the half-
lives has been observed for weak +M-substituents bro-
mine (10) and fluorine (11) or methyl groups (9) in ortho-
and para-positions. The increase is even stronger if pyri-
dine- (14), cyano- (23) or aniline-substituents (21) are at-
tached to the N-acetyl diazocine in meta-position. In con-
trast to the extended half-life of the aniline 21 the Boc-pro-
tected 19 and the diphenyl-substituted aniline 20 show
half-lives not significantly longer than the parent N-acetyl
diazocine 1.

Given the water solubility and the excellent switching be-
havior of parent 1 in aqueous medial313.20], the photochemi-
cal properties of water-soluble substituted N-acetyl-diazo-
cines 13 and 21were also investigated in aqueous solution

(13 and 21 in aqueous PBS buffer solution at pH 7.4
250 uM, 23 at pH 3.5 250 pM, 13 at pH 9 250 pM). The pH
values were chosen tome make sure that the aniline 21 is
completely protonated and the carboxylic acid 13 is com-
pletely deprotonated. UV measurements revealed that the
absorption maxima of the nm* transitions of the Z isomers
of 13 and 21 are almost independent of solvent and pH
(392-398 nm), while the nm* transitions of the E isomers at
~515 nm are significantly shifted to shorter wavelengths
(AAmax=10 - 20 nm) in water (Table 7). At the same time the
nm* transition of the azobenzene substructure of the E iso-
mer which is usually hidden under the nm* transition in or-
ganic solvents is shifted to higher wavelengths (see Figure
SII1.15-SI11.20). For diazocine 13 this leads to a drop in the
PSS (I'z-k) from 77% in acetonitrile to 53% in water at
pH 7.4 and 48% at pH 9 due to a higher overlap of both iso-
mers ntt* transitions. For the aniline type substituted diazo-
cine 21 the PSS (I'z-r) decreases slightly from 41% in ace-
tonitrile to 37% in water at pH 7.4 and increases again to
62% at pH 3.5. This drastic increase in the PSS is probably
rooted in a lower nm* transition gap caused a by protonated
aniline 21 at pH 3.5 as well as a higher band separation
compared to the unprotonated form at pH 7.4. The thermal
half-lives of 13 and 21 increase by a factor 2.5 and 4.2 when
changing the solvent from acetonitrile to water at
pH 7.4which is consistent with the current literature for
thermal half-lives of substituted parent diazocines in aque-
ous media.[1637]

Table 6. Photophysical properties of N-acetyl diazocines 1, 13, 21 in water at various pH values.

Amax (Z) Amax (E) t12 (25 °C) k (25 °C) ['z-E (405 nm)2  Te-z(530 nm)
nm min. 104 st
1[20] 393 502 72.8 1.587 72% >99%
13 atpH9 392 502 106.4 1.086 48% >99%
13 atpH 7.4 392 505 78.2 1.477 53% >99%
21atpH3.5 392 495 118.0 0.975 62% >99%
21atpH7.4 392 489 162.5 0.711 37% >99%

aExtrapolated values (for details, see Supporting Information IV) in deuterated water 5 mM.

Conclusion

Thirteen mono-meta-substituted (7-14, 17,19-21, 23) and
one di-meta-substituted (4) N-acetyl diazocines have been
synthesized and characterized. The synthesis has been per-
formed from halogenated precursors and cross-coupling re-
actions for further functionalization. The reaction condi-
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tions of various cross-coupling reactions have been corre-
spondingly adjusted. The arylation of the N-acetyl diazocine
system could be achieved via Suzuki coupling reactions in
high yields (7, 9-14, 17) as well as the vinylation via Stille-
coupling (8). These compounds also exhibit excellent
switching properties. Electron withdrawing substituents at
the aryl substituents have no significant influence on the
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switching behavior while weak +M-substituents like bro-
mine and fluorine as well as electron poor heteroaromatic
systems lead to increased thermal half-lives. An amino-sub-
stituted (aniline type) derivative (21) was obtained via
Buchwald-Hartwig coupling with Boc-carbamate and sub-
sequent deprotection. Amino-substituted N-acetyl diazo-
cines (19-21) exhibit lower photostationary states (PSS) in
analogy to aminosubstituted azobenzenes and previously
synthesized diazocines. We also investigated the switching
properties of the water-soluble derivatives 13 and 21 in
water at different pH. The half-lives of the metastable E iso-
mers are significantly longer in water than in less polar sol-
vents like acetonitrile. For carboxylic acid substituted 13,
the Z—E conversion upon irradiation with 405 nm drops
from 77% to 53% upon changing the solvent from acetoni-
trile to water (pH 7.4). The reverse effect was observed with
amino substituted 21.

The photophysical properties of photoswitchable drugs in
photopharmacology are usually determined in organic sol-
vents. Their natural environment, however, is the aqueous
phase. There is a risk of overestimating the performance of
photochromic drugs because photoconversion to the active
state usually drops considerably in water, and also half-
lives are different. Light-activatable drugs based on N-
acetyldiazocines are more hydrophilic than those derived
from the parent system diazocine and corresponding azo-
benzenes. They retain their switching properties even in an
aqueous environment and are therefore promising switches
in photopharmacological applications.
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4.5 Summary of Light-Switchable Diazocines as Potential Inhibitors of Testosterone-
Synthesizing 17B8-Hydroxysteroid Dehydrogenase 3

Please note: The abbreviations used herein are used only to give context to the publication discussed
in this section and therefore apply only here.

The hormone testosterone occurring in almost all vertebrates is a key molecule in metabolism and
predominantly formed in the testicular LEYDIG-cells. In the final step, the carbonyl function of the
precursor androstenedione at C17 is reduced to the secondary alcohol -catalyzed by
17p-hydroxysteroid dehydrogenase type 3 (17BHSD3).176179 |t js known to have a growth-stimulating
effect in tissues with androgen receptors and is also found in greater concentrations in certain growing
cancer cells, where an increased formation of 17BHSD3 can also be observed in parallel as self-
reinforcing effect.l7:18%181 | this context, the influence of testosterone on the growth of human
prostate cancer cells has been particularly well researched.[*®%81 Therefore, the reduction of
testosterone level and 17BHSD3 activity are possible therapeutic approaches.*8

For the inhibition of 17BHSD3 catalyzed reduction of androstenedione to testosterone several
inhibitors are known, but for this project tricyclic tetrahydrodibenzazocine (THB) was of special interest
since it offers a high structural similarity to the previously reported N-Ac diazocine photoswitch. ¢!
Therefore, azologized THB analog N-Ac diazocine and its functionalized derivatives should be
investigated as photopharmacophore in the inhibition 17BHSD3 catalyzed testosterone biosynthesis in
transfected human embryonic kidney cells (HEK-293). In previous work already unsubstituted
N-Ac diazocine (DA) and brominated N-Ac diazocine (bDA) were examined with the result of no
significant inhibition of testosterone biosynthesis whereby it made no difference whether the
diazocines were in Z- or E-configuration. Additionally, further analysis revealed partial decomposition
of N-Ac diazocines to the corresponding dianiline.!*6¢!

By late-stage modification via various cross-coupling reactions the range of accessible N-Ac diazocine
derivatives has been growing considerably opening the path for the development of new light-
switchable pharmacophores.*®3 Due to their tricyclic core structurally similar to the THB inhibitor
structure the influence of various functional groups and additional phenyl substituents containing
various functional groups at different positions should be investigated on their inhibitory effect on
17BHSD3-catalyzed testosterone biosynthesis and their stability against intracellular
reduction (figure 4.4). It was intended, that the substituents would allow the photopharmacophore to
fill the enzymatic binding pocket more effectively resulting in the desired inactivity of the enzyme.
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Figure 4.4: Overview of known 178HSD3 inhibitor THB and the structurally related N-Ac diazocine derivatives used in
inhibition assays with 17 HSD3-transfected HEK-293 cells. Please note: The abbreviations used herein are used only to give
context to the publication discussed in this section and therefore apply only here.

Biological testing was performed via inhibition assays with HEK-293 cells and microsome assays with
microsomes also received from HEK-293 cells. In both assays cells or respectively microsomes were
incubated with androstenedione and reference inhibitors or N-Ac diazocine derivatives. Both methods
showed excellent inhibition of 17BHSD3-catalyzed testosterone biosynthesis for dmpDA, fpDA and
bpDA to the same extent as the reference inhibitor THB. The other N-Ac diazocine compounds used
within this work showed only partial inhibition. However, all measurements showed that the extent of
inhibition was independent from whether the samples were irradiated or not. Therefore, the
N-Ac diazocines, which are part of this publication, showed no difference in their biological activity of
their Z- or E-configurations. Furthermore, partial reduction of the used N-Ac diazocines to the
corresponding dianiline could be observed.

Nevertheless, this work shows great potential of substituted N-Ac diazocines as potential
photopharmacophores, although it should be noted that problems such as configuration-independent
inhibition and intracellular or intramicrosomal reduction, which have already been observed in
previous work!*®®!, have not yet been solved.
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In patients with prostate carcinoma as well as in some other cancer types, the reduction of testosterone levels is
desired because the hormone stimulates cancer cell growth. One molecular target for this goal is the inhibition of
17p-hydroxysteroid dehydrogenase type 3 (17pHSD3), which produces testosterone from its direct precursor
androstenedione. Recent research in this field is trying to harness photopharmacological properties of certain
compounds so that the inhibitory effect could be turned on and off by irradiation.

Seven new light-switchable diazocines were investigated with regard to their inhibition of 17pHSD3. For this
purpose, transfected HEK-293 cells and isolated microsomes were treated with the substrate and the potential
inhibitors with and without irradiation for an incubation period of 3 or 5 h. The amount of generated testos-
terone was measured by UHPLC and compared between samples and control as well as between irradiated and
non-irradiated samples. There was no significant difference between samples with and without irradiation.
However, four of the seven diazocines led to a significantly lower testosterone production both in cell and in
microsome assays. In some of the irradiated samples, a partial destruction of the diazocines was observed,
indicated by an additional UHPLC peak. However, the influence on the inhibition is negligible, because the
majority of the substance remained intact. In conclusion, new inhibitors of 17pHSD3 have been found, but so far
without the feature of a light switch, since the configurational alteration of the diazocines by irradiation did not
lead to a change in bioactivity. Further modification might help to find a light-switching molecule that inhibits

only in one configuration.

1. Introduction

Cancer is one of the leading causes of death worldwide [1]. Among
men prostate cancer is the second most frequently occurring cancer and
the fifth common cause of cancer-related mortality [2]. Moreover, the
incidence is expected to rise as the society grows older. Between 2014
and 2019 the incidence of prostate cancer in the United States increased
3 % annually - the number of newly diagnosed cases is estimated to
exceed 288.000 this year [3]. Globally, more than 1.4 million prostate
cancer cases were reported for 2020 [4].

As a male sex hormone, testosterone exhibits androgenic effects and
therefore is important for virilization. Since testosterone is involved in
the metabolism of all macronutrients, has an anabolic function and is
crucial for protein and nucleic acid build-up, it has been discussed for
some time whether it also enhances malignant cell growth and could be
a pharmacological target in case of cancer [5-7].

* Corresponding author.
E-mail address: maser@toxi.uni-kiel.de (E. Maser).
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All naturally occurring androgens in the body are Cjo-steroids and
are built from cholesterol in several steps. In men testosterone is
endogenously synthesized in the testicular Leydig cells and to a very
small degree in the adrenal glands [6,8,9]. The synthesis is induced by
luteinizing hormone (LH) which binds on the surface of the Leydig cells
[10,11]. Physiologically, prostate cells do not produce testosterone.
Under pathological conditions, on the other hand, degenerated prostate
cells partially acquire the ability of testosterone synthesis [12,13].

Testosterone is produced from the weak androgen androstenedione
by the NADPH-dependent enzyme 17p-hydroxysteroid dehydrogenase 3
(17BHSD3). In most peripheral tissues and effector regions, like the
prostate, it is converted into the more active derivative 5a-dihy-
drotestosterone (5a-DHT) by 5a-reductase. To exert its various effects,
the androgen binds to an intracellular receptor.

In tissues with androgen receptors, testosterone can have a growth-
promoting effect [14]. This also applies to prostate cancer cells,
which, in addition, may show altered expression levels of steroidogenic
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Abbreviations

17BHSD3 17B-Hydroxysteroid Dehydrogenase Type 3

baDA(Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g] [1,2,5]
triazocin-3-yl)benzoic acid
(Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g] [1,2,5]
triazocin-3-yl)benzoic acid(benzoic acid N-acetyl
diazocine)

bDA(Z)-1-(3-bromodibenzo[c,g] [1,2,5]triazocin-11(12H)-yl)
ethan-1-one
(Z)-1-(3-bromodibenzo[c,g] [1,2,5]triazocin-11(12H)-
yDethan-1-one(brominated N-acetyl diazocine)

BP-12,4-dihydroxy-benzophenone
2,4-dihydroxy-benzophenone(benzophenone-1)

bpDA(Z)-1-(3-(2-bromophenyl)dibenzo[c,g] [1,2,5]triazocin-11
(12H)-ylethan-1-one
(Z)-1-(3-(2-bromophenyl)dibenzo[c,g] [1,2,5]
triazocin-11(12H)-yl)ethan-1-one(bromophenyl N-
acetyl diazocine)

cnDA(Z)-11-acetyl-11,12-dihydrodibenzol[c,g] [1,2,5]triazocine-
3-carbonitrile
(Z)-11-acetyl-11,12-dihydrodibenzo[c,g] [1,2,5]
triazocine-3-carbonitrile(cyano N-acetyl diazocine)

DA(Z)-11-acetyl-11,12-dihydrodibenzol[c,g] [1,2,5]triazocine
(Z)-11-acetyl-11,12-dihydrodibenzo[c,g] [1,2,5]
triazocine(N-acetyl diazocine)

Dianiline N-(2-aminobenzyl)-N-(2-aminophenyl)acetamide

dmpDA(Z)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g] [1,2,5]
triazocin-11(12H)-yl)ethan-1-one
(2)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g] [1,2,5]
triazocin-11(12H)-yl)ethan-1-one(dimethylphenyl N-
acetyl diazocine)

DTT 1,4-Dithiothreitol

fpDA(Z)-1-(3-(4-fluorophenyl)dibenzo[c,g] [1,2,5]triazocin-11
(12H)-yDethan-1-one
(Z)-1-(3-(4-fluorophenyl)dibenzo[c,g] [1,2,5]triazocin-
11(12H)-ylethan-1-one(fluorophenyl N-acetyl
diazocine)

iDA(Z)-1-(3-iododibenzo[c,g] [1,2,5]triazocin-11(12H)-yl)-
ethan-1-one
(Z)-1-(3-iododibenzo[c,g] [1,2,5]triazocin-11(12H)-
yl)-ethan-1-one(iodinated N-acetyl diazocine)

LH Luteinizing hormone

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide

NADPH Nicotinamide adenine dinucleotide phosphate (reduced
form)

PDA(Z)-1-(3-phenyldibenzolc,g] [1,2,5]triazocin-11(12H)-yl)
ethan-1-one

(Z)-1-(3-phenyldibenzolc,g] [1,2,5]triazocin-11(12H)-
yDethan-1-one(phenyl N-acetyl diazocine)
THB Tetrahydrodibenzazocine

enzymes, like 17BHSD3. Thus, circulating androgens, which are taken
up by the tumor, are readily transformed into more potent ones and can
activate the receptor even stronger [12,13,15]. On top of that, an
overexpression of the androgen receptor is not uncommon in prostate
carcinomas [16,17].

Whereas in the past it was assumed that high testosterone levels also
increase the risk of developing prostate cancer, for instance, because it is
very rare in eunuchs and men who have had a testicle removal during
adolescence or as young adults [18-20], data now indicate that testos-
terone only influences the progression and outcome of prostate cancer

68

Chemico-Biological Interactions 390 (2024) 110872

negatively [21,22]. Nevertheless, men with low levels of free testos-
terone might have a lower risk of developing prostate cancer [23,24]
and newer studies show that the combination of high unbound testos-
terone with high levels of insulin-like growth factor-I may be a risk
factor for the disease [25,26].

Currently, there are different antiandrogenic drugs available and
androgen deprivation therapy is an important option in the treatment of
(certain types of) prostate carcinoma [27]. As described before, various
factors modulate testosterone effectiveness. Consequently, there are also
several molecular targets to either lower testosterone levels or its ac-
tivity. Among them are luteinizing hormone-releasing hormone (LHRH)
antagonists and agonists, which both interfere with the LHRH receptor
and to this end lead to a decreased testosterone production - the first by
blocking the receptor and thereby inhibiting the release of LH; the
second by a perpetual overstimulation of the receptor, ultimately
resulting in a downregulated receptor expression and thus lower LH
availability [28-30]. Inhibitors of 5a-reductase attenuate the trans-
formation of testosterone into 50-DHT and therefore decrease the
androgenic effect. It is also possible to diminish testosterone precursors
by inhibition of 17a-hydroxylase, which is expressed in the testes, the
adrenal glands and the tumorous prostate tissue [6]. Another target
is the androgen receptor [31-33]: Androgen receptor antagonists
counteract the effects of testosterone or 5a-DHT by interrupting the
receptor-androgen-interaction and therefore suppress the transcrip-
tional cascade, which otherwise would follow receptor activation [6].
Lastly, there is the possibility of surgical castration (orchiectomy),
which can drastically reduce testosterone levels, but does not always
help, because as mentioned above, the tumor might build its own
testosterone (“castration resistant prostate cancer”) [17,34].

This work focuses on the inhibition of 17HSD3 as a point of attack.
Albeit some inhibitors already exist [35-39], recent research not only
looks for new substances but also searches for compounds with
improved properties in terms of stability, susceptibility to resistance or
light-switchability [40,41]. In the field of photopharmacology, drugs are
activated or inactivated by irradiation with light. This is advantageous
because the effect can be limited both temporally and locally. In addi-
tion, the intermittence might slow down the "drug" (= the emergence of
resistance). In order to be suitable for a photopharmacological
approach, the molecules need to have photochromic characteristics
[42-44].

Here, we present nitrogen bridged diazocines [45,46], which have
been designed based on the structure of the known 17pHSD3 inhibitor
tetrahydrodibenzazocine (THB, Fig. 1a) [37]. They differ by the ex-
change of the -CHyCHy- group by an azo group (-N—=N-) within the
central 8-ring, which accounts for the photoswitchable properties.
Diazocine (DA) is thermodynamically stable in its bent Z-configuration.
Upon irradiation with blue light the stretched E-isomer is formed
(Fig. 1b), which resembles the almost planar original inhibitor THB.
Hence, only the E-isomer should exert an inhibitory effect. In our pre-
vious studies, we investigated two different diazocines (DA and bromi-
nated DA). So far, these diazocines did not show the desired effect: We
observed only a slight inhibition, which was independent of the irradi-
ation treatment. Furthermore, the inhibition was partially limited by
reduction of the diazocines to their corresponding dianilines when
irradiated [40]. The insertion of new substituents to the tricyclic
molecule was aimed to augment the inhibitory potency and stability.
Thus, seven new light-switchable N-acetyl diazocines were synthesized
(Fig. 1¢) [47] and tested as potential 17pHSD3 inhibitors.

2. Material and methods
2.1. Chemicals
All diazocines (as well as the control substance THB for test

validation) were synthesized as previously described [45-48].
Androst-4-ene-3,17-dione (androstenedione), testosterone and 2,
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Fig. 1. a) Structure of tetrahydrodibenzazocine (THB). b) Photoswitching of diazocine. The bent Z-isomer is thermodynamically stable (resting state). ¢) Chemical
structures of the initial N-acetyl diazocine (DA) and the seven new diazocines: phenyl N-acetyl diazocine (pDA), dimethylphenyl N-acetyl diazocine (dmpDA),
fluorophenyl N-acetyl diazocine (fpDA), bromophenyl N-acetyl diazocine (bpDA), iodinated N-acetyl diazocine (iDA), benzoic acid N-acetyl diazocine (baDA) and

cyano N-acetyl diazocine (cnDA).

4-dihydroxy-benzophenone (benzophenone-1, BP-1) were purchased
from Sigma-Aldrich, Steinheim, Germany. The plasmid expression vec-
tor pcDNA3 with the gene HSD17B3 was generously provided by pro-
fessor Odermatt and his research group of the Department of
Pharmaceutical Sciences, University of Basel, Switzerland [49].

2.2. Cell culture, transfection and microsome isolation

HEK-293 cells (human embryonic kidney cells, CLS, Eppelheim,
Germany) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, PAN-Biotech, Aidenbach, Germany) as described before [40];
when a passage number of 25-30 was reached, they were discarded.
Prior to each experiment, cells were transfected transiently with the
gene sequence of 17BHSD3. For this purpose, cells were detached from
75 cm? tissue culture flasks with trypsin and seeded in 3.5 cm dishes
(8.55 cm?) at a cell count of 0.7 x 10° and with a total volume of 2 ml.
After 24 h the cells were transfected with 1.2 pg plasmid DNA/dish. For
microsome preparation 10.2 x 10° cells were grown in at least eight 175
cm? tissue culture flasks and transfected with 25 pg plasmid DNA/flask.
Invitrogen’s lipofectamine 3000 transfection kit was used for the
transfection procedure as described before [40]. The protocol of Legeza
et al. (2013) was applied for the microsome isolation [49] and adjusted
to the higher cell count. The microsomal protein concentration was
determined by Qubit Fluorometer 2.0.

2.3. Test of cytotoxicity

All substances, which were tested as inhibitors, were examined for
cytotoxicity using standard MTT assay [50,51] (Fig. S1).

2.4. Plasmid DNA amplification and isolation

The Plasmid DNA was amplified as described before [40]. After-
wards, the DNA concentration was determined using the Qubit Fluo-
rometer 2.0.

2.5. Irradiation

Light-switching by irradiation of the diazocines was done at a
wavelength of 400 nm. For this purpose, a custom-built lamp with five
LEDs was used at full (100 %) or dimmed (20 %) intensity and placed in
a distance of 6 cm to the cell culture dishes or 96-well plate (Fig. S2). All
seven diazocines and the two known inhibitors were dissolved in DMSO.
To investigate the photoswitched diazocines a stock solution in DMEM
(cell assay) or sodium phosphate buffer (microsome assay) was prepared
and pre-irradiated for 7 min at full lamp intensity. Samples were treated
with the stock solution so that the desired inhibitor concentration was
reached (cell assays: 10 pM; microsome assays: 10 and 50 pM); solvent
content did not exceed 0.2 % and was constant throughout the whole
experiment. Then, the samples were further irradiated at a lower lamp
intensity of 20 % during the whole incubation period (3 h). In case of the
microsome assays, the lamp intensity was either lowered to 20 % or kept
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at 100 % during incubation (5 h/3 h). In both assays non-irradiated and
irradiated controls without test compound were run along. For the
latter, irradiation was done exactly as for the irradiated samples.

2.6. Inhibition assays with cells

A diazocine concentration of 10 pM was selected for the cell assays,
so that a cytotoxic effect could be ruled out (see 2.3 and Fig. S1). 24 h
after transfection, the cell inhibition assay was started: the cells in the
3.5 cm dishes were treated either only with 20 pM substrate (controls) or
with 20 pM substrate and 10 pM test compound. Samples with pre-
irradiated diazocines and some of the controls were irradiated during
the 3-h incubation period as described above (section 2.5). An
untransfected control was included in each cell experiment to see the
transfection success in the transfected controls in comparison and to
proof that no other testosterone-synthesizing system was active. As
positive control for the inhibition the two known 178HSD3 inhibitors
BP-1 and THB were used.

2.7. Inhibition assays with microsomes

The microsome inhibition assays were performed in two different
modes: the first series of experiments was done with a reduced lamp
intensity of 20 %, comparable to the cell assays, and an incubation
period of 5 h; the second experimental series was done for 3 h at full
lamp intensity to see if stronger irradiation leads to greater differences
between the non-irradiated and corresponding irradiated diazocine
treatment group.

150 pg microsomal protein was used for each sample in the micro-
some inhibition assays. Since NADPH is the natural cofactor of
testosterone-synthesizing 17pHSD3, a NADPH-generating system with
the final concentrations of 2 mM NADP*, 7 mM glucose-6-phosphate,
0.002 mg/100 pl glucose-6-phosphate dehydrogenase, 5 mM MgCly
and 73 mM NayPOjy-buffer was used. Each sample was prepared in a 1.5
ml tube containing 10 pl of NADPH-generating system, 2 pl of andro-
stenedione (5 mM in methanol:buffer, 50:50 (v/v)), 50 pl of test com-
pound (20 pM and 100 pM in phosphate buffer) and was filled up at 100
pl with sodium phosphate buffer, pH 7.4, so that androstenedione con-
centration was 100 pM, final inhibitor concentration was either 10 or 50
pM and DMSO concentration was 0.2 %. For the purpose of irradiation,
the samples were pipetted into a 96-well plate, the plate was partly
covered with aluminum foil (non-irradiated samples) and the lamp was
positioned on top of it (Fig. S2). Incubation was performed in an incu-
bator with 37 °C. As in the cell experiments, the known 17$HSD3 in-
hibitors BP-1 and THB were used to assess test validity.

2.8. Sample preparation and UHPLC analysis

After incubation the cells and the medium were transferred into a
glass tube and extracted three times with 2 ml diethyl ether. The
microsome samples were transferred from the 96-well plate into 1.5 ml
Eppendorf tubes and extracted twice with 200 pl diethyl ether. All
samples were shaken vigorously on a vortex mixer (1 min/30 s) and
centrifuged (5 min at 3200 rpm/1 min at 13,000 rpm) to ease phase
separation. The upper solvent phases were pooled in new glass tubes.
The diethyl ether was evaporated with a gentle flow of nitrogen gas and
the dry residue was either stored at —80 °C for later usage or dissolved in
100 pl methanol for direct analysis. The androgens were separated by
UHPLC: Samples were filtered (0.22 pm pore size), 2 pl in case of cell
assay or 5 pl in case of microsomal assay were injected in the Nexera X2
UHPLC system (Shimadzu, Duisburg, Germany) with a Shim-pack GIST
C18 column (2 pm pore size, 15 cm length, Shimadzu) and the mea-
surement was run with conditions as described before [40].
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3. Statistical analysis and data evaluation

UHPLC chromatograms were used for the evaluation. To identify a
potential inhibitory effect, the peak area (mAU x s) of testosterone was
compared between the different treatment groups. The mean testos-
terone in the control group was set 100 % and the mean testosterone of
the given treatment group was calculated in relation to that.

Data are reported as mean + standard deviation (SD) from n > 4
biological replicates of two independent cell experiments and n > 3
biological replicates in case of microsome assays. Differences among
means were determined using Kruskal-Wallis one way ANOVA for non-
parametric data.

The mean rank of the irradiated sample groups was compared with
the mean rank of the irradiated control group; non-irradiated samples
were compared to the non-irradiated control group. Additionally, for
each test compound, a comparison of the mean rank with and without
irradiation was performed to see if there were differences in the inhib-
itory potency due to photoswitching. All data were analyzed using
GraphPad Prism 9.4.1 (GraphPad Software, San Diego, CA, USA). Group
differences were considered statistically significant if p < 0.05.

4. Results
4.1. Inhibition of 17pHSD3 in cells

During the 3-h incubation testosterone was readily formed both in
non-irradiated and irradiated controls as shown by the detected testos-
terone peak (Fig. S3). Testosterone production did not vary between
non-irradiated (mean peak area 1,083,258 mAU x s + 171,288 mAU x s)
and irradiated controls (mean peak area 1,093,875 mAU x s + 153,256
mAU x s) (Fig. 54).

Fig. 2 shows the results of the 3-h cell assay with 20 pM andro-
stenedione and 10 pM test compound. Four of the seven new diazocines
(pDA, dmpDA, fpDA, bpDA) led to a significant inhibition of testos-
terone formation compared to either non-irradiated or irradiated con-
trol. The strongest inhibition by 83.9 % + 5.4 % (without irradiation)
and 85.5 % =+ 4.2 % (with irradiation) was observed in samples treated
with the dimethylphenyl substituted diazocine (dmpDA). Nevertheless,
no significant difference was found in either of the non-irradiated
diazocines when compared to their corresponding irradiated group.
Samples treated with the known inhibitors BP-1 and THB showed a
highly significant decrease of built testosterone by 91.6 % + 3.6 % and
75.1 % + 6.7 %, respectively, compared to the control (Fig. 2).

4.2. Inhibition of 17pHSD3 in microsomes

Similar to the cell assays, in the microsome assays the enzyme ac-
tivity in the controls was satisfactory as testosterone was readily formed
from its precursor androstenedione (Fig. S5). The testosterone produc-
tion in the non-irradiated and irradiated control did not differ signifi-
cantly (5 h incubation without irradiation: mean peak area 611,508
mAU x s + 106,701 mAU x s and with 20 % lamp intensity: 622,679
mAU x s + 89,541 mAU x s; 3 h incubation without irradiation: mean
peak area 703,067 mAU x s + 301,962 mAU x s and with 100 % lamp
intensity 583,946 mAU x s + 202,926 mAU x s), though the mean value
was slightly smaller in the irradiated control when light exposure was
done at full lamp intensity.

Figs. 3 and 4 show the results of the two different experimental series
with microsomes (5 h incubation and 20 % lamp intensity vs. 3 h in-
cubation and 100 % lamp intensity) isolated from 17pHSD3-transfected
HEK-293 cells and treated with potential inhibitors in two different
concentrations (10 and 50 pM).

In both series four of the seven new diazocines (dmpDA, fpDA, bpDA,
iDA) resulted in a significant lower testosterone production compared to
the corresponding control. In contrast to the cell assays, pDA did not
lead to a significant testosterone decrease, but in the higher
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concentration iDA did: in the 5-h assay the testosterone decline
compared to the control was only significant in the irradiated iDA group
(40,3 % =+ 3.2 % of control; Fig. 3); there was no statistical significance
when 50 pM non-irradiated iDA was compared to the associated non-
irradiated control group (79.3 % + 7.8 % of control). In the 3-h assay
significant lower testosterone levels were found in both the irradiated
and non-irradiated iDA group at 50 pM (39.8 % + 4.6 % and 30.8 % +
4.5 % of control; Fig. 4).

Generally, in the microsome assays the inhibitory effect of the same
diazocines in the same concentration (10 pM) was not as strong as in the
cell assays (Figs. 2-4). Higher concentrations of the test compounds (50
pM) were needed in the microsome assays to accomplish comparable
inhibition.

Higher lamp intensity throughout the incubation (Fig. 4) did not
result in a better inhibition nor a significant difference between the
irradiated and non-irradiated form.

10 pM of BP-1 and THB lowered testosterone in the microsome assays
significantly (BP-1: 18.2 % + 3.0 % of control (5 h, 20 %) and 25.9 % +
3.8 % of control (3 h, 100 %); THB: 34.5 % =+ 5.0 % of control (5 h, 20 %)
and 32.2 % =+ 10.4 % of control (3 h, 100 %)), but not as strong as in the
cell assays (BP-1: 8.4 % + 3.6 % of control; THB: 24.9 + 6.7 % of
control).

5. Discussion

Huggins and Hodges (1941) [20,52] were the first who saw an as-
sociation between androgen levels and prostate carcinoma. Since then,
considerable research in this field was done and androgen deprivation
therapy became an essential part in the treatment of prostate cancer [27,
53].

The goal of the present research was to find light-activatable
17pHSD3 inhibitors to lower endogenous testosterone synthesis and
thereby disrupt the self-reinforcing loop of prostate cancer proliferation.
Unfortunately, the goal was not fully achieved: Some of the new diaz-
ocines led to a significant decrease in testosterone, but there was no
significant difference in terms of the inhibitory potency with or without
irradiation. One of the reasons for this finding could be that some of the
diazocines appear to decompose to some extend when treated with light.
This is indicated by an additional substance peak seen in the chro-
matograms of the irradiated samples and a smaller original substance
peak compared to the non-irradiated sample (Fig. S6.1 and $6.2).

These results are consistent with those from our previous research
with two other diazocines [40], where it was shown that it is most likely
that the diazocines become susceptible to reduction after irradiation,
thus in the E configuration. Reducing substances or enzymes in the
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microsomal and cell environment appear to catalyze an azo-bridge
reduction, possibly followed by a ring opening of the diazocines at the
central 8-ring, resulting in the formation of the corresponding hydra-
zines or dianilines (Fig. 5). Mass spectrometry could help to identify the
newly emerging substances as it was done before for DA and bDA [40].

Similar observations were formerly made in studies with photo-
switchable diarylazo compounds as potential protein kinase inhibitors:
Here, irreversible reduction of the diarylazo unit to the corresponding
hydrazine by typical reducing agents like dithiothreitol (DTT) and
glutathione was observed which made the photoswitching of the bio-
logical activity impossible [54]. Kolarski et al. (2021) [41] also report
the problem of instability and consequent lack of activity of
light-switchable azo compounds due to reduction.

Despite their relatively bulky spatial shape, some of the diazocines
studied are also biologically active in the Z configuration. This was
surprising, because the Z-isomers are quite bent and should not fit easily
into the active site of the 17pHSD3. Alternatively, the products of
diazocine decomposition (reduction), e. g. the corresponding hydrazine
(Fig. 5), could be biochemically active. The hydrazine is structurally
even more similar to the lead compound THB than the diazocines. Here,
compared to THB, the CHoCH,-group is replaced by NH-NH. This means
that the hydrazine is just as conformationally flexible as THB and can
thus adapt to the active site in the enzyme. Hydrazines do not switch,
which would explain why we do not see any change in activity upon
irradiation. Nevertheless, the reductive destruction of the diazocines
probably affected the inhibition only marginally, because there still was
a bigger part of the intact test compound as indicated by the large
substance peak with the same retention time as the associated standard
(Fig. S6.1 and S6.2).
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Despite the lacking change of activity with and without light expo-
sure, some of the modified diazocines decreased testosterone production
much stronger than the initial diazocines DA and bDA. This effect is most
likely caused by an inhibition of 17pHSD3 activity, because no cytotoxic
effect was observed at the concentration used and no other testosterone-
synthesizing system was enabled in the HEK-293 cells or microsome
assays as proofed by an untransfected control (Fig. S3) or a microsome-
free control (Fig. S5). Although photoswitchability did not play a major
role here, the finding of new diazocine structures as potential inhibitors
of 17BHSD3 activity is promising, since it is always favorable to have a
range of drugs with different modes of action available in order to
prevent the development of cancer treatment resistance [17,55].

The cell assays allow to study the enzymatic activity and the iden-
tification of activity modulators within the enzyme’s natural milieu,
which is of course advantageous and might deliver more transferable
data than the microsome assays with regard to a whole organism. On the
other hand, there should be fewer interfering factors in the microsomes
than in cells, so theoretically a potential inhibition might in this case be
determined more easily. However, our present study shows a different
outcome: The inhibition of the diazocines was weaker in the microsome
assays than in the cell assays and these results matched the ones of the
known 17BHSD3 inhibitors BP-1 and THB.

One reason could be that in the vesicle-like microsomes the potential
inhibitors were not able to reach the enzyme or its active site. However,
Legeza et al. (2013) state that the method used for the isolation of the
subcellular fractions generates to a vast majority inside-out microsomal
vesicles, in which the enzyme-containing cytoplasmic side is exposed to
the outside [49]. Hence, it should be possible for the test compound to
access the enzyme.
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In the last step of the preparation of the microsomes a solution
containing 0.5 mM DTT was used to resuspend the microsomal pellet,
which possibly could have reduced the diazocines partially, but does not
explain the weaker inhibition, knowing that there are also intracellular
reducing agents, like glutathione [56,57]. Furthermore, the reducing
agents of the cytosol should be present in notably lower concentrations
in the microsomal fraction.

The results of the microsome assays seemed to have a high variation,
which might be explained by the resuspension step possibly leading to
an inhomogeneous microsomal suspension, which could cause diffi-
culties when working with the fractions. It has also been shown in other
studies that the activity of commercially purchased microsomes can vary
significantly [58,59]. The transient transfection of the cells prior to each
microsome preparation may also have led to a higher variability in the
microsomal activity due to differences in the transfection yield.

In both assay types, four of the studied diazocines led to a significant
inhibition of 17pHSD3 activity, however, one of the four differed: in the
cell assays pDA, dmpDA, fpDA and bpDA inhibited significantly,
whereas in the microsome assays iDA, dmpDA, fpDA and bpDA did.

Our results show that the known inhibitor THB, on which the diaz-
ocines are based, does lead to a weaker inhibition than the known in-
hibitor BP-1. On the other hand, some of the new diazocines resulted in a
better inhibition compared to the model molecule THB, regardless of
whether they were irradiated or non-irradiated.

A possible explanation for the failure of our photoswitchability
approach could be that the half-life of the E-isomers is not sufficient to
have a stronger effect, i. e. that the E-isomers thermally react back to the
Z-isomers too quickly. However, this is unlikely, because measurements
of the diazocines in aqueous solution showed a prolonged half-life
compared to the results of the same measurements in organic solvents
(Tab. S7 and Fig. S8 - §15.2) [45,47,60]. Another reason could be var-
iations in the switching efficiency, yet this was not possible to investi-
gate due to poor solubility and thus insufficient substance concentration
for NMR spectroscopy to determine the photostationary states. Never-
theless, previous studies of the initial DA in aqueous media showed
satisfactory photoconversion yields [60]. On the other hand, the irra-
diation in the cell experiments has not been carried out at full lamp
intensity, as this would have had a negative effect on cell viability.

In any case, we have identified new 17pHSD3 inhibitors by the
modification of the original DA. Now, further research in this field
should focus on a light switch which activates or inactivates the mole-
cule in terms of the inhibition, so that it would be possible to control the
location and duration of the effect. For the future development of new
light-switchable molecules a strong inhibitor should be used as starting
point.
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4.7 Simplification of N-Acetyl Diazocine Synthesis

4.7.1 Initial Synthesis Path

The N-Ac diazocines synthesized within this and previous work could only be obtained via a long
synthesis route containing at least seven reaction steps, which is based on an orthogonal protecting
group strategy including Fmoc- and Boc-protecting groups (scheme 4.2).1641201831 Boc-protection of
aniline is required for selective monosubstitution of dianiline building block with o-nitrobenzylbromide
derivatives and selective introduction of Fmoc-protecting group at the bridging nitrogen atom. The
Fmoc-protecting group is necessary to prevent side reaction during the oxidative ring closing azo
condensation in particular to avoid oxidation to the N-oxide by mCPBA. This strategy has proven to
deliver sufficient total yields between 15% and 20% for unsubstituted and monohalogenated
N-Ac diazocines.!®**?% The introduction of Fmoc-protecting group turned out to be the crucial step, as
the yields were lower than in the other reaction steps and the purification proved to be very complex
and time-consuming due to the formation of many by-products. Variation of reaction time and
temperature did not bring any improvement.[*’>!
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Scheme 4.2: Schematic view of the initial N-Ac diazocine synthesis path by LENTES et al.[64120.183] starting from Boc-protected
dianiline. After nucleophilic substitution with o-nitrobenzylbromide the bridging nitrogen is protected by introduction of
Fmoc-protecting group. After acidic cleaving of the Boc-protecting group the nitro group is also reduced to aniline and both
anilines are subsequently condensed to the corresponding azo group via oxidative azo condensation. Finally, after cleaving of
the Fmoc-protecting group the acetyl group is introduced via mixed anhydride mediated nucleophilic substitution.
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While the vyields for the introduction of the Fmoc protecting group were still sufficient with
unsubstituted and monosubstituted intermediates, the yields collapsed to a maximum of 13% when
dibrominated starting material was used (scheme 4.3).1*%3 This drastic change in reactivity cannot be
attributed to the sterical hinderance of the used Fmoc-Cl or the secondary amine starting material,
since no change has taken place concerning these factors compared to mono- and unsubstituted
compounds. Therefore, the introduction of bromine substituent at the dianiline building block might
reduce the reactivity from the actually highly reactive secondary amine by lowering its electron density
and consequently its nucleophilicity.

X FmocClI X
H DIPEA fFmoc
X "L
N,, dry DMF @[
Y NHBoc NO; room temp. Y NHBoc NO;
3d
X=H Y=H 47%
Br H 49%
Br Br 13%
I H 62%

Scheme 4.3: Detailed view on the limiting Fmoc-protection step of the initial N-Ac diazocine synthesis pathway. Due to the
low to sufficient yields this reaction step is the limiting factor especially for the synthesis of double-side brominated
N-Ac diazocine.

In addition to the variations in the reaction conditions already mentioned for mono- and unsubstituted
N-Ac diazocines, several approaches were made to increase the nucleophilicity of the dibrominated
secondary amine. For this purpose, an attempt was made to convert the secondary amine into the
corresponding amide by deprotonation in order to increase the nucleophilicity (scheme 4.4).
Therefore, different deprotonating agents like sodium carbonate, sodium hydroxide and sodium
hydride were used but the formation of the desired Fmoc-protected product could not be observed.
Instead, the more acidic proton of the Boc-protected aniline was presumably deprotonated, resulting
in either no product formation or unintended side reactions.*’”! Due to this limitation, the initial
synthesis procedure is not suitable for a large scale production of dihalogenated N-Ac diazocines
aiming for subsequent late-stage functionalization.

X FmocCl
H base fFmoc
Na, dry DMF /@[
NO NO
Y NHBoc 2 room temp. Y NHBoc 2
3d
base: Na,CO3 X=H Y=H
NaOH Br H
NaH Br Br
I H

Scheme 4.4: Attempts to improve the nucleophilicity of secondary amine intermediate for Fmoc-protection by adding
different bases did not result in the successful formation of the desired product.

Therefore, the first approach is to find a suitable replacement for the Fmoc-protecting group that is
orthogonal to the Boc-protecting group and compatible with the synthesis pathway. Reductively
cleavable protecting groups are not suitable for the bridging amine, as the nitro group of the
o-nitrobenzylbromide building block has to be reduced during the initial synthesis path. It would be
conceivable to introduce the acetyl group in the second reaction step already, which would also save
two reaction steps. However, the use of an acetyl group together with an acid-cleavable Boc-protecting
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group is an inappropriate combination, since catalyzed by the excess addition of deprotecting acid, a
proton catalyzed imine condensation between deprotected aniline and the acetyl-protecting group
could occur as side reaction. Consequently, a nitroaniline instead of a Boc-protected dianiline building
block should be used to prevent this side reaction. Then, the acetyl group could be introduced. The
acetyl-protected dinitro intermediate offers the possibility of either going the way of reductive azo
condensation or after prior reduction to the dianiline the oxidative pathway is followed. However, the
nucleophilicity of nitroaniline for a nucleophilic attack on o-nitrobenzylbromide is reduced by the nitro
group, so that the corresponding o-nitrobenzaldehyde should serve as electrophile instead. This new
approach is examined in detail in the following section.

4.7.2 Imine Condensation Approach

Condensation reactions of a carbonyl compounds with amines or anilines are a powerful tool in quick
and efficient synthesis for formation of imine bonds which also often occur in biological systems and
have also proven to be a valuable method in organic synthesis.[*3¢18¢] Therefore, this reaction between
o-nitroaniline (1) and o-nitrobenzaldehyde (2) should form the starting point of the new synthetic
strategy for the preparation of N-Ac diazocine 3 (scheme 4.5). The imine intermediate is subsequently
reduced to secondary amine 4. Here, the choice of a suitable reducing agent is of great importance, as
a reduction of both nitro groups must be avoided since selective protection of the bridging nitrogen is
therefore no longer feasible. Hence, transition metal catalyzed addition of hydrogen is not suitable
since they reduce both imine and nitro groups. Instead, boranes or borohydrides can be used for
selective imine reduction.™™®! For subsequent acetylation highly reactive acetyl chloride shall be used
as electrophile for nucleophilic substitution. For final ring closing reaction two methods are suitable
resulting in the formation of N-Ac diazocine 3. Reductive reaction pathway following the procedure by
MOORMANN et al.[”! for parent diazocine can be performed directly from acetylated dinitro precursor 5.
For oxidative pathway following the procedure by MAIER et al.”®! established for synthesis of parent
diazocine and N-Ac diazocines prior reduction of both nitro groups to the corresponding dianiline
intermediate is required.

0]
1) U
OoN
NO, 2.)BH3- THF ©:NO NO,
2
1 4
AcCl
1.) Ba(OH),*8 H,O
A a) Zn
q 2.) CuCl,
Ac
LI o e
— 1.) reduction
N=N b ©: NO,
) 2.) mCPBA NO2
3 AcOH 5

Scheme 4.5: Schematic view of the new approach for N-Ac diazocine synthesis avoiding the Fmoc protecting group. After
imine condensation of o-nitroaniline (1) and o-nitrobenzaldehyde (2) and subsequent reduction to the secondary amine 4,
acetyl group is introduced giving the acetylated dinitro precursor 5. Finally, the ring closing azo condensation can be
performed via reductive MoorRMANN et al.l75] (a) or oxidative MaIer et al.l7¢] procedure (b) for formation of unsubstituted
N-Ac diazocine 3, the letter after prior reduction to corresponding dianiline intermediate.
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Imine condensation of o-nitroaniline (1) with o-nitrobenzaldehyde (2) was carried out based on the
method by Tousl et al.*¥”) in methanol catalyzed by sulfuric acid. However, first syntheses lead to
insufficient imine formation and variation of reaction time led to no significant increase. Since imine
condensations are reversible reactions its dynamic equilibrium can be shifted towards increased
product formation by removal of water side product by addition of water binding agents like
magnesium sulfate.[#>188] With this improvement the yield of imine condensation was significantly
increased. Subsequent reduction to secondary amine 4 was carried out with borane tetrahydrofuran
complex under nitrogen atmosphere without affection of both nitro groups. Via this two-step reaction
sequence secondary amine 4 could be obtained with a 60% yield (scheme 4.6). The treatment of
secondary amine 4 with acetylchloride (AcCl) resulted in the formation of acetylated dinitro
compound 5 in a yield of 38%. The reason for this is rooted in the reduced nucleophilicity of the
secondary amine induced by the neighboring electron withdrawing nitro group. Finally, two different
routes were used to achieve final azo cyclization to N-Ac diazocine 3. At first the reductive azo
condensation pathway following the procedure by MoORMANN et al.”*! was carried out but resulted in
no formation of the desired product 3. The starting material was already consumed in the first reaction
step indicating that side reactions are favored over closing of the eight membered ring. The oxidative
reaction pathway following the procedure of MaIER et al.”® over two reaction steps containing
reduction of dinitro compound 5 to corresponding dianiline intermediate followed by mCPBA induced
BAYER-MILLS-like azo condensation lead to formation of N-Ac diazocine 3 in a yield of 55%. The
reduction was carried out via palladium-catalyzed reduction under hydrogen atmosphere, where thin
layer chromatography (TLC) and a crude product NMR showed a complete conversion of dinitro
compound 5 to the aniline intermediate. In the following oxidative azocyclization was achieved with
mCPBA in acetic acid. In addition to the desired N-Ac diazocine 3, however, the formation of a
significant amount of 23% a by-product 6 was observed. The reason for this is an intramolecular imine
condensation between the acetyl protecting group and the neighboring aniline which is probably
catalyzed by the solvent acetic acid. The side product is stabilized by formation of an aromatic
benzimidazole system and therefore it is unlikely to cleave the actually reversible imine bond to
reobtain the starting material. Due to this problem and the difficult introduction of the acetyl group
the N-Ac diazocine 3 can be obtained in a total yield of 13% over five synthesis steps which is no
improvement to the initial synthesis path.
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Scheme 4.6: Synthesis path for formation of unsubstituted N-Ac diazocine (3) starting with imine condensation of
o-nitroaniline (1) with o-nitrobenzaldehyde 2 and subsequent reduction to the secondary amine 4 in a yield of 60%. The
introduction of acetyl protecting group turned out to be the limiting step with an insufficient yield of 38%. After prior
reduction to dianiline intermediate the target compound 3 could be obtained in yield of 55% and an overall yield of 13%.
Additionally, the formation of side product 6 via intramolecular imine condensation has been observed.

To prevent the undesired side reaction in form of an intramolecular imine condensation between
acetyl protecting group and neighboring aniline other protecting groups shall be used. The initial
synthesis path by LENTES et al.***2% includes the use of carbamate type-protecting group in form of
Fmoc-protecting group. Since the carbamate does not interfere with the deprotected free neighboring
aniline, carbamate type-protecting groups shall be introduced instead of an acetyl group. Both Boc- or
Fmoc-protecting group should be used for this (scheme 4.7). Unfortunately, this would lead to two
more reaction steps of deprotection and introduction of acetyl group after oxidative ring closing azo
condensation. In case of a higher overall yield compared to the initial synthesis procedure, this would
be justifiable.

H G
Cr e
NO (Z NO
NO, 2 NO, 2
4 PG=Boc 7
PG =Fmoc 8

Scheme 4.7: The introduction of both Fmoc- or Boc-protecting groups could not be achieved. Reagents and conditions are
shown in table 4.1.
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However, the introduction of both protecting groups to Fmoc-7 or respectively Boc-protected
dinitroamine 8 turned out to be very difficult since although various conditions in form of solvent,
temperature and reaction time were used no product formation could be observed (table 4.1). The
reason for this is most likely the reduced nucleophilicity of the otherwise very reactive secondary
amine due to the neighboring nitro group. Furthermore, the steric requirements of the reagents used
to introduce the protecting groups and of the starting material are also likely to play a significant role.
To overcome the problem of weakened nucleophilicity stronger bases were used to deprotonate the
secondary amine and therefore increase its nucleophilicity. Yet the use of sodium carbonate or sodium
hydride as bases was also unsuccessful.

Table 4.1: Reaction conditions used for the introduction of Fmoc- or Boc-protecting groups. A successful introduction of the
given protecting groups could not be achieved.

protecting group precursor base solvent temperature reaction time
FmocCl DIPEA DMF room temp. 24 h
FmocCl DIPEA DMF 60 °C 24 h
FmocCl Na,CO; DMF room temp. 24 h
FmocCl NaH DMF room temp. 24 h
FmocCl NaH DMF room temp. 72 h
Boc,0 Na,CO; THF room temp. 24 h
Boc,0 Na,COs THF 65 °C 24 h
Boc,0 NaH THF room temp 24 h
Boc,0 NaH DMF room temp. 24 h
Boc,0 NaH DMF room temp. 72 h

Despite the problems encountered, it should be investigated whether the imine condensation
approach does not provide higher yields for dibrominated N-Ac diazocine 9 than the initial synthesis
path (scheme 4.8). This was investigated in a supervised work by MikoscH.'® For this purpose,
4-bromo-2-nitroaniline (10) and 4-bromo-2-nitrobenzaldehyde (11) were, in analogy to the new
synthesis route for unsubstituted N-Ac diazocine 3, converted to the corresponding imine via imine
condensation and then reduced to the secondary imine 12 with a yield of 24% over two reaction steps.

0
1) |
O,N Br
1
AcOH, MgSO,

Br

MeOH Br PG
NH> reflux, 3 h H N
X - Y —= X
Br NO;
Br NO Br NO2

NO, 2.)BHs- THF NO,
N,, dry THF 2
10 0°C,1h 12 PG =Ac 13
room temp 24% Boc 14
16 h Fmoc 15

Scheme 4.8: Attempted synthesis of dibrominated N-Ac diazocine 9 starting from brominated nitroaniline 10 and
nitrobenzaldehyde 11 giving the corresponding secondary amine 12 after subsequent reduction with borane THF complex in
a yield of 24% over two steps. The consecutive introduction of three different protecting groups under varying reaction
conditions was not successful (table 4.2).
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In the following, acetyl- 13, Boc- 14 and Fmoc-protected dinitroamines 15 should be synthesized, but
none of the compounds mentioned could be obtained although reaction conditions were
varied (table 4.2). The fact that not even the acetyl group could be introduced is probably due to the
further reduced nucleophilicity of the starting material 12 compared to the unsubstituted
dinitroamine 4 caused by the additional bromine substituent in para-position.

Table 4.2: Reaction conditions of attempted protecting group introduction to obtained protected dinitro compounds 13-15
starting from 12.

protecting group precursor base solvent temperature reaction time

AcCl TEA CH.Cl, room temp. 24 h
Boc,O Na,COs THF room temp. 24 h
Boc,O Na,COs DMF room temp. 24 h
Boc,O NaH THF room temp. 24 h
Boc,0 NaH DMF room temp. 72 h
FmocCl Na,COs DMF room temp. 24 h
FmocCl NaH THF room temp 24 h
FmocCl NaH DMF room temp. 24 h

Although the imine condensation approach leads to the formation of N-Ac diazocine 3 the overall yield
remains insufficient. Furthermore, application of this approach on halogenated starting materials was
not successful at all since introduction of protecting groups at the bridging nitrogen atom in the second
reaction step could not be achieved. Therefore, a new approach has to be developed for the synthesis
of N-Ac diazocine framework 3.

As the protecting group must necessarily be present during the azo condensation in order to prevent
side reactions, it cannot be omitted. However, due to the problem in the previous approach, the
protecting group cannot be introduced after the heteroatom bridge is formed. It must therefore be
present in the aniline building block prior to the nucleophilic substitution. Due to its stability and low
steric requirement, the acetyl group is suitable for this purpose. Moreover, deprotonated primary
amides are known to be good nucleophiles and since the acetyl group is present in the target
molecule 3 it no longer needs to be exchanged in the further course of a synthesis pathway. '8

4.7.3 Amidate Anion Approach

Nucleophilic substitutions of primary amides with alkyl halogenides have often been used for synthesis
of secondary amides since deprotonated amides (amidate anions) are good nucleophiles.[*81%2 This
requires the deprotonation of the acetanilide to the corresponding amidate anion to increase the
nucleophilicity. Such reactions have already been performed with o-nitroacetanilide nucleophiles and
alkyl halide electrophiles.!*3'%! Therefore, nucleophilic substitution of o-nitroacetanilide 16 with
o-nitrobenzyl bromide 17 to the acetylated dinitro compound 5 shall be the key reaction step of a new
synthesis path leading to N-Ac diazocine 3 (scheme 4.9). As final ring closing step oxidative azo
condensation procedure developed by MAIER et al.’® was carried out after prior reduction to the
corresponding dianiline intermediate.
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Scheme 4.9: Overview of new synthesis path for formation of N-Ac diazocine 3 starting from o-nitroaniline (1) which is
protected with an acetyl group in the first step. The resulting acetanilid 16 can be deprotonated to react with o-nitrobenzyl
bromide (17) in a nucleophilic substitution giving the acetylated dinitro precursor 5. The final ring closing shall be achieved
via oxidative azo condensation leading to the desired N-Ac diazocine 3.

As in the previous imine condensation approach, this synthesis path uses o-nitroaniline (1) as starting
material which is this case protected with an acetyl group in the first reaction step (scheme 4.10). For
this purpose, the aniline 1 was treated with triethylamine (TEA) and acetyl chloride (AcCl) following a
synthesis procedure of Li et al.l**! giving the desired acetanilid 16 in a yield of 92%. For the following
nucleophilic substitution, the nitroacetanilide 16 was deprotonated at first with sodium hydride as a
strong base. The amidate anion generated in this way serves as a nucleophile in the reaction and is
stabilized by the polar aprotic solvent dimethylformamide (DMF). In the following the o-nitrobenzyl
bromide electrophile 17 is added which leads to the formation of the desired acetylated dinitro
compound 5 in an excellent yield of 98%. To complete the preparation of the diazocine, the dinitro
precursor 5 was first reduced to the corresponding dianiline intermediate under a hydrogen
atmosphere using a palladium catalyst and then converted to the desired N-Ac diazocine 3 in an
oxidative azo condensation according to MAIER et al.’® in a yield of 49% over two steps. However, like
in the previous imine condensation approach (see previous chapter 4.3.2) the formation of an
undesired side product 6 was observed in a significant amount of 21%. Nevertheless, the desired
N-Ac diazocine 3 could be obtained in a very good overall yield of 45% over four reaction steps making
the amide anion approach a promising synthesis path for preparation of unsubstituted
N-Ac diazocine 3.
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Scheme 4.10: Synthesis path for preparation of unsubstituted N-Ac diazocine 3 starting with an acetyl protection of
o-nitroaniline (1) in a yield of 92%. The synthesis of acetylated dinitro compound 5 has been achieved via nucleophile
substitution of acetanilide 16 with o-nitrobenzylbromide (17) in a yield of 98% which then was converted to the desired
N-Ac diazocine 3 in a yield of 49% via oxidative azo condensation after prior reduction. The overall yield of this synthesis path
was 45% over four reaction steps. However, similar to prior imine condensation approach (see chapter 4.3.2) formation of
undesired side product 6 was observed.

Despite the problem with the undesirable side reaction in the final azo condensation step, this
synthesis route is suitable for derivatization due to the excellent yield in the first two synthesis steps.
For this purpose, the substituents to be introduced must already be present in the acetanilide and
nitrobenzyl bromide building blocks. Initially, the symmetrically halogenated N-Ac diazocines were to
be prepared via this synthesis path in a supervised work by HOsGEN!**” (scheme 4.11) For this purpose,
the brominated 18 or iodinated nitroanilines 19 were used as starting materials. The synthesis of
corresponding acetanilides 20 and 21 was performed following the procedure of REUTER et al.**® using
acetic acid and acetic acid anhydride as acetylating agents resulting in yields of 55% for the
bromonitroacetanilide 20 and 83% for the iodonitroacetanilide 21. The differences in the yields of
acetylation are likely caused by differences in their nucleophilicity since the brominated nitroaniline 18
is less electron rich than the corresponding iodinated nitroaniline 19 and therefore less reactive against
the acetic acid anhydride electrophile. Both acetanilides 20 and 21 should be reacted with the
corresponding halogenated nitrobenzyl bromides 22 and 23 in a nucleophilic substitution reaction
giving the brominated 24 and iodinated dinitro compound 25 in analogy to the unsubstituted model
system 3 using sodium hydride as a base. In contrast to the unsubstituted system with almost complete
conversion the yields for the halogenated dinitro compounds are very low with 13% for the
brominated 24 and 8% for the iodinated dinitro compound 25. Additionally, the compounds could only
be obtained in an impure form. Analysis of all fractions obtained during purification revealed a
complete consumption of both nitrobenzyl bromide building blocks 22 and 23 while the unconverted
acetanilides 20 and 21 could be obtained completely indicating the formation of undesired side
products. Variation of solvent, reaction temperature and ratio of used starting materials showed no
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positive effect on the product yields and starting material consumption. As the two compounds could
only be obtained in impure form and in small quantities, the synthesis path was not continued.**”!
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Scheme 4.11: Synthesis path for preparation of brominated 9 and iodinated N-Ac diazocine 26 following the amidate anion
approach. Halogenated acetanilides 20 and 21 could be obtained with yields of 55% or respectively 83%. The following
nucleophilic substitution resulted in poor vyields of 13% for the brominated 24 and 8% for the iodinated dinitro
compound 25.[197]

Given the low conversion rates, it should be investigated which building block has the greater influence
on the result of the substitution reaction since both exhibit a bromine substituent in para-position. For
this purpose, the unsubstituted acetanilide 16 was first reacted with the brominated nitrobenzyl
bromide 22 (scheme 4.12). Analysis of the reaction products showed complete consumption of
nitrobenzyl bromide building block 22 while the acetanilide could be recovered quantitatively. This
indicates that an increased nucleophilicity has no influence on the substitution reaction and the side
reaction is preferred.[*”)

Br

YO OoN 29 Br \fo .

NH NaH
e
NO,  Ng, dry DMF @[

NO
0 °C, 20 min. NO, ?
16 room temp. 27
16 h

Scheme 4.12: Synthesis of monobrominated dinitro compound 27 from nitroacetanilide 16 with bromonitrobenzyl
bromide 22 resulting in no product formation. Instead, nitrobenzyl bromide 22 was consumed completely while acetanilide
could be recovered quantitatively.!197]

For the same reason brominated acetanilide 20 was deprotonated with sodium hydride and
unsubstituted o-nitrobenzyl bromide 17 was added resulting in the formation of monobrominated
dinitro compound 28 in a yield of 8% (scheme 4.13).'"! The unreacted acetanilide 20 could be
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obtained completely while the nitrobenzyl bromide building block 17 could only be recovered in parts
since a huge amount was still consumed in a side reaction.!*”) This indicates a concurrence between
the desired nucleophilic substitution reaction and an undesired side reaction consuming the
nitrobenzyl bromide building blocks. As the test reactions with different substitution patterns show,
the extend of the side reaction depends on whether other substituents are present on the nitrobenzyl
bromide component. However, it was shown that the side reaction also occurs in the case of an
unsubstituted nitrobenzyl bromide 17, albeit to a much lesser extent. This was not noticeable, though,
due to the desired dinitro compound being formed almost quantitatively when the significantly more
nucleophilic unsubstituted o-nitroacetanilide 16 was used as reaction partner.
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16 h 8%

Scheme 4.13: Synthesis of monobrominated dinitro compound 28 from brominated acetanilide 20 and o-nitrobenzyl
bromide (17) could be achieved in a yield of 8%.[197]

A possible explanation for this consumption of used o-nitrobenzyl bromide derivatives 17, 22 and 23
during the nucleophilic substitution reaction may be the lability of o-nitrobenzyl derivatives upon
irradiation. Due to this circumstance, o-nitrobenzyl compounds are commonly used as photolabile
protecting groups.[**>2%1 The cleavage of the o-nitrobenzyl protecting group 29 is carried out by
exposure to light in the wavelength range from near UV to 420 nm, depending on the substitution
pattern.l2°2202 The mechanism of o-nitrobenzyl protecting group cleavage is well studied and initially
proceeds via proton transfer from the alkyl side chain to the nitro group after prior
photoexcitation (scheme 4.14). The rate constant for the decay of the protonated nitro group depends
on substitution pattern, solvent and pH of the surrounding media and takes place via the irreversible
formation of a five membered intermediate. The subsequent ring-opening leads to a hemiacetal
intermediate releasing the leaving group under formation of an o-nitrosobenzaldehyde
byproduct 30.[200203-2051 However, the NMR spectra of the byproduct fraction of the performed
nucleophilic substitution reactions with halogenated building blocks 20-23 showed not only
o-nitrosobenzaldehyde but also the formation of numerous other side products. This can be explained
on the one hand by the high reactivity and on the other hand by further light-induced side reactions of
o-nitrosobenzaldehyde derivatives.?®" This indicates that a decomposition of the o-nitrobenzyl
bromide building blocks has taken place. The occurrence of a small amount of the desired substitution
products implies that the intended substitution reaction has indeed taken place. However, the bromine
or iodine substituents in para-position appear to enhance the degree of light-induced degradation by
either lowering the energy barrier required for cleavage and thus shifting the required wavelength
bathochromically and/or increasing the quantum yield of the photoexcitation. Since the cleavage of
the halogenated o-nitrobenzyl building blocks already took place in daylight without further irradiation
in the substitution reactions carried out, this approach for the preparation of symmetrically
halogenated N-Ac diazocines causes major problems in the synthesis and workup, making it unsuitable
for further application.

85



4. Synthesis and Characterization of New N-Acetyl Diazocines for Application in Photopharmacology

X
X H
H hv v H
H ——— Q
Y Néo
Y NO, o
29 O
X = leaving group
Y = H, electron withdrawing group
X
X H
=
/<r<o S I:)@
/ X~ .
Y N Y CN®
OH OH
HO®
X H X H
o — (0%
Y N
o) v h
© o

Z “H
— x. _OH
Y N@O
0
©
+HO | HP
X
+H® ~"H
-H® Y \’\II/O@
o}
©
H
—_— O
N
- Y
I
30 O

Scheme 4.14: Mechanism of photodegradation of o-nitrobenzyl derivatives 29 to o-nitrosobenzaldehydes 30. 2-Nitrobenzyl
derivatives are used as photolabile protecting groups for numerous functional groups.[201,203-205]
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Photoswitches, especially azobenzenes, offer great potential for selective control of molecular
properties and are therefore used in a wide field of applications like material science or
photopharmacology. Bridged azobenzenes, so-called diazocines, represent the next development step
of azobenzene photoswitches. Their superior switching properties have been discovered by HERGES and
Temps®” in 2009 and have been brought to application ever since. However, the parent diazocine
framework still offers some disadvantages in form of the required switching wavelengths, the lack of
solubility in aqueous media and the still insufficient directional movement. These weaknesses have
been systematically addressed during the development of the so-called second generation of
diazocines. On the one hand, these are the very rigid and therefore highly efficient switching
diindanodiazocines which allow directional motion since all forms of unproductive degrees of motional
freedom have been eliminated and a very high conversion rate of light to chemical energy. With two
diastereomers, these offer two forms that differ greatly in their switching properties. In addition, the
racemic diastereomer is the smallest chiral photoswitch known to date.!*?! On the other hand, nitrogen-
bridged diazocines were developed, which allow switching in the near IR range due to a strong
bathochromic shift of the absorption wavelengths. Substitution at the bridging nitrogen atom with an
acetyl group ensures high intrinsic water solubility. Furthermore, in contrast to the parent system, the
switching properties do not deteriorate in aqueous media.[6*1%

The tasks addressed in this work include the characterization of the chiral properties of
diindanodiazocines, as well as their derivatization with the aim of their application in smart materials
and liquid crystals. In addition, the N-acetyl diazocines were to be further derivatized and new
potential inhibitors were to be developed for use in the field of photopharmacology.

5.1 Chiroptical Switching, Enrichment of Enantiomeric Excess and Derivatization of
Diindanodiazocines

Superior switching properties of DID diastereomers 31 and 32 have been examined and published in
previous work.[* However, the chiroptical properties of the racemic mixture have not been
investigated so far. Therefore, the racemate 32 was separated into both enantiomers via chiral HPLC.
As a result, the absolute configuration of both enantiomers could be assigned with help of qualitative
optical rotation measurements and single crystal structure analysis. In addition, the quantitative
measurements of the specific rotation showed that switching from thermodynamically stable Z- to
metastable E-configuration increases the extent of the specific rotation by a factor of seven. Light-
induced back-switching from E- to Z-configuration reduced the level of specific rotation back to the
initial value. This could be repeated over a large number of cycles without any signs of fatigue for both
enantiomers. Measurements of molar circular dichroism of Z-and E-configurations of both
enantiomers showed a huge difference between both forms. In addition, the maxima of the spectra of
the E-configurations of both enantiomers exhibited a significantly higher value for the molar circular
dichroism. This shows that the racemic DID 32 is a chiroptical switch whose chirality is amplified by the
switching process from Z-to E-configuration (scheme 5.1).
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Scheme 5.1: Amplification of molar circular dichroism of rac-DID 32 enantiomers upon photoisomerization.

Enantiomeric imbalance in a racemic mixture can be achieved via dynamic photoresolution with
circular polarized light. This concept should be applied to the Z- to E-photoisomerization of racemic
DID 32 to selectively enrich one of the two enantiomers from the racemic mixture in the metastable
state with corresponding circular polarized light. For this purpose, the enantiomeric excess to be
expected was at first calculated from the molecular dissymmetry factor g. For determination of
enantiomeric excess, a solution of racemic mixture was irradiated with - or respectively [-CPL until
the PSS was reached and spectra of molecular circular dichroism were measured immediately. For the
calculation of enantiomeric excess from molar circular dichroism the method established by
TamAoKI et al.**® was used. The enantiomeric excesses calculated via this method were in good
agreement with the theoretical values calculated from molecular dissymmetry factor g (table 5.1).

Table 5.1: Overview over enantiomeric excess calculated from molecular dissymmetry factor g and calculated from
experimental data obtained from measurements of molecular circular dichroism after irradiation to the PSS with CPL 405 nm
of a racemic mixture of rac-DID 32 in THF.

CPL €€theoretical €€pss 405 nm
r-405 nm 0.328% 0.344%
[-405 nm 0.312% 0.357%

The chiroptical properties of racemic DID 32 examined within this project show great potential for the
world’s smallest chiroptical switch known so far for application in smart chiral materials or liquid
crystals. To make the DID more suitable for further derivatization and applications mentioned above,
the framework should be equipped with connecting points in form of bromine or iodine substituents
giving the symmetrically di- and tetrahalogenated DIDs 33-37. The preparation should be carried out
according to the proven principle that the substituents should already be present in the nitroindane
building blocks before the DID is finally synthesized according to the established method. Halogenated
building blocks 38 and 39 of disubstituted DIDs could be easily obtained by electrophilic aromatic
substitution of 2-nitroindane (40) (scheme 5.2). Preparation of dibrominated DID diastereomers 33
and 34 could be achieved via standard procedure in good yields while corresponding diiodinated
compounds caused problems in the final ring closing steps since iodine substituents were
partially (rac-diastereomer 36) or totally reduced (meso-diastereomer 35) by the used reductive
agents.
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Scheme 5.2: Synthesis path for preparation of the disubstituted DIDs 33, 34 and 36 and the building blocks 38 and 39 were
prepared via electrophilic aromatic substitution. The diiodinated meso-DID 35 could not be obtained due to reduction of the
iodine substituents during reductive azo condensation.

Synthesis of dibrominated 2-nitroindane 41 could not be achieved via direct electrophilic aromatic
substitution of 2-nitroindane (40). Consequently, the preparation of the building block had to start with
the introduction of the second bromine substituent before the indane framework is
formed (scheme 5.3). Due to the formation of undesired side products the desired building block could
be obtained only in very low yields. Furthermore, the final diazocine synthesis remained challenging
and only rac-diastereomer of tetrabrominated DID 37 could be obtained.

NO; Br
40

Br NH> Br NH-»
— X
Br
42 43

Scheme 5.3: Synthesis path for preparation of tetrabrominated rac DID 37 starting with bromination of 3-bromoaniline 42 to
3,4-bromoaniline 43 followed by formation of the indane framework.

The introduced halogen substituents showed only a slight reduction in the PSS for racemic mixtures of
dihalogenated DIDs 34 and 36, while tetrasubstitution 37 showed no significant influence as well as for
the dibrominated meso-diastereomer 33. However, thermal relaxation for all new DID derivatives after
irradiation is significantly accelerated (table 5.2).

Table 5.2: Overview of photochemical properties of new DID derivatives 33, 34, 36, 37 compared to the unsubstituted
diastereomers 31 and 32 determined via UV-vis and NMR spectroscopy. All compounds were measured in acetone.

Amax(Z) Amax(E) t1/2 (25°C) I';_r (385 nm) TI;_ g (530 nm)
nm h %

31042 411 468° 8.8*10" 842 >99°2
3242 431 478 117 76 94

33 405 464° 7.0*10°° 86° >99¢

34 435 479 51.5 68 92

36 435 476 50.8 67 92

37 431 483 29.2 78 93

®measured at 233 K; "measured at lower temperatures (233 K, 238 K, 243K, 248 K) and then
extrapolated to room temperature; ‘measured at 238 K and extrapolated; measured at 238 K.
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Within the scope of this work chiroptical properties of the rac-DID enantiomers could be examined.
Furthermore, by introduction of halogen substituents the DID system has been prepared for future
derivatization via cross-coupling reactions and is therefore available for application.

5.2 Synthesis and Characterization of new N-Acetyl Diazocines for Application in
Photopharmacology

The N-Ac diazocine system shows promising photophysical properties in organic and aqueous media
but no further derivatization has been carried out so far.!6411%120 \Wjthin this work the monosubstituted
brominated 44 and iodinated N-Ac45 and N formyl -diazocines 46-48 as well as double-side
brominated N-Ac diazocine 9 could be synthesized via established N-Ac diazocine synthesis path,
which was improved by usage of oxidative azo condensation by Maier et al.®. Additionally,
monohalogenated N-Ac diazocines 44 and 45 could be derivatized via various cross-coupling reactions
in high yields. In this way, a wide range of aryl derivatives and various other functional groups have
been introduced (figure 5.1).
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Figure 5.1: Overview showing new N-Acdiazocine derivatives9,44-61 synthesized within this work and the
monohalogenated N-Ac diazocines 44 and 45 used as starting material for performed cross-coupling reactions.

Photochemical properties of all new N-Ac diazocines were examined in organic solvent and apart from
the aniline derivatives 57-59 all compounds showed high PSS values just below the unsubstituted
N-Ac diazocine 3 (table 5.3). With 29.3 min. to 39.8 min. thermal half-lives are also within the range of
the unsubstituted N-Ac diazocine 3. Only dibrominated N-Ac diazocine 9 exhibits a significantly
accelerated thermal relaxation of 16.9 min. Formylated N-diazocines exhibit increased thermal half-
lives at about 49 min for the halogenated and 74 min. for the unsubstituted derivatives.
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Table 5.3: Photochemical properties of the unsubstituted N-Ac diazocine3, the new N-Ac9, 44,45,49-61 and
N-formyl diazocine derivatives 46-48 in acetonitrile determined via UV-vis and NMR spectroscopy.

Amax(Z2) Amax(E) t1/2 (25°C) I;_g (405nm) TI;_g (530 nm)
nm min. %

397 513 29.5 88 >99
9 396 519 16.9 85 >99
44 397 515 30.9 81 >99
45 397 517 28.6 82 >99
46 397 509 74.0 85 >99
47 397 509 49.9 82 >99
48 398 511 48.1 80 >99
49 399 516 293 79 >99
50 394 515 34.2 77 >99
51 396 516 34.2 82 >99
52 397 515 33.8 78 >99
53 396 517 29.8 80 >99
54 399 517 31.2 77 >99
55 396 515 39.9 79 >99
56 398 515 293 82 >99
57 397 514 30.6 61 >99
58 396 511 38.9 41 >99
59 389 510 315 49 >99
60 396 518 39.8 83 >99
61 398 515 29.6 76 >99

Since unsubstituted N-Ac diazocine 3 offers intrinsic water solubility, the new N-Ac diazocine
derivatives 44, 54 and 58 as well as N-formyl diazocine 46 were examined on their water solubility and
their switching properties (table 5.4). Since the derivatives 54 and 58 exhibit functional groups
potentially affected by the pH, this influence was investigated for this specific compounds as well. PSS
values of new derivatives 54 and 58 in water at various pH are significantly lower than for the
unsubstituted system 3 while brominated derivative 44 and N-formyl diazocine 46 exhibit only a minor
deviation. Nevertheless, it is worth noting that aniline derivative 58 shows improved PSS values at
pH 3.5 compared to organic solvent. Thermal half-lives of all analyzed compounds are elongated
compared to organic solvent, whereas the values of the unsubstituted N-Ac diazocine 3 and the
derivatives 44 and 54 are all in the range of 70 min. to 80 min at neutral pH while the values of the
aniline derivative 58 and the N-formyl diazocine 46 are significantly higher. The deprotonated benzoic
acid derivative 54 exhibits increased thermal half-life at pH 3.5 compared to neutral pH. Meanwhile,
at pH 3.5 the protonated aniline derivative 58 exhibits an accelerated thermal relaxation compared to
neutral pH.
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Table 5.4: Photochemical properties of unsubstituted N-Ac diazocine 3 and new N-Ac diazocine derivatives 44 and 54 at
neutral pH and 58 and N-formyl diazocine 46 in aqueous media at different pH. Data were determined via UV-vis and NMR
spectroscopy.

Amax(Z) Amax(E) t1/2(25°C) Tz g (405nm) Ty g (530 nm)
nm min %

3 393 502 72.8 72 >99

44 394 502 69.6 70 >99

46 393 500 198 69 >99

54 at pH 9 392 502 106.4 48 >99
54atpH 7.4 392 505 78.2 53 >99
58 at pH 3.5 392 495 118.0 62 >99
58atpH 7.4 392 489 162.5 37 >99

Since N-Ac diazocines are structurally similar to known inhibitor THB for testosterone synthesizing
enzyme 17B8HSD3 the unsubstituted system has been examined as potential inhibitor for intracellular
testosterone synthesis but unfortunately showed no significant effect.'®® Nevertheless, new
N-Ac diazocine derivatives 45, 49-52, 54 and 60 were used as potential inhibitors for 178HSD3
inhibition. While most of the examined N-Ac diazocine derivatives showed no significant inhibiting
effect on intracellular testosterone production, the two derivatives 50 and 52 showed promising
inhibiting behavior in the range of known inhibitor THB (figure 5.2). However, inhibition was
independent from the switching of used N-Ac diazocines between actually considered biologically
inactive Z- and considered biologically active E-configurations. A possible reason for this could be
insufficient steric hinderance of the use inhibitors or excessive flexibility of the addressed enzymatic
binding pocket. Both reasons would ensure, that inhibition takes place regardless of the configuration
present.
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Figure 5.2: New N-Ac diazocine derivatives 50 and 52 show great inhibition of 177BHSD3 enzyme activity in the range of known
inhibitors THB and BP1.
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In this work the chiroptical properties of racemic DID diastereomer were investigated. Furthermore,
new substituted DID derivatives have been synthesized as precursors for further functionalization.
Based on the results included in this work, new conceivable follow-up projects will arise. Due to their
very different switching properties, the DID diastereomers can be considered for numerous
applications. The meso-DID offers incredibly short thermal half-lives in the range of milliseconds to
seconds and could therefore be suitable as actuator for artificial molecular machines where high
frequency switching is required. One conceivable application here is as a drive unit for light-driven
molecular pumps.

In contrast, rac-DID offers thermal relaxation half-lives over a span of days depending on the
substituents. One possibility of application is the incorporation into mechanoresponsive materials,
which serve to indicate mechanical stress within a material by color changes for the human eye. 2%
Therefore, the targeted materials have to be coated with a thin polymer film containing the
polymerized DID moiety. Vinylated derivatives of parent diazocine have already been incorporated in
similar materials via solvent-free initiated chemical vapor deposition (iCVD).[6667.297.208] y/iny|ated DIDs,
which would be accessible via STILLE-coupling or active ester functionalization, would be suitable
materials for this purpose (scheme 6.1a). In order to utilize the intrinsic chirality of rac-DIDs, they could
be incorporated into liquid crystalline structures to selectively induce or influence liquid crystalline
phases in smart materials as has already been done with azobenzenes.*”! Furthermore, rac-DID could
be incorporated into chiral helical structures to affect extent of their chirality to be applied as selective
chiral catalysts for asymmetric synthesis (scheme 6.1b).

Enlargement of the delocalized m-electron system of a photoswitch leads to a bathochromic shift of
n-*-absorptions bands required for photoisomerization.!*>%®! In previous work the m-electron system
of parent diazocine has already been extended via STILLE-coupling of tetrahalogenated diazocines with
stannafluorenes leading to an extended switching motion improved power transmission.[*°%1%! The
tetrabrominated DID could also be used as building block for m-electron system enlargement since
systematic elimination of conformational and rotational degrees of freedom lead to unidirectional
motion and improved light to chemical energy conversion (scheme 6.1c). In combination with
increased switching motion would lead to powerful directional power transmission. This system could
be applied either as molecular pincer or incorporated in polymers after being functionalized with
polymerizable substituents.
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Scheme 6.1: a) Vinylation of DIDs as preparation for incorporation into polymer films. b) Functionalization of DIDs for
application in light controllable liquid crystals or chiroptical helical switches. c) Enlargement of m-electron system via STILLE-
coupling with stannafluorenes for application as molecular pincer or photoswitch with increased power transmission in smart
materials.
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Nitrogen-bridged diazocines have shown to be promising candidates for application in
photopharmacology. To bring these new photoswitches into application one possible approach is the
azologization of already known biologically active compounds. Here, functional groups in the core of
the drug are replaced by an azo group to transform the molecule into a light-controllable active
ingredient.[® Since there are many examples of drugs containing tricyclic core units with a side chain
attached to the core via either amine or amide bond the replacement of the tricyclic core unit by a
nitrogen-bridged diazocine is a promising approach in the design and development of new
photopharmacophores (scheme 6.2).
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Scheme 6.2: Azologization of known biologically active compounds by replacement of the tricyclic core by a nitrogen-bridged
diazocine moiety to turn them into photopharmacophores.

However, the development of new N-Ac diazocine based photoswitchable molecules is limited to
either substitution at the bridging nitrogen or monofunctionalization since until now only
monosubstituted N-Ac diazocines are accessible in sufficient amounts. Therefore, for double-sided
substitution of N-Ac diazocines a new improved synthesis procedure is required. In this work
o-nitrotoulene-based building blocks were used. These turned out to be suitable for established
synthesis path if amine bond was not weakened by electron withdrawing substituents at both building
blocks as o-nitrotoluenes are known as photolabile protecting groups. Probably for this reason, after
introduction of Fmoc-protecting group in the initial synthesis path, the photolabile o-nitrotoluene
moiety was cleaved leaving only small amounts of desired Fmoc-protected intermediate. To overcome
this  problematic o-toluidine based building blocks could be used instead of
o-nitrotoluenes (scheme 6.3). After bromination of benzylic position of o-toluidine building block
Boc-protection of the amino function is required to ensure selective formation of nitrogen-bridge. The
Fmoc-protecting group can then be used again to protect the bridging nitrogen atom since the low
yields in the initial procedure are probably not caused due to low nucleophilicity of the nitrogen during
the reaction but rather by the lability of the o-nitrotoluene to irradiation and subsequent cleaving. The
use of two Boc-protected aniline building blocks offers the advantage that after acid induced
deprotection no subsequent reduction is required since nitro-groups are not present in this synthesis
path. Additionally, this opens the door for the use of substituents sensitive to reduction. From this
point the established procedure containing oxidative azo condensation and subsequent exchange of
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Fmoc-protecting group to the desired acetyl group can be applied. Although this proposed synthesis
path is significantly longer than the previous approaches carried out within this work, the yields should
improve significantly and allow double-sided derivatization of N-Ac diazocines.

Br Br
NBS Boc,O
D _— e
HoN X H>N X BocHN X

X=Br, |
X NHBoc
X
Fmoc FmocClI H
O
NHBoc X NHBoG NHBoc
1) TFA
2.) mCPBA
Fmoc Ac
) TEA ‘N
A oH X N=N X

Scheme 6.3: New synthesis strategy for the preparation of double-side halogenated N-Ac diazocines based on the use
o-toluidine derivatives instead of photolabile o-nitrotoluenes. For this approach Fmoc protecting group is again considered
as suitable since it is most likely not responsible for the very low yields of dibrominated N-Ac diazocine via the initial pathway.
Furthermore, reduction step limiting the range of accessible substituents is not required anymore.

If the disubstituted N-Ac diazocine is accessible in acceptable yields and can therefore be prepared to
a higher extend, further double-side functionalizations via cross-coupling reactions are possible making
N-Ac diazocines accessible for a far wider range of applications in the field of photopharmacology. One
potential approach in this field is the linkage to biologically active compounds or incorporation into
biologically active substructures. A relatively new field of interest is the targeted degradation of
targeted proteins via the proteolysis targeting chimeras (PROTACs) concept. In recent studies
photoswitches have been used to synthesize light-controllable compounds applied in this field.
N-Ac diazocines are predestined for application as photochemically targeting chimeras (PHOTACs) due
to their superior switching behavior in aqueous media compared to azobenzenes and parent
diazocine (scheme 6.4).0%

Further derivatization of N-Ac diazocine could also lead to the synthesis of an “amino acid
N-Ac diazocine” for incorporation into the peptide backbone targeting for control over protein folding
and protein tertiary structure. This is an important field of current medical science since defective
protein folding and protein aggregation are connected to the development of diseases like Creuzfeldt-
Jakob disease or Alzheimer’s disease.?10211
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Scheme 6.4: Possible applications of disubstituted N-Ac diazocines after further derivatization as PHOTAC for disease
treatment via targeted protein degradation or incorporated into peptide backbone for targeted studies of protein folding and
control over protein activity.
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7. Experimental Section

7.1 Chemicals

The chemicals used were purchased commercially and used without further processing.

Table 7.1: Overview of the chemicals used in this work.

Chemical (purity)
(2-Bromophenyl)boronic acid
(2-Formylphenyl)boronic acid
(4-Fluorophenyl)boronic acid
1,1'-Bis(diphenylphosphino)ferrocene
1,3,5,7-Tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane
1,4 Dioxane

1,4-Dioxane, dry
2,6-Dimethylphenylboronic acid
2-Benzyl-4,4,5,5-tetramethyl-1,3,2-dioxoborolane
2-Boronobenzoic acid

2-Nitroaniline

2-Nitrobenzaldehyde (>99%)
2-Nitrobenzylbromide

3-Bromoaniline
4-Bromo-1-methyl-2-nitrobenzene (98%)
4-Bromo-2-nitroaniline (98%)
4-Bromo-2-nitrobenzaldehyde
4-lodo-1-methyl-2-nitrobenzene (99.7%)
4-lodo-2-nitroaniline (95%)
4-Nitroindane

5-Bromo-2-nitroaniline
9-Fluorenylmethoxycarbonyl chloride (99%)
Acedic anhydride (99.5%)

Acetic Acid (99.5%)

Acetone

Acetone (ACS grade)

Acetonitrile

Acetonitrile, dry

Acetyl chloride (98%)

Barium hydroxide octahydrate (97%
Benzoyl peroxide (75%)

Supplier
BLDpharm
BLDpharm
TCl

TCl

Manchester Organics

laboratory stock
Acros Organics
Alfa Aesar
BLDpharm
BLDpharm

VWR

Acros Organics
TCI

Alfa Aesar
Apollo Scientific
TCI

BLDpharm
Apollo Scientific
abcr

Sigma Aldrich
Fluorochem
abcr

Grissing
Grissing
laboratory stock
Sigma Aldrich
laboratory stock
Acros Organics
Merck

abcr

Merck
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Bis(triphenylphosphine)palladium chloride

Bis(tri-tert-butylphosphine)palladium(0)
Borane tetrahydrofurane complex (1M)
Bromine (99%)

Caesium carbonate (99.9%)
Carbon tetrachloride

Celite® 545

Chloroform

Copper(l)bromide
Copper(l)iodide (>99%)
Copper(ll)chloride (99.9%)
Cyclohexane

Dichloromethane
Dichloromethane, abs.
Dimethylacetamide (99.5%)
Diethyl ether
Dimethylformamide, dry
Diphenylamine

Di-tert-butyl dicarbonate (95%)
Ethanol

Ethyl acetate

Hydrobromic acid (48%)
Hydrochloric Acid (37%)
Hydrogen

JohnPhos

Magnesium sulfate (99%)
m-Chloroperbenzoic acid
Methanol

Methyl acrylate
N,N-Diisopropylamine (95%)
N-Bromosuccinimide (95%)
N-lodosuccinimide

Nitric acid (100%)

Nitrogen

n-Pentane

Palladium on activated charcoal (10% Pd)
Palladium(ll) acetate (47% Pd)
Palladium(Il) bromide

Phenylacetylene (98%)

100

Matrix Scientific
BLDpharm
Sigma Aldrich
Sigma Aldrich
Fisher Scientific
VWR

VWR

laboratory stock
Alfa Aesar
Merck

Acros Organics
laboratory stock
laboratory stock
laboratory stock
Acros Organics
laboratory stock
Acros Organics
Sigma-Aldrich
Fluka

laboratory stock
laboratory stock
Alfa Aesar
Grussing
laboratory stock
Sigma Aldrich
Grussing

Sigma Aldrich
laboratory stock
TCl

abcr

Merck
laboratory stock
Merck
laboratory stock
laboratory stock
Sigma Aldrich
Fluka

Sigma Aldrich
Sigma Aldrich



7. Experimental Section

Phenylboronic acid

Potassium butoxide (>97%)
Potassium carbonate
Potassium hydroxide
Pyridine-4-boronic acid
Sodium bicarbonate (99%)
Sodium chloride (99%)
Sodium dithionite

Sodium hydride (60%)
Sodium hydroxide (99%)
Sodium nitrite (>99%)

Sodium sulfate (99%)

Sodium thiosulfate

Sulfuric acid (99%)

T3P

tert-Butyl carbamate (>98%)
Tetrahydrofurane (>99.9%)
Tetrahydrofurane, dry
Tetrakis(triphenylphosphine)palladium(0)
Tetra-n-butylammonium fluoride
Tin dichloride

Toluene

Triethylamine (99%)
Triethylsilane

Trifluoroacetic acid (99%)
Trifluoromethanesulfonic acid
Triphenylphosphine (98.5%)
Triphenyltin chloride
Tris(dibenzylideneacetone)dipalladium(0)
Vinyltributyltin (97%)
Xantphos Pd G3

Zinc cyanide (98%)

Zinc powder

Acros

TCl

Grissing
Grissing
BLDpharm
Grissing
Grissing

VWR

Acros

Grissing

Merck

Grissing
Grissing
laboratory stock
abcr

TCl
Riedel-de-Haen
laboratory stock
Matrix Scientific
TCl

Sigma Aldrich
laboratory stock
laboratory stock
TCl

Sigma Aldrich
TCl

TCl

Alfa Aesar

TCl

Sigma Aldrich
Sigma Aldrich
Alfa Aesar
Merck
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7.2 Analytical Equipment

7.2.1 Melting Point

Melting points were measured with a Melting Point B-560 (Biichi) in melting point tubes without
further correction.

7.2.2 NMR Spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). The spectra were referenced to the
following solvent residual signals:

solvent degree of deuteration 1H signal 13C signal
ppm ppm
acetone-dg 99.8% 2.05 (quintet) 29.84 (septet)
chloroform-d; 99.8% 7.26 (singlet) 77.16 (triplet)
acetonitrile-d; 99.8% 1.94 (singlet) 1.32 (septet),
118.26 (multiplet)
water-d, 99.9% 4.79 (singlet)
tetrahydrofurane-ds 99.8 3.58 (singlet), 25.37 (quintet),
1.73 (singlet) 67.57 (quintet),

The spectra were recorded with a Bruker DRX 500 (*H-NMR: 500 MHz, 3C-NMR: 125 MHz) and a Bruker
AV 600 (*H-NMR: 600 MHz, 3C-NMR: 150 MHz). The multiplicities of the signals were abbreviated with
a s (singlet), d(doublet), t (triplet), q (quartet), quint. (quintet), m (multiplet) and br. (broad) in
addition for broad signals.

7.2.3 Mass Spectrometry

Mass spectra (EI) and high-resolution mass spectra (HR-EI) were measured with an
AccuTOF-GCv 4G (Joel) time of flight mass spectrometer with an ionization energy of 70 eV. HR-ESI
mass spectra were measured with a Q Exactive Plus Hybrid Quadrupole Orbitrap (Thermo Scientific)
ESI mass spectrometer.

7.2.4 High Performance Liquid Chromatography

The separation of enantiomers was performed with an Agilent HPLC System from the 1100 series with
autosampler and fraction collector. As column a Daicel Chiracel OD-H column was used with a
tris(dimethylphenylcarbamate) cellulose stationary phase and n-heptane/isopropanol (98:2) as eluent.

7.2.5 IR Spectroscopy

Infrared spectra were measured with a Perkin-EImer 1600 FT-IR spectrometer with an A531-G Golden-
Gate-Diamond ATR unit. Signals were abbreviated with w (weak), m (medium) or s (strong) for its
intensity.
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7.2.6 UV-vis Spectroscopy

UV-vis spectra were measured with a Shimadzu UV 2600 | UV-vis spectrometer and a Perkin Elmer
Lambda 14 UV-vis spectrometer. Quartz cuvettes of 10 mm optical path length were used.

7.2.7 Thin layer Chromatography and Column Chromatography

Silica gel (Merck, particle size 0.040-0.063 mm) was used for column chromatography purifications.
Rf values were determined via thin layer chromatography on Polygram® SilG/UV254 (Macherey Nagel,
0.2 mm particle size). For detection of the different fractions a CAMAG UV light source with a
wavelength of 254 nm was used.

7.2.8 Light sources

For irradiation different custom-built light sources with a wavelength of 385 nm, 405 nm, 420 nm,
530 nm and 590 nm (Sahlmann Photochemistry Solutions & in-house built) were used.

7.2.9 CD Spectroscopy

The CD data were recorded with a Jasco J-720 spectropolarimeter. Quartz cuvettes of 1 mm and 10 mm
optical path length were used.

7.2.10 Optical Rotation

Optical rotations and specific rotations were measured with an Anton Paar MCP5100 modular
polarimeter (sodium D-line: 589 nm, cell length 100 mm).

7.2.11 X-ray Crystallography

Data collection was performed with a XtaLAB Synergy, Dualflex, HyPix diffractometer. The structure
was solved with SHELXT?? and refined with SHELXL?'® refinement package using Least Squares
minimization.
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7.3 Syntheses

7.3.1 Synthesis of 2-nitro-N-(2-nitrobenzyl)aniline (4)

5
@E c
N
4 NO, O,

3

2-Nitroaniline (1, 4.57 g, 33.1 mmol) and 2-nitrobenzaldehyde (2, 5.00 g, 33.1 mmol) were dissolved in
methanol and a catalytic amount of conc. sulfuric acid was added. The reaction mixture was stirred
under reflux for 3 h and after cooling filtered under reduced pressure. The residue was washed with
ethanol to obtain the imine intermediate as yellow solid. This was dissolved in dry THF under a nitrogen
atmosphere and cooled to 0°C. Borane-tetrahydrofuran complex (8.00 mL, 8.00 mmol) was added
dropwise and the reaction mixture was stirred at 0 °C for 1 h and for 16 h at room temperature. The
reaction mixture was poured on ice and the formed precipitate was filtered off. The precipitate was
dried under reduced pressure to obtain the impure product as yellow solid (5.43 g, 19.9 mmol, 60%
over two steps). Impurities could not be separated from the desired product as it decomposes during
the purification.

melting point: 131.0 °C

1H-NMR (500 MHz, CDCls, 298 K): § =8.52 (s, 1 H, NH), 8.22 (d, 3 =8.5Hz, 1H, Ar-H-3), 8.16 (d,
3)=7.5Hz, 1H, Ar'-H-3), 7.60(d, 3J=7.0Hz, 1 H, Ar'-H-4), 7.57 (d, 3/=7.0Hz, 1 H, Ar'-H-6), 7.53-
7.32 (m, 2 H, Ar-H-5, Ar'-H-5), 6.76-6.68 (m, 1 H, Ar'-H-4), 6.65 (d, 3/=8.5Hz, 1 H, Ar'-H-6), 4.99 (d,
3)=5.5Hz, 2 H, CH,) ppm.

BC{!H}-NMR (125 MHz, CDCls, 298K): & =148.0(Ar'-C-2), 144.8 (Ar'-C-1), 136.4 (Ar'-C-5),
134.1 (Ar'-C-4), 133.6 (Ar-C-1), 132.7 (Ar-C-2), 128.8 (Ar'-C-6), 128.6 (Ar-C-5), 127.0 (Ar-C-3),
125.6 (Ar'-C-3), 116.4 (Ar'-C-4), 113.9 (Ar'-C-6), 44.5 (-CH.) ppm.

IR (ATR): 7 = 3389 (m), 3093 (w), 2849 (w), 1611 (m), 1574 (m), 1505 (s), 1444 (w), 1426 (w), 1334 (s),
1288 (m), 1242 (s), 1153 (s), 1041 (m), 988 (w), 950 (w), 898 (w), 864 (s), 777 (m), 727 (s), 696 (m),
666 (m), 586 (w), 543 (m), 524 (s) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for Ci3H1104N3+H": 274.08201; found:
274.08223 + 0.83 ppm.
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Figure 7.1: 500 MHz *H-NMR spectrum of 2-nitro-N-(2-nitrobenzyl)aniline (4) in CDCls. Unlabeled signals represent impurities
that could not be separated since the target molecule decomposes during purification.

22 nEEaTeoa 93 2

Coa I G o =

I nomoagey o 3

L NN VA ||

1 [
1
1

T T I T T T T | I T T T T 1
160 150 140 130 120 110 100 90 80 70 60 50 40 Ppm

Figure 7.2: 125 MHz 13C-NMR spectrum of 2-nitro-N-(2-nitrobenzyl)aniline (4) in CDClz. Unlabeled signals represent impurities
that could not be separated since the target molecule decomposes during purification.
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7.3.2 Synthesis of N-(2-nitrobenzyl)-N-(2-nitrophenyl)acetamide (5)

Method A: Imine condensation approach

2-Nitro-N-(2-nitrobenzyl)aniline (4, 500 mg, 1.83 mmol) was dissolved in acetic anhydride (24 mL) and
acetyl chloride (4.73 g, 4.3 mL, 60.3 mmol) was added. The reaction mixture was stirred over 16 h at
room temperature and poured on ice. The formed precipitate was filtered off under reduced pressure.
The filtered off solid was washed with dem. water and dried under reduced pressure to give the
product as yellow solid (217 mg, 689 umol, 38%).

Method B: Amidate anion approach

Sodium hydride (88.0 mg, 2.20 mmol) was dispersed in dry DMF (2 mL) under a nitrogen atmosphere
at 0 °C. N-(2-nitrophenyl)acetamide (16, 200 mg, 1.10 mmol) dissolved in dry DMF (5 mL) was added
dropwise and the mixture was stirred for 20 min. at room temperature, then 2-nitrobenzyl
bromide (17, 475 mg, 2.20 mmol) dissolved in dry DMF (5 mL) was added dropwise and the reaction
mixture was stirred for 16 h. The reaction mixture was quenched with saturated ammonium chloride
solution and extracted twice with 50 mL diethyl ether. The combined organic layers were washed with
brine, dried over magnesium sulfate and the solvent was evaporated under reduced pressure. The
product could be obtained via column chromatography on silica (cyclohexane/ethyl acetate 5:1,
Rf=0.12) as yellow solid (344 mg, 1.08 mmol, 98%).

melting point: 134.0 °C

'H-NMR (600 MHz, CDCls, 298 K): § = 7.98 (d, 3/ = 7.9 Hz, 1 H, Ar'-H-3), 7.84 (d, 3/ = 8.2 Hz, 1 H, Ar'"-H-3),
7.69 (d, ¥/ = 7.5 Hz, 1 H, Ar'-H-6), 7.62-7.56 (m, 2 H, Ar-H-5, Ar'-H-5), 7.54 (t, ¥ = 7.5 Hz, 1 H, Ar'-H-4),
7.43 (t, 3¥=7.7 Hz, 1H, Ar-H-4), 7.12 (d, 3/ =7.7 Hz, 1H, Ar-H-6), 5.48 (d, 2J=15.5 Hz, 1H, CHa),
4,93 (d, & =15.6 Hz, 1 H, CH’), 1.92 (s, 3 H, CHs) ppm.

3C{'H}-NMR (150 MHz, CDCls, 298 K): § = 170.6 (C=0), 150.0 (Ar'-C-1), 148.9 (Ar'-C-2), 146.8 (Ar'-C-2),
135.8 (Ar-C-1), 134.4 (Ar-C-5), 133.5 (Ar'-C-5), 132.1 (Ar'-C-6), 131.5 (Ar-C-6), 131.3 (Ar'-C-1),
129.9 (Ar-C-4), 128.8 (Ar'-C-4), 125.9 (Ar-C-3), 124.6 (Ar" C-3), 48.7 (-CH,), 22.5 (-CH3) ppm.

IR (ATR): ¥ = 3073 (w), 2162 (w), 1978 (w), 1735 (w), 1668 (s), 1602 (m), 1580 (w), 1515 (s), 1482 (w),
1446 (w), 1420 (w), 1393 (m), 1345 (s), 1298 (s), 1271 (m), 1146 (w), 1018 (w), 979 (w), 896 (w),
854 (m), 796 (s), 785 (s), 748 (w), 732 (s), 706 (m), 679 (w), 639 (w), 614 (w), 575 (m) cm™.

HR-MS (ESI, EtOAc/MeOH): m/z [M+H]* calculated for CisHi3OsNs+H*: 316.09280; found:
316.09273 £ 0.23 ppm.
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Figure 7.3: 600 MHz 'H-NMR spectrum of N-(2-nitrobenzyl)-N-(2-nitrophenyl)acetamide (5) in CDCls.
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Figure 7.4: 150 MHz 13C-NMR spectrum of N-(2-nitrobenzyl)-N-(2-nitrophenyl)acetamide (5) in CDCls.
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7.3.3 Synthesis of (Z)-1-(dibenzo]c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (3)

o<(
3 3
4 N 4
2 2
QX
5 5
6 N=N 5

N-(2-nitrobenzyl)-N-(2-nitrophenyl)acetamide (5, 160 mg, 627 umol) was dissolved in ethanol and a
catalytic amount of palladium on charcoal was added. The reaction mixture was stirred under a
hydrogen atmosphere at room temperature for 2 h. The reaction mixture was filtered through Celite®
and the solvent was evaporated under reduced pressure giving the desired dianiline intermediate. The
solid was dissolved in acetic acid (15 mL) and mCPBA (280 mg, 1.25 mmol) dissolved in acetic
acid (15 mL) was added dropwise within 2 h. The reaction mixture was stirred for 16 h and the solvent
was evaporated under reduced pressure. 100 mL dichloromethane and 100 mL half concentrated
sodium bicarbonate solution were added to the residue. The organic layer was separated and the
aqueous layer was extracted with 50 mL dichloromethane twice. The combined organic layers were
dried over magnesium sulfate and the solvent was evaporated under reduced pressure. After column
chromatography on silica (cyclohexane/ethyl acetate 2:1, Rf= 0.17) the product could be obtained as
yellow solid (86.7 mg, 345 umol, 55%.)

melting point: 134.0 °C

IH-NMR (600 MHz, acetone-ds, 298 K): 6 = 7.35 (td, 3/ = 7.3 Hz, *J = 1.4 Hz, 1 H, Ar'-H-5), 7.33-7.22 (m,
3 H, Ar'-H-5, Ar-H-6, Ar-H-4), 7.20 (d, 3/ = 7.6 Hz, 1 H, Ar'-H-3), 7.12 (td, 2/ =7.6 Hz, ¥/ = 0.9 Hz, 1 H,
Ar'-H-4), 6.99 (dd, 3/ =7.9Hz, “/=1.1Hz, 1H, Ar-H-3), 6.89 (d, ¥ =7.8 Hz, 1H, Ar'-H-6), 5.03 (d,
2J = 14.5 Hz, 1 H, CH,), 4.30 (d, 2/ = 14.5 Hz, 1 H, CH,’), 1.80 (s, 3 H, CH3) ppm.

BC{'H}-NMR (150 MHz, acetone-ds, 298 K): & =169.5(C=0), 156.4 (Ar'-C-1), 154.3 (Ar'-C-1),
130.8 (Ar'-C-3), 130.09 (Ar-C-6), 130.01 (Ar'-C-5), 129.5 (Ar'-C-2), 129.21 (Ar-C-2), 129.17 (Ar-C-4),
128.4 (Ar'-C-4), 119.91 (Ar-C-3), 119.79 (Ar'"-C-6), 52.1 (-CH.), 23.1 (-CHs) ppm.

IR (ATR): ¥ = 2920 (w), 2870 (w), 1651 (s), 1591 (w), 1512 (w), 1475 (m), 1439 (m), 1348 (s), 1372 (m),
1341 (s), 1289 (m), 1242 (m), 1155 (w), 1100 (w), 1078 (w), 1043 (m), 975 (m), 952 (m), 909 (w),
834 (w), 782 (m), 768 (s), 755 (s), 741 (s), 685 (m), 624 (m), 558 (s), 533 (w), 431 (s) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C;sH130N3+H*: 252.11314; found: 252.11281 + 1.31 ppm.
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Figure 7.5: 600 MHz 'H-NMR spectrum of (2)-1-(dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (3) in acetone-de.
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Figure 7.6: 150 MHz 13C-NMR spectrum of (Z)-1-(dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (3) in acetone-ds.
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7.3.4 Synthesis of 4-bromo-N-(4-bromo-2-nitrobenzyl)-2-nitroaniline (12) (prepared in
supervised work by J. P. MikoscH)[188]

5
5 4_Br
1]
5 1 N 23
2
Br 42" "N, NG,
To a solution of 4-bromo-2-nitroaniline (10, 5.00 g, 23.0 mmol) and 4-bromo-nitrobanzaldehyde (11,
5.30 g, 23.0 mmol) in ethanol (50 mL) a few drops of acetic acid and magnesium sulfate were added
and stirred under reflux for 3 h. The reaction mixture was filtrated under reduced pressure while still
hot and the solvent was evaporated. The imine intermediate could be obtained as orange solid after
purification via column chromatography on silica (ethyl acetate/cyclohexane 1:9, Rf = 0.40) which was
dissolved in dry THF (10 mL) under a nitrogen atmosphere and cooled to 0 °C. Borane-tetrahydrofuran
complex (0.80 mL, 0.80 mmol) was added dropwise and the reaction mixture was stirred at room
temperature for 16 h. The reaction mixture was poured on ice and the formed precipitate was filtered
off. The filtrate was dried over magnesium sulfate and the solvent was evaporated under reduced
pressure. Column chromatography on silica (cyclohexane/ethyl acetate 9:1, Rr = 0.32) gave the impure
solid as yellow solid (0.25 g, 0.58 mmol. 24% over two steps). Impurities could not be separated from
the desired product as it decomposes during the purification.

melting point: 163.5 °C

1H-NMR (500 MHz, acetone-ds, 298 K): 6 =8.73 (br. s, 1 H, NH), 8.31(d, */=2.1Hz, 1 H, Ar'-H-3),
8.27 (d, ) = 2.5 Hz, 1 H, Ar-H-3), 7.87 (dd, %/ = 8.4 Hz, *J = 2.1 Hz, 1 H, Ar'-H-5), 7.65 (d, 3/ = 8.3 Hz, 1 H,
Ar'-H-6), 7.53 (dd, 3/=9.2 Hz, ¥=2.7Hz, 1H, Ar-H-5), 6.94 (d, 3/=9.2 Hz, 1H, Ar-H-6), 5.11(d,
3/=6.9 Hz, 2 H, CH,) ppm.

BC{'H}-NMR (125 MHz, acetone-ds, 298 K): & =149.7 (Ar'-C-2), 144.8 (Ar-C-1), 139.6 (Ar-C-5),
137.7 (Ar'-C-5), 134.3 (Ar'-C-1), 131.7 (Ar'-C-6), 129.3 (Ar-C-3), 128.9 (Ar'-C-3), 121.6 (Ar'-C-4),
117.8 (Ar'-C-6), 107.3 (Ar'-C-4), 54.8 (-CH;) ppm.

IR (ATR): ¥ = 3388 (w), 3097 (w), 2923 (w), 2854 (w), 1613 (m), 1561 (m), 1521 (s), 1498 (s), 1342 (m),
1291 (m), 1225 (s), 880 (s), 802 (s), 753 (s), 573 (m), 523 (s), 485 (w) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for  CisHsO4N3°Br+H*:  428.89598;  found:
429.09326 + 0.11 ppm.
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Figure 7.7: 500 MHz 'H-NMR spectrum of 4-bromo-N-(4-bromo-2-nitrobenzyl)-2-nitroaniline (12) in acetone-ds. Unlabeled
signals represent impurities that could not be separated since the target molecule decomposes during purification.
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Figure 7.8: 125 MHz 3C-NMR spectrum of 4-bromo-N-(4-bromo-2-nitrobenzyl)-2-nitroaniline (12) in acetone-ds. Unlabeled
signals represent impurities that could not be separated since the target molecule decomposes during purification.
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7.3.5 Synthesis of N-(2-nitrophenyl)acetamide (16)[19]

@)
6

SCENH

A 2

5y NO,

2-Nitroaniline (1, 1.00g, 7.20 mmol), 4-dimethylaminopyridine (20.0 mg, 164 pmol) and
triethylamine (161 mg, 220 uL, 1.60 mmol) were dissolved in dry dichloromethane (20 mL) under a
nitrogen atmosphere. Acetyl chloride (1.13 g, 1.03 mL, 14.4 mL) dissolved in dichloromethane (10 mL)
was added dropwise and the reaction mixture was stirred at room temperature for 16 h. Saturated
sodium bicarbonate solution was added and the organic layer was separated. The aqueous layer was
extracted three times with dichloromethane and the combined organic layers were washed with brine,
dried over magnesium sulfate and the solvent was evaporated under reduced pressure. Column

chromatography on silica gel (cyclohexane/ethyl acetate 5:1, Rf=0.29) gave the product as yellow
solid (1.20 g, 6.63 mmol, 92%, lit. 80%°%)).

melting point: 89.9 °C

1H-NMR (600 MHz, CDCls, 298 K): & = 10.32 (s, 1 H, NH), 8.76 (dd, 3/ = 8.5 Hz, ¥/ = 1.3 Hz, 1 H, H-6),
8.20 (dd, 3/ = 8.5 Hz,/ = 1.5 Hz, 1 H, H-3), 7.64 (td, ) = 8.7 Hz, ¥/ = 1.4 Hz, 1 H, H-5), 7.17 (td, 3/ = 8.5 Hz,
4)=1.3 Hz, 1 H, H-4), 3.29 (s, 3 H, CHs) ppm.

3C{!H}-NMR (150 MHz, CDCls, 298 K): & = 169.0 (C=0), 136.4 (C-2), 136.0 (C-5), 134.9 (C-1), 125.7 (C-
3), 123.2 (C-4), 122.2 (C-6), 25.6 (CHs) ppm.

IR (ATR): ¥ = 3368 (m), 3090 (m), 1698 (s), 1607 (m), 1583 (m), 1540 (w), 1496 (s), 1367 (m), 1339 (s),
1272 (m), 1225 (m), 1161 (m), 1145 (m), 1084 (w), 1037 (m), 1000 (w), 968 (w), 872 (w), 858 (m),
835 (w), 748 (s), 705 (s), 688 (w), 660 (s), 650 (s), 593 (m), 523 (s) cm’™.

HR-MS (ESI, DCM): m/z [M]* calculated for CsHgO3N,*: 180.05349; found: 180.05333 + 0.16 ppm.
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Figure 7.10: 150 MHz 3C-NMR spectrum of N-(2-nitrophenyl)acetamide (16) in CDCls.
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7.3.6 Synthesis of N-(4-bromo-2-nitrophenyl)acetamide (20)1*%8! (prepared in supervised
work by M. HosGen)[t97]
0)
s T
5 NH
1
2
Br 4™ N0,
4-bromo-nitroaniline (18, 2.02 g, 9.34 mmol) was dissolved in acetic acid (15.0 mL) and acetic
anhydride (1.08 g, 1.00 mL, 10.6 mmol) was added and the reaction mixture was stirred at 100 °C for
24 h. The reaction mixture was poured on ice and the formed precipitate was filtered off and washed
with dem. water. The precipitate was dissolved in dichloromethane (50 mL) and dried over magnesium

sulfate. Evaporation of the solvent under reduced pressure gave the product as yellow solid (1.33 g,
5.14 mmol, 55%, lit. 94%°8)).

melting point: 101.8 °C

1H-NMR (600 MHz, CDCls, 298 K): 6=10.25(s, 1H, NH), 8.71(d, 3=9.1Hz, 1H, H-6), 8.34(d,
4)=2.2 Hz, 1 H, H-3), 7.73 (dd, 3/ = 9.1 Hz, *J = 2.2 Hz, 1 H, H-5), 2.29 (s, 3 H, -CHs) ppm.

3C{!H}-NMR (150 MHz, CDCls, 298K): &=168.9 (C=0), 138.7(C-4), 133.9(C-1), 128.2(C-5),
123.6 (C-6), 115.2 (C-2), 25.6 (-CHs) ppm.

IR (ATR): 7 = 3363 (m), 3124 (m), 2169 (w), 1954 (w), 1710 (s), 1602 (m), 1571 (s), 1537 (m), 1480 (w),
1435 (w), 1362 (w), 1334 (m), 1256 (m), 1218 (m), 1141 (m), 1074 (m), 997 (w), 898 (w), 872 (m),
759 (s), 720 (m), 658 (m), 587 (m), 526 (s) cm™.

HR-MS (EI, 70eV, DCM):m/z[M]* calculated for CgH;OsN,”°Br*: 257.96383; found:
257.96400 £ 0.17 ppm.
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Figure 7.12: 150 MHz 3C-NMR spectrum of N-(4-bromo-2-nitrophenyl)acetamide (20) in CDCls.
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7.3.7 Synthesis of N-(4-iodo-2-nitrophenyl)acetamide (21) (prepared in supervised work by
M. HOsGEN)[197]

3

4-iodo-nitroaniline (19, 1.01g, 3.82 mmol) was dissolved in acetic acid (7.5 mL) and acetic
anhydride (756 mg, 0.70 mL, 7.41 mmol) was added and the reaction mixture was stirred at 100 °C for
24 h. The reaction mixture was poured on ice and the formed precipitate was filtered off and washed
with dem. water. The precipitate was dissolved in dichloromethane (50 mL) and dried over magnesium
sulfate. Evaporation of the solvent under reduced pressure gave the product as yellow solid (0.97 g,
3.17 mmol, 83%).

melting point: 109.7 °C

1H-NMR (500 MHz, CDCls, 298 K): 6=10.25(s, 1H, NH), 8.57(d, 3=9.3Hz, 1H, H-6), 8.51(d,
4J=2.0 Hz, 1 H, H-3), 7.90 (dd, 3/ = 9.3 Hz, #J = 2.0 Hz, 1 H, H-5), 2.29 (s, 3 H, -CHs) ppm.

3C{!H}-NMR (125 MHz, CDCls, 298K): &=169.0 (C=0), 144.5(C-2), 136.6(C-1), 134.6(C-3),
134.0 (C-6), 123.8 (C-5), 84.8 (C-4), 25.7 (-CHs) ppm.

IR (ATR): ¥ =3356 (m), 3084 (w), 2240 (w), 1689 (s), 1603 (s), 1571 (s), 1487 (s), 1448 (w), 1365 (m),
1332 (s), 1262 (s), 1230 (w), 1156 (s), 1078 (m), 1032 (w), 1002 (w), 959 (w), 888 (m), 869 (m), 841 (s),
758 (s), 715 (s), 688 (w), 666 (w), 624 (m), 585 (m), 529 (s) cm™.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for CgH;03N,*?’I*: 305.95000; found:
305.95013 + 0.14 ppm.
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Figure 7.14: 125 MHz 3C-NMR spectrum of N-(4-iodo-2-nitrophenyl)acetamide (21 in CDCls.
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7.3.8 Synthesis of N-(4-bromo-2-nitrobenzyl)-N-(4-bromo-2-nitrophenyl)acetamide (24)
(prepared in supervised work by M. Hosgen)[*%7]

5
@) 4_Br
ad f
5 N 3
; 2
Br a2 TNO, NG,
Sodium hydride (231 mg, 9.63 mmol) was dispersed in dry DMF (2 mL) under a nitrogen atmosphere
at 0 °C. N-(4-bromo-2-nitrophenyl)acetamide (20, 754 mg, 2.92 mmol) dissolved in dry DMF (5 mL) was
added dropwise and the mixture was stirred for 20 min. at room temperature, then 4-bromo-1-
(bromomethyl)-nitrobenzene (22, 1.71 g, 5.83 mmol) dissolved in dry DMF (5 mL) was added dropwise
and the reaction mixture was stirred for 16 h. The reaction mixture was quenched with saturated
ammonium chloride solution and extracted twice with 50 mL diethyl ether. The combined organic
layers were washed with brine, dried over magnesium sulfate and the solvent was evaporated under
reduced pressure. The impure product could be obtained via column chromatography on
silica (cyclohexane/ethyl acetate 3:1, Rf = 0.24) as yellow solid (180 mg, 380 umol, 13%). Due to the
high extent of impurities no high-resolution mass spectrum could be obtained

melting point: 176.5 °C

1H-NMR (600 MHz, CDCls, 298 K): 6 = 8.13 (d, ¥ = 1.9 Hz, 1 H, Ar'-H-3), 7.99 (d, ”/ = 1.3 Hz, 1 H, Ar'-H-3),
7.75-7.70 (m, 2 H, Ar'-H-5, Ar'-H-5), 7.59 (d, 3/ = 8.2 Hz, 1 H, Ar'-H-6), 7.00 (d, 3/ = 8.2 Hz, 1 H, Ar-H-6),
5.33(d, 2/ = 15.8 Hz, 1 H, CHa), 4.86 (d, 2/ = 15.4 Hz, 1 H, CH,’), 1.91 (s, 3 H, -CHs) ppm.

13C{!H}-NMR (150 MHz, CDCls, 298 K): & = 170.4 (C=0), 149.2 (Ar'-C-2), 147.2 (Ar-C-2), 137.5 (Ar-C-5),
136.6 (Ar'-C-5), 134.6 (Ar'-C-1), 133.8 (Ar'-C-6), 132.7 (Ar'-C-6), 130.1 (Ar'-C-1), 129.0 (Ar'-C-3),
127.6 (Ar'-C-3), 123.4 (Ar'-C-4), 122.3 (Ar'-C-4), 48.2 (CH.), 29.7 (-CHs) ppm.

IR (ATR): ¥ = 3076 (w), 2212 (w), 2084 (w), 1978 (w), 1611 (w), 1529 (s), 1461 (w), 1443 (w), 1408 (m),
1345 (s), 1278 (w), 1157 (m), 1095 (m), 1045 (m), 959 (w), 915 (m), 891 (w), 875 (m), 840 (m), 806 (m),
745 (m), 680 (w), 659 (w), 610 (w) cm™.

MS (E|, 70 eV, DCM)Z m/z (%) 347.04 [C15Hl1813rN203]+ (40), 259.99 [CgHgBI"NzOg]Jr (39),
217.97 [C;H9BrNO,]* (68), 134.03 [C;H4BrNO,]* (100).
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Figure 7.15: 600 MHz *H-NMR spectrum of N-(4-bromo-2-nitrobenzyl)-N-(4-bromo-2-nitrophenyl)acetamide (24) in CDCls.
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Figure 7.16: 150 MHz 3C-NMR spectrum of N-(4-bromo-2-nitrobenzyl)-N-(4-bromo-2-nitrophenyl)acetamide (24) in CDCls.
Unlabeled signals represent impurities that could not be separated since the target molecule decomposes during purification.
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7.3.9 Synthesis of N-(4-iodo-2-nitrobenzyl)-N-(4-iodo-2-nitrophenyl)acetamide (25)
(prepared in supervised work by M. Hosgen)[*%7]

5
@) 6 4 |
»¢q
5 1N 23
2

174" No, NO,
Sodium hydride (117 mg, 4.86 mmol) was dispersed in dry DMF (2 mL) under a nitrogen atmosphere
at 0 °C. N-(4-iodo-2-nitrophenyl)acetamide (21, 598 mg, 1.95 mmol) dissolved in dry DMF (5 mL) was
added dropwise and the mixture was stirred for 20 min. at room temperature, then 4-iodo-1-
(bromomethyl)-nitrobenzene (23, 1.00 g, 2.93 mmol) dissolved in dry DMF (5 mL) was added dropwise
and the reaction mixture was stirred for 16 h. The reaction mixture was quenched with saturated
ammonium chloride solution and extracted twice with 50 mL diethyl ether. The combined organic
layers were washed with brine, dried over magnesium sulfate and the solvent was evaporated under
reduced pressure. The impure product could be obtained via column chromatography on
silica (cyclohexane/ethyl acetate 4:1, Rs = 0.21) as yellow solid (88.5 mg, 156 umol, 8%).

melting point: 176.5 °C

1H-NMR (500 MHz, CDCls, 298 K): 6 = 8.28 (d, *J = 1.9 Hz, 1 H, Ar'-H-3), 8.16 (d, %/ = 1.6 Hz, 1 H, Ar'-H-3),
7.93-7.88 (m, 2 H, Ar'-H-5, Ar'-H-5), 7.42 (d, 3/ = 8.2 Hz, 1 H, Ar'-H-6), 6.83 (d, 3/ = 8.3 Hz, 1 H, Ar-H-6),
5.32(d, 2/ = 15.5 Hz, 1 H, CHa), 4.82 (d, 2/ = 15.5 Hz, 1 H, CH,’), 1.91 (s, 3 H, -CHs) ppm.

B3C{!H}-NMR (125 MHz, CDCls, 298 K): § = 170.4 (C=0), 149.1 (Ar'-C-2), 146.9 (Ar'-C-2), 143.5 (Ar'-C-5),
142.4 (Ar'-C-5), 135.3 (Ar-C-1), 134.7 (Ar'-C-3), 133.7 (Ar'-C-6), 133.2 (Ar'-C-3), 132.7 (Ar-C-6),
130.8 (Ar'-C-1), 93.9 (Ar'-C-4), 92.8 (Ar'-C-4), 48.3 (CH,), 22.5 (-CHs) ppm.

IR (ATR): ¥ = 2929 (w), 2166 (w), 2021 (w), 1667 (s), 1588 (w), 1520 (s), 1479 (m), 1414 (w), 1398 (w),
1378 (w), 1339 (s), 1294 (s), 1224 (m), 1164 (w), 1078 (w), 1016 (m), 976 (m), 870 (m), 842 (m),
798 (m), 769 (w), 749 (s), 716 (w), 692 (w), 597 (w), 557 (s) cm™.

HR-MS (E|, 70 eV, DCM): m/z [l\/|]Jr calculated for C15H1105N3127|2+2 566.87881; found:
566.49815 + 0.38 ppm.
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Figure 7.17: 500 MHz !H-NMR spectrum of N-(4-iodo-2-nitrobenzyl)-N-(4-iodo-2-nitrophenyl)acetamide (25) in CDCls.
Unlabeled signals represent impurities that could not be separated since the target molecule decomposes during purification.
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Figure 7.18: 125 MHz B3C-NMR spectrum of N-(4-iodo-2-nitrobenzyl)-N-(4-iodo-2-nitrophenyl)acetamide (25) in CDCls.
Unlabeled signals represent impurities that could not be separated since the target molecule decomposes during purification.
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7.3.10 Synthesis of N-(4-bromo-2-nitrobenzyl)-N-(2-nitrobenzyl)acetamide (28) (prepared in
supervised work by M. HosGen)t97]

5
0. 6 4
0
5 N 3
; 2
N
Br a7 NO, Oz

Sodium hydride (93.0 mg, 4.88 mmol) was dispersed in dry DMF (2 mL) under a nitrogen atmosphere
at 0 °C. N-(4-bromo-2-nitrophenyl)acetamide (21, 500 mg, 1.94 mmol) dissolved in dry DMF (5 mL) was
added dropwise and the mixture was stirred for 20 min. at room temperature, then
2-nitrobenzylbromide (17, 635 mg, 2.94 mmol) dissolved in dry DMF (5 mL) was added dropwise and
the reaction mixture was stirred for 16 h. The reaction mixture was quenched with saturated
ammonium chloride solution and extracted twice with 50 mL diethyl ether. The combined organic
layers were washed with brine, dried over magnesium sulfate and the solvent was evaporated under
reduced pressure. The impure product could be obtained via column chromatography on
silica (cyclohexane/ethyl acetate 5:1, R = 0.11) as yellow solid (61.2 mg, 155 umol, 8%). Due to the high
extent of impurities no high-resolution mass spectrum or IR spectrum could be obtained.

melting point: 172.3 °C

'H-NMR (600 MHz, CDCls, 298 K): 6 = 8.10 (d, *J = 2.2 Hz, 1 H, Ar'-H-3), 7.84 (dd, 3/ = 8.2 Hz, / = 1.0 Hz,
1H, Ar'-H-3), 7.69 (dd, 3/=8.2Hz, 4/=2.3Hz, 1H, Ar-H-5), 7.66 (dd, 3/=7.8Hz, 3/=1.3 Hz, 1H,
Ar'-H-6), 7.60 (td, 3/ =7.6 Hz, /= 1.0 Hz, 1 H, Ar'-H-5), 7.44 (td, 3/ = 7.7 Hz, */ = 1.4 Hz, 1 H, Ar'-H-4),
6.99 (d, 3/ = 8.4 Hz, 1 H, Ar'-H-6), 5.43 (d, 2/ = 15.5 Hz, 1 H, CH,), 4.89 (d, 2/ = 15.5 Hz, 1 H, CH,’), 1.92 (s,
3 H, -CHs) ppm.

3C{'H}-NMR (150 MHz, CDCls, 298 K): § = 170.3 (C=0), 148.9 (Ar'-C-2), 147.2 (Ar'-C-2), 137.4 (Ar'-C-5),
134.7 (Ar-C-1), 133.6 (Ar'-C-5), 132.8 (Ar-C-6), 132.2 (Ar'-C-6), 131.0 (Ar'-C-1), 129.02 (Ar'-C-4),
128.92 (Ar'-C-3), 124.6 (Ar'-C-3), 123.1 (Ar-C-4), 48.4 (CH,), 22.5 (-CHs) ppm.

MS (E|, 70 eV, DCM)C m/z (%) 396.02 [C15H12818rN305]* (1), 394.06 [C15H127QBFN305]Jr (1),
347.02 [CisH12BrN,0Os]* (34), 259.98 [CsH9BrN,O3]* (36), 217.96 [C11HoN>0s]* (65),
134.03 [C;H4BrNO,]* (100).
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Figure 7.19: 600 MHz 1H-NMR spectrum of N-(4-bromo-2-nitrobenzyl)-N-(2-nitrobenzyl)acetamide (28) in CDCls. Unlabeled
signals represent impurities that could not be separated since the target molecule decomposes during purification.
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Figure 7.20: 150 MHz 'H-NMR spectrum of N-(4-bromo-2-nitrobenzyl)-N-(2-nitrobenzyl)acetamide (28) in CDCls. Unlabeled
signals represent impurities that could not be separated since the target molecule decomposes during purification.
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8. Appendix

8.1 Index of Abbreviations

abbreviation meaning

17BHSD3 17B-hydroxysteroid dehydrogenase type 3
A absorption

abs. absolute

Ac acetyl group

AcCl acetyl chloride

Ac,0 acetic anhydride

AcOH acetic acid

ATR Attenuated Total Reflection
baDA benzoic acid N-Ac diazocine
bDA brominated N-Ac diazocine
Boc tert-butoxycarbonyl

Boc,0 di-tert-butyldicarbonate
bpDA bromophenyl N-Ac diazocine
brine saturated sodium chloride solution
calc. calculated

CD circular dichroism

CDCls deuterated chloroform
cnDA nitrile N-Ac diazocine

conc. concentrated

CPL cirularly polarized light

d day(s)

DA N-Ac diazocine

DBPO benzoyl peroxide

DCM dichloromethane

dem. demineralized

DID diindanodiazocine

DIPEA N,N-diisopropylamine

DMAP 4-dimethylaminopyridine
DMF dimethylformamide

dmpDA dimethylphenyl N-Ac diazocine
DMSO dimethylsulfoxide

E extinction

EDG electron donating group

EE ethyl acetate

ee enantiomeric excess
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El

eq

ESI

Et
EtOH
EWG
extrapol.
Fmoc
FmocCl
fpDA
FT

h
HEK-293
HMBC
HOMO
HPLC
HR
HSQC
Hz
iCVD
iDA

IR
[-CPL
LED
LUMO
m
mCPBA
Me
MeCN
MeOH
min.
MS
N-Ac
NBS
NIR
NIS
NMR
org.

(0).4

electron ionization

equivalent(s)

electrospray ionization

ethyl

ethanol

electron withdrawing group
extrapolated
fluorenylmethoxycarbonyl
fluorenylmethoxycarbonyl chloride
fluorophenyl N-Ac diazocine

Fourier Transformation

hour(s)

human embryonic kidney cells
heteronuclear multiple bond correlation
highest occupied molecule orbitale
high performance liquid chromatography
high resolution

heteronuclear single quantum coherence
Hertz

initiated chemical vapour deposition
iodinated N-Ac diazocine

infrared

left-handed circular polarized light
light-emitting diode

lowest unoccupied molecule orbitale
medium

meta-chloroperbenzoic acid

methyl

acetonitrile

methanol

minute(s)

mass spectrometry

N-acetyl

N-bromosuccinimide

near infrared irradiation
N-iodosuccinimide

nuclear magnetic resonance

organic

oxidative
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[Ox] oxidation

pDA phenyl N-Ac diazocine

PG protecting group

Ph phenyl

PHOTAC photochemically targeting chimeras

ppm parts per million

PROTAC targeted degradation of targeted proteins via the proteolysis
targeting chimeras

PSS photostationary state

quant. quantitative

R organic rest

rac racemic

r-CPL right-handed circular polarized light

R¢ retention factor

rt room temperature

3 second(s)

s strong

T3P propylphosponic anhydride

TBAF tetrabutylammonium fluoride

tBuOK potassium tert-butoxide

TD-DFT time-dependent density functional theory

TEA triethylamine

TFA trifluoroacetic acid

TFSA trifluoromethanesulfonic acid

THB tetrahydrodibenzazocine

THF tetrahydrofurane

TLC thin layer chromatography

TOF time of flight

uv ultraviolet region of the electromagnetic spectrum

vis visible range of the electromagnetic spectrum

w weak
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8.2 Supporting Information of the Publications and Manuscripts

8.2.1 Determination of Enantiomeric Excess by Photoswitching of Chiral Diindanodiazocine
Racemic Mixture with Circular Polarized Light

Supporting Information

Determination of Enantiomeric Excess by Photoswitching
of Chiral Diindanodiazocine Racemic Mixture with Circular
Polarized Light

Thomas Brandt, Widukind Moormann, Jan Simon von Glasenapp, Jan Peter Mikosch,
Christian Nather, Rainer Herges*
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I. Analytical Equipment

NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). The spectra were referenced to the following solvent
residual signals:

solvent degree of deuteration H signal 13C-signal
ppm ppm
acetone-ds 99.8% 2.05 (quintet) 29.84 (septet)
chloroform-d+ 99.8% 7.26 (singlet) 77.16 (triplet)
THF-ds 99.8% 3.58 (singlet), 1.73 (singlet)  67.57 (quintet), 25.37 (quintet)

The spectra were recorded with a Bruker DRX 500 (H-NMR: 500 MHz, "*C-NMR: 125 MHz) and a Bruker AV 600
("H-NMR: 600 MHz, 3C-NMR: 150 MHz). The Multiplicities of the signals were abbreviated with s (singlet), d
(doublet), t (triplet), g (quartet), quint. (quintet), m (multiplet), and br. (broad) in addition for broad signals.

Melting Point
Melting Points were measured with a Melting Point B-560 (Blichi) in melting point tubes without further correction.
Mass spectrometry

Mass spectra (El) and high-resolution mass spectra (HR-El) were measured with an AccuTOF GCv 4G (Joel) with
an ionization energy of 70 eV. HR-ESI mass spectra were measured with a Q Exactive Plus (Thermo Scientific).
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High Performance Liquid Chromatography

The separation of the enantiomers was performed with an Agilent HPLC System from the 1100 series with
autosampler and fraction collector. As column a Daicel Chiracel OD-H column was used with a
tris(dimethylphenylcarbamate) cellulose stationary phase and n-heptane/isopropanol (98:2) as eluent.

IR spectroscopy

Infrared spectra were measured with a Perkin-EImer 1600 FT-IR spectrometer with an A531-G Golden-Gate-
Diamond-ATR-unit. Signals were abbreviated with w (weak), m (medium) or s (strong) for its intensity.

UV-vis spectroscopy

UV-vis spectra were measured with a Perkin-Elmer Lambda 14 UV-vis spectrometer. Quartz cuvettes of 10 mm
optical path length were used.

CD spectroscopy

The CD-data were recorded with a Jasco J-720 spectropolarimeter. Quartz cuvettes of 1 mm and 10 mm optical
path length were used.

Optical Rotations

Optical rotations and specific rotations were measured with an Anton Paar MCP5100 modular polarimeter (sodium
D-line: 589 nm, cell length 100 mm).

X-ray cristallography

Data collection was performed with a XtaLAB Synergy, Dualflex, HyPix diffractometer. The structure was solved
with SHELXT!" and refined with the SHELXLI" refinement package using Least Squares minimisation.

Chromatography

Silica gel (Merck, particle size 0.040-0.063 mm) was used for column chromatography purifications. Rr values were
determined via thin layer chromatography on Polygram® SilG/UV254 (Macherey Nagel, 0.2 mm particle size).

Chemicals
All commercially available chemicals were used without further purification.
Light sources

For irradiation different custom-built light sources with a wavelength of 385 nm, 405 nm, 530 nm and 590 nm were
used (Sahlmann Photochemistry Solutions & in-house built). Irradiation wavelengths for all (385 nm, 405 nm,
530 nm and 590 nm) LED units were measured via a mobile UV-vis spectrometer (USB4000-UV-VIS, Ocean
Optics, Largo, FL, USA). All emission spectra were normalized. Figure SI1 shows the normalized emission spectra
of all LED units used.
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Figure Sl.1: Emission spectra of all LED units used. For better comparison all datasets were normalized to its maximum.

The full width at half maximum (FWHM) amounts to 13 nm (378-390 nm, maximum at 384 nm) for the 385 nm LED
unit, 19 nm (401-420 nm, maximum at 410 nm) for the 405 nm LED unit, to 38 nm (509-547 nm, maximum at
525 nm) for the 530 nm LED unit and to 14 nm (586-600 nm, maximum at 595 nm) for the 590 nm LED unit.
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Il. Syntheses

I.1.1 Synthesis of (1R,1°'R/1S,1’S)-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-diindene
and (1R,1°S)-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-diindene!?

4-Nitroindane (1.00 g, 6.13 mmol) was dissolved in dry THF under nitrogen atmosphere, cooled to 0 °C and
potassium butoxide (1.03 g, 9.18 mmol) was added. The reaction was stirred for 30 s before bromine (1.17 g,
0.37 mL, 7.34 mmol) was added rapidly. The reaction was stirred for further 10 min. and 150 g of ice were added.
The aqueous solution was extracted with DCM (3 x 40 mL) and the combined organic layers were wash with
saturated sodium thiosulfate solution, dried with over MgSO4 and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica gel, n-pentane/DCM, 5:2) to afford the
diastereomers as colorless solids.

yield: 520 mg (1.60 mmol, 52%)
mp.: 178 °C
Rt = 0.15 (n-pentane/DCM, 2:1)

1H-NMR (500.1 MHz, CDCls, 300 K): & = 7.66 (d, 3J = 8.1 Hz, 2 H, H-3), 7.49 (d, 3J = 6.5 Hz, 2 H, H-5), 7.30 (d,
3J=8.1Hz, 2 H, H-4), 4.28 (m, 2 H, H-7), 3.31 (m, 2 H, H-9a), 2.93 (dd, 2J = 16.2 Hz, 3J = 8.6 Hz, 2 H, H-9b),
2.32 (m, 2 H, H-8a), 2.09 (dd, 2J = 12.6 Hz, 3J = 7.0 Hz, 2 H, H-8b) ppm.

13C-NMR (125.8 MHz, CDCls, 300 K): § = 149.20 (C-6), 146.21 (C-2), 140.16 (C-1), 130.15 (C-5), 128.40 (C-4),
122.34 (C-3), 47.09 (C-7), 32.33 (C-8), 30.73 (C-9) ppm.

MS (HR): m/z (C1sH1704N2)*: calc.: 325.11828, found: 325.11787 + 1.26 ppm.

IR (ATR): 7 = 3084 (w), 2929 (m), 2850 (w), 1730 (w), 1609 (w), 1574 (w), 1520 (s), 1455 (m), 1352 (s), 1339 (s),
1323 (s), 1228 (w), 1175 (w), 1132 (w), 1070 (w), 982 (w), 939 (w), 864 (w), 838 (w), 813 (s), 793 (s), 755 (m),
733 (s), 677 (w), 615 (w) cm™.
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Figure SIL.1: "H-NMR spectrum of (1R,1'R/18,1'S)-7,7'-dinitro-2,2’,3,3-tetrahydro-1H,1’H-1,1’-diindene.
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Figure SI1.2: ®C-NMR spectrum of (1R,1'R/1S,1’S)-7,7’-dinitro-2,2’,3,3"-tetrahydro-1H,1’H-1,1’-diindene.

yield: 340 mg (1.05 mmol, 34%)
mp.: 168 °C
Ri = 0.11 (n-pentane/DCM, 2:1)

1H-NMR (500.1 MHz, CDCls), 300 K): & = 7.82 (d, 3J = 7.1 Hz, 2 H, H-3), 7.38 (d, 3J = 6.1 Hz, 2 H, H-5), 7.32 (d,
3J=7.6Hz, 2 H, H-4), 4.55 (d, 3J = 8.4 Hz, 2 H, H-7), 2,74 (dd, 2J = 16.4 Hz, 3J = 9.8 Hz, 2 H, H-9a), 2.49 (m, 2 H,
H-9b), 2.35 (m, 2 H, H-8a), 2.02 (dd, 2J = 13.4 Hz, 3J = 8.0 Hz, 2 H, H-8b) ppm.

13C-NMR (125.8 MHz, CDCR, 300 K): & = 148.57 (C-6), 147.25 (C-2), 140.02 (C-1), 130.39 (C-5), 128.47 (C-4),
122.83 (C-3), 49.27 (C-7), 32.34 (C-9), 30.02 (C-8) ppm.

MS (HR): m/z (C1gH1704N2)* = calc.: 325.11828, found: 325.11780 +1.48 ppm.

IR (ATR): ¥ = 3084 (w), 2929 (m), 2850 (w), 1730 (w), 1609 (w), 1574 (w), 1520 (s), 1455 (m), 1352 (s), 1339 (s),
1323 (s), 1228 (w), 1175 (w), 1132 (w), 1070 (w), 982 (w), 939 (w), 864 (w), 838 (w), 813 (s), 793 (s), 755 (m),
733 (s), 677 (w), 615 (w) cm™.
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Figure SlI.4: "*C-NMR spectrum of (1R,1'S)-7,7’-dinitro-2,2’,3,3-tetrahydro-1H,1’H-1,1’-diindene.

I.1.1 Synthesis of (12aR,12bR/12aS,12bS/Z)-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-
cd:1',7'-fg][1,2]-diazocine (3)1!

To a solution of (1R,1’'R/1S,1’S)-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1’H-1,1’-diindene (500 mg, 1.54 mmol) in EtOH
an aqueous solution of barium hydroxide [Ba(OH)2-8 H20] (1.70 g, 5.39 mmol) in H20O (48 mL) and zinc
powder (1.90 g, 29.06 mmol) and the mixture was stirred for 16 h under reflux. The reaction mixture was filtered
through Celite, and the solvent was removed under reduced pressure. The crude product was dissolved in 0.1 M
methanolic NaOH solution (130 mL), CuCl2 (10 mg, 0.07 mmol) was added and the reaction mixture was stirred at
room temperature until completion while air was bubbled through the solution. The reaction was neutralized with
6 M HCI solution. Saturated sodium bicarbonate solution (60 mL) was added and the aqueous layer was extracted
with DCM (3 x 40 mL). The combined organic layers were dried over MgSQO4 and the solvent was removed under
reduced pressure. The crude product was purified by column chromatography (silica gel, cyclohexane/EE, 20:1) to
afford a yellow solid.

yield: 295 mg (1.13 mmol, 73%)
mp.: 169 °C
Rs= 0.3 (cyclohexane/EE, 20:1)

1H-NMR (500.1 MHz, CDCls, 300 K): § = 7.43 (d, 3J = 7.89 Hz, 2 H, H-3), 7.31 (t, 3J= 7.3 Hz, 2 H, H-4), 7.15 (d,
3J=7.2 Hz, 2 H, H-5), 3.13-2.80 (m, 6 H, H-7, H-9a, H-9b), 2.21 (m, 2 H, H-8a), 1.98 (m, 2 H, H-8b) ppm.

13C-NMR (125.8 MHz, CDCls, 300 K): & = 148.79 (C-2), 144.54 (C-6), 132.94 (C-1), 127.06 (C-4), 125.78 (C-3),
124.56 (C-5), 49.38 (C-7), 31.53 (C-8), 31.49 (C-9) ppm.

MS (HR): m/z = [C1gH17N2]* calc.: 261.13863, found: 261.13846 + 0.62 ppm.

IR (ATR): 7 = 3786 (w), 2970 (w), 2914 (w), 2839 (w), 1585 (w), 1530 (w), 1460 (w), 1446 (w), 1423 (w), 1288 (w),
1248 (w), 1227 (w), 1193 (w), 1157 (w), 1122 (w), 1043 (w), 965 (w), 903 (w), 870 (w), 825 (w), 818 (w), 786 (s),
757 (s), 739 (m), 717 (m), 691 (w), 665 (w), 628 (w) cm™".
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Figure SII.6:
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diazocine (3).
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lll. Single Crystal Structure Determinations

Preparation of crystal samples

For crystal growth 10 mg of the given compound were dissolved in 0.2 ml acetone in a small glass vial and a drop
of water was added. The vial was closed with a perforated cap and was stored in the dark for 3 weeks for slow
evaporation of the solvent. Suitable crystals were selected subsequently.

1.1 (12aR,12bR/Z)-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-
diazocine 5

Figure SlIl.1: Crystal structure of (12aR,12bR/Z)-1,2,11,12,12a,12b-hexahydrodiindeno([7,1-cd:1',7'-fg][1,2]-diazocine 5.

Table S.lIl.1: Selected crystal data and details of the structure refinement for 5.

Empirical formula C1sH16N2
Formula weight 260.33
Temperature/K 293(2)
Crystal system orthorhombic
Space group P212124

a’/A 8.86340(10)
b/A 10.3545(2)
c/A 15.0879(2)
a/° 90

p/° 90

v/° 90
Volume/A3 1384.71(4)
Z 4

Pcalcg/cm? 1.249
p/mm-! 0.570

11
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F(000) 552.0
Crystal size/mm?3 0.16 x 0.14 x 0.08
Radiation Cu Ka (A = 1.54184)

20 range for data collection/® 10.362 to 159.386

Index ranges -10<sh<11,-13<k<13,-18<1<18
Reflections collected 8657

Independent reflections 2944 [Rint = 0.0155, Rsigma = 0.0158]
Reflections with [I>=20 (I)] 2806

Data/restraints/parameters  2944/0/181

Goodness-of-fit on F2 1.067

Final R indexes [I>=20 (I)] R1=0.0375, wR2 =0.1157

Final R indexes [all data] R1=0.0386, wR2=0.1170

Largest diff. peak/hole / e A3 0.15/-0.12

.2 (12aS,12bS/Z)-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd: 1',7'-fg][1,2]-
diazocine 6

Figure SlIl.1: Crystal structure of (12aS,12bS/Z)-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine 6.

Table S.1Il.1: Selected crystal data and details of the structure refinement for 6.

Empirical formula C1gH16N2
Formula weight 260.33
Temperature/K 293(2)
Crystal system orthorhombic
Space group P212421

a/A 8.86321(10)
b/A 10.35512(15)
c/A 15.09001(18)

12
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of° 90

B° 90

Ve 90

Volume/A3 1384.95(3)

z 4

Pealcg/cm? 1.249

p/mm-’ 0.570

F(000) 552.0

Crystal size/mm3 0.2 x0.18 x 0.05
Radiation Cu Ka (A = 1.54184)

20 range for data collection/®° 10.36 to 159.376

Index ranges 9<h<11,-13<k<13,-19<1<18
Reflections collected 14816

Independent reflections 2968 [Rint = 0.0179, Rsigma = 0.0095]
Reflections with [I>=20 (I)] 2891

Data/restraints/parameters  2968/0/181

Goodness-of-fit on F2 1.046

Final R indexes [I>=20 (I)] R1=0.0367, wR2=0.1120

Final R indexes [all data] R1=0.0372, wR2=0.1126

Largest diff. peak/hole / e A3 0.15/-0.14
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IV. Photostationary states (PSS)

Photostationary states (PSS) of rac-DID 3 were measured via '"H-NMR by integration of the different species after
irradiation with different wavelengths (3 min. irradiation time). The values of the integrals are given in Table SIV.1.
"H-NMR spectra were measured at 7.68 mM concentrations at 298 K. All spectra were measured at a Bruker AV600

spectrometer.

Table SIV.1: Measured photostationary states of rac-DID 3 in THF-ds.

wavelength measured PSS
nm % Z-3 % E-3
unirradiated 94 6
385 23 77
405 33 67
530 89 11
590 >99% <1%
: 2
' 2.3 2.2 21 ppm g
ng;f Lﬂ\_/u
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Figure SIV.1: 'H-NMR spectra of unirradiated rac-DID 3 in THF-dg at 298 K.
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Figure SIV.2: '"H-NMR spectra of rac-DID 3 in THF-ds at 298 K after irradiation with 385 nm.
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Figure SIV.3: "H-NMR spectra of rac-DID 3 in THF-dg at 298 K after irradiation with 405 nm.
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Figure SIV.4: 'H-NMR spectra of rac-DID 3 in THF-ds at 298 K after irradiation with 530 nm.
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Figure SIV.5: 'H-NMR spectra of rac-DID 3 in THF-ds at 298 K after irradiation with 590 nm.
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V. Optical rotation

The values for optical rotation are given in table SV.1. Optical rotations @ were measured at ¢ = 50 mg/100 mL
concentrations in acetone at 298 K with a cell length of [ =1 dm. For switching experiments 10 mL solution in
acetone were prepared. For each measurement 0.8 mL of measuring solution were used. After measuring the
unirradiated sample the whole 10 mL flask was irradiated as exposure in the cuvette was not possible and another
0.8 mL were taken for the measurement. This process was repeated for several measurements and irradiation at
different wavelengths.

Table SV.1: Values for optical rotation a of enantiomers 5 and 6 before and after repeated irradiation at 385 nm and 530 nm.

wavelength (-)-R,R-DID 5 (+)-S,S-DID 6
nm o o

unirradiated -0.185 0.195
385 -0.679 0.762
530 -0.098 0.108
385 -0.687 0.751
530 -0.099 0.106
385 -0.683 0.758
530 -0.098 0.096
385 -0.703 0.744
530 -0.106 0.107
385 -0.695 0.761

Specific rotations [a]} for both enantiomers were calculated following equation 1 and are shown in Table SV.2.

208K _ 100X«
[a]o K = 10xe (1)

Table SV.2: Values for specific rotation [a]] before and after repeated irradiation at 385 nm and 530 nm.

wavelength (-)-R,R-DID 5 (+)-S,S-DID 6
nm o o

unirradiated -370 390
385 -1358 1524
530 -196 216
385 -1374 1502
530 -198 212
385 -1366 1516
530 -196 192
385 -1406 1488
530 -212 214
385 -1390 1522
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VI. Circular dichroism

The CD spectrometer was purged with N2 for 10 min. Spectra were measured between 300 nm and 700 nm with a
standard sensitivity of 100 mdeg, a data pitch of 5 nm, a scanning speed of 20 nm min-' and a response time of
2 s, using a quartz cuvette (path length d = 0.1 cm). The solutions were prepared in THF and measured at 20 °C.
A blank was measured before and after every recorded spectrum.

—— PSS 385 nm (+)-S,S-rac DID 5
—— PSS 385 nm (-)-R,R-rac DID 6

100

(+)-S,S-rac DID 5

20 —— (-)-R,R-rac DID 6 80

60 4

10 404

— — 204
(o)) [e)]

3 o 3 0

E £

(==} <> -20

-10 -40

_60 -

-20 -80 -

T T T 1 -100 T T T 1
300 400 500 600 700 300 400 500 600 700
wavelength [nm] wavelength [nm]

Figure SVI.1: CD spectra showing the ellipticity ® of Z- (left) and E-configurations (right) of (+)-S,S-rac-DID 6 (c = 1.34 mm) and
(-)-R,R-rac-DID 5 (c = 1.04 mm) in THF at 25 °C.

Molar circular dichroism Ae was calculated from the ellipticity € following equation 2 which can be obtained by
converting Beer-Lambert law.

AA e
Ae = &1n = Eri = T4 = Trom0 (2)
with
AA ©
"~ 32980
¢ = %PSS - [enantiomer]
6 -
—— Z~(+)-S,S-DID5 304 ——E-(+)-S,S-DID5
——Z(-)-R,R-DID 6 ——E-(-)-R,R-DID 6
4 4
20
e 2 £ 104
o o
S 0 S 01
£ €
= =
& 24 5104
_20 -
-4
_30 -
-6 T T T 1 T T T 1
300 400 500 600 700 300 400 500 600 700
wavelength [nm] wavelength [nm]

Figure SVI.2: Molar circular dichroism A¢ of (-)-R,R-rac-DID 5 (1.04 mM) and (+)-S,S-rac-DID 6 (1.34 mmMm) before (left) and at
PSS after irradiation with blue light at 385 nm (right) in THF at 25°C.

The molar circular dichroism Ae of pure E-configurations of both enantiomers 5 and 6 was calculated via equation 3
from the molar circular dichroism Ae at PSS, the PSS values determined from 'H-NMR in THF-ds at 298 K after
irradiation at 385 nm and molar circular dichroism Ae of pure Z-configurations.

_ Aepss—[Aez(1-PSS)]
A“-‘E,e;vctrapol. = PSS (4)
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VII. UV-vis experiments

All samples were irradiated to the photostationary state (PSS) with 385 nm in THF. The extrapolated UV-vis spectra
of the E-configurations were calculated from the UV-vis spectra of the PSS, the pure Z-configuration and the
percentage of E-configuration measured by 'H-NMR (for details see SIV) by the following equation (4):

_ Apss—[Az(1-PSS)]

AE,extrapol. -7 pss (4)

cis-rac-DID 3
2,0 —— PSS 385 nm rac-DID 3
- -~ -trans-rac-DID 3

absorption [a. u.]
5 e

o
2]
1

0,0

T T T
300 400 500 600 70
wavelength [nm]

Figure SVII.1: UV-vis spectra of rac-DID 3 (1 mm) in THF at 25 °C before (black) and after irradiation with 385 nm (red). The
extrapolated E-spectrum is shown as dashed red line.
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Figure SVII.2: Determination of molar extinction coefficient ¢ in THF at 25°C at 405 nm.
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VIIl. Determination of enantiomeric excess (ee) at PSS405 nm

The sample cell holder was removed from the CD spectrometer and a 1x1 cm magnetic stirrer was installed for
homogenous irradiation. To ensure that only CPL reaches the sample an irradiation box was printed in a 3D-printer,
in which the LED and the CPL filter were installed. The irradiation box was positioned next to the magnetic stirrer
in a way that the sample could be irradiated without opening the spectrometer. The distance between LED and
CPL-filter was 2 cm and between CPL-filter and sample 1 cm. A fan was also installed to prevent the sample from
heating.

Figure SVIII.1: Setup for irradiation with CPL inside the CD spectrometer for determination of ellipticity ® depending from the
irradiation time.

A solution of rac-DID 3 (c = 0.86 mm) was stirred (600 rpm) in a quartz cuvette (d = 1 cm) while irradiated with
r/l-CPL at 405 nm and measured directly after irradiation at 480 nm with a measuring time of 1 min. Before each
irradiation with CPL the sample was irradiated with 590 nm to start from pure Z-configuration.

2,0
 m "=

= r-CPL (405 nm)
004 & e |-CPL (405 nm)

0 [mdeg ]1at480 nm

0 200 400 600 800 1000 1200 1400 1600 1800 2000

irradiation time [s]
Figure 8: Induced ellipticity ® at 480 nm of E-rac-DID 3 (0.86 mMm) after irradiation with r-CPL (black) and [-CPL (red) at 405 nm
depending on the irradiation time.

The ee values were calculated from the induced ellipticity © after irradiation with r/I-CPL (405 nm) at 480 nm of the
sample solution and the molar circular dichroism Ag,gpnm Of the pure enantiomers at the following equation 5
according to RIJESH et al.Bl The concentration of E-rac-DID 3 was calculated from the analyte concentration and the
PSS value in THF after irradiation with 405 nm (see SIV).

_ [S1-[Rr] . _ Q480 nm i
Yoee = [S1+[R] 100% = 32980-A&450 nym-d-PSS*C 100% ()
With
[S] [ ] 0480 nm

—[R] =
32980 - Asgonm - d
[S]1+ [R] = [rac] = PSS - ¢

Experimental ee values for rac-DID 3 after irradiation with r/l-CPL (405 nm):

1.83124

—-100% = 0.344% (6)
32980-27.97355———1 Cm'0.67'0.00086T

%ee(4)-405 nm = T
mol-cm
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-1.85721 —+100% = 0.357%

32980+(=27.36345———)-1 cm-0.67-0.00086™%
mol-cm L

%ee(-)-105 nm =

Calculation of the theoretical ee following equation 7:8!

Yee =2-1009% = 2Ea0smm . 1009
2 2'£405nm

with

_ Degos5nm

€405 nm

Theoretical ee values for the irradiation of rac-DID 3 with r/I-CPL (405 nm):

1.88353—=

Yoee(s)-s05 nm = 5—2E=100% = 0.32822%
““mol-cm
-1.78884——]|

%66(_)_405 nm = ngo]}-cm +100% = 0.31172%
““mol-cm
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8. Appendix

IX. Quantum Chemical Calculations

All calculations were performed using ORCA“ the data was extracted using Multwfn 3.8.1%1 Geometries the for
(+)-S,S-enantiomer 1 were optimized on a pbe/def2-SVPIE-8l |evel of theory. ECD calculations were performed on a
wB97X/def2-QZVPE79 |evel of theory employing a conductor-like polarizable continuum model (CPCM)!" for
tetrahydrofuran as well as Grimmes D4 dispersion correction.['":12 All obtained spectra were shifted in energy to
match the local maximum in molar circular dichroism. The molar circular dichroism itself was normalized to match
experimentally obtained values for said maximum. The width at half maximum (FWHM) was set to 0.25 eV for the
Z and 0.666eV for the E-configuration.

Exp. ° ®B97X def2-QZVP D4 CPCM(THF) + VG
®B97X def2-QZVP D4 CPCM(THF) ®B97X def2-QZVP D4 CPCM(THF) + AHAS
®B97X def2-QZVP D4 CPCM(THF) + TDA
30 —

20

10

|
|
|
|
|
|
|

0000000000000000000000c =000
4
|
|
|
|
|
|
|

\‘ W‘\/

wavelength [nm]

Figure 9: CD-Spectrum of the (+)-S,S-enantiomer 6. Calculated spectra plotted against the experimentally obtained CD-spectrum
of the Z-configuration (red). The structure was fully optimized on a pbe/def2-SVP level of theory. The CD-Spectra were calculated
on a wB97X/def2-QZVP level of theory employing a conductor-like polarizable continuum model (CPCM) for tetrahydrofuran as
well as Grimmes D4 dispersion correction. We tested a simple TD-DFT calculation with and without the simplified Tamm-Dancoff
approach (TDA). The simplified simplified Tamm-Dancoff approach matches the experimentally obtained data a lot closer. We
further applied two methods without TDA to include excited state dynamics the Vertical Gradient (VG) and Adiabatic Hessian after
Step (AHAS) approximations. Both methods produce the same CD-Spectrum which is reasonably close to the experimentally
observed. All obtained spectra were shifted in energy. The molar circular dichroism was normalized to match experimentally
obtained values.

We tested a simple TD-DFT calculation with and without the simplified Tamm-Dancoff approach (TDA).['® 1t is easily
evident that the TD-calculation with the simplified simplified Tamm-Dancoff approach matches the experimentally
obtained data for the Z-configuration a lot closer. We further employed two methods without TDA to include excited
state dynamics the Vertical Gradient (VG) and Adiabatic Hessian after Step (AHAS) approximations.['* Both
methods perform equally well for the prediction of the CD-Spectrum for the Z-configuration. After normalization and
shift the obtained spectrum is reasonably close to the experimentally obtained. For the E-configuration all applied
methods yield the same result for the observed range in wavelength which is reasonably close to the experimental
CD-Spectrum.
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Figure 10: CD-Spectrum of the (+)-S,S-enantiomer 6. Calculated spectra plotted against the experimentally obtained CD-
spectrum of the E-configuration (red). The structure was fully optimized on a pbe/def2-SVP level of theory. The CD-Spectra were
calculated on a wB97X/def2-QZVP level of theory employing a conductor-like polarizable continuum model (CPCM) for
tetrahydrofuran as well as Grimmes D4 dispersion correction. We tested a simple TD-DFT calculation with and without the
simplified Tamm-Dancoff approach (TDA). We further employed two methods without TDA to include excited state dynamics the
Vertical Gradient (VG) and Adiabatic Hessian after Step (AHAS) approximations. All methods produce the same CD-Spectrum
which is reasonably close to the experimentally observed. All obtained spectra were shifted in energy. The molar circular dichroism
was normalized to match experimentally obtained values.
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8.2.2 Synthesis and Characterization of New Diindanodiazocine Derivatives
Supporting Information

Synthesis and Characterization of New Diindanodiazocine
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Sl. Analytical Equipment

NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). The spectra were referenced to the following solvent
residual signals:

solvent degree of deuteration H signal 13C-signall
ppm ppm
acetone-ds 99.8% 2.05 (quintet) 29.84 (septet)
chloroform-d+ 99.8% 7.26 (singlet) 77.16 (triplet)

The spectra were recorded with a Bruker DRX 500 ('H-NMR: 500 MHz, '*C-NMR: 125 MHz) and a Bruker AV 600
("H-NMR: 600 MHz, '3C-NMR: 150 MHz). The Multiplicities of the signals were abbreviated with s (singlet), d
(doublet), t (triplet), q (quartet), quint. (quintet), m (multiplet), and br. (broad) in addition for broad signals.

Melting Point
Melting Points were measured with a Melting Point B-560 (Blichi) in melting point tubes without further correction.
Mass spectrometry

Mass spectra (El) and high-resolution mass spectra (HR-EIl) were measured with an AccuTOF GCv 4G El-time of
flight mass spectrometer from the company Joel. An ionization energy of 70 eV was used. HR-ESI mass spectra
were measured with a Q Exactive Plus Hybrid Quadrupole-Orbitrap ESI-mass spectrometer of the company Thermo
Scientific.

IR spectroscopy

Infrared spectra were measured with a Perkin-Elmer 1600 FT-IR spectrometer with an A531-G Golden-Gate-
Diamond-ATR-unit. Signals were abbreviated with w (weak), m (medium) or s (strong) for its intensity.

UV-vis spectroscopy

UV-vis spectra were measured with a Perkin-Elmer Lambda 14 UV-vis spectrometer. Quartz cuvettes of 10 mm
optical path length were used.
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Chromatography

Silica gel (Merck, particle size 0.040-0.063 mm) was used for column chromatography purifications. Rr values were
determined via thin layer chromatography on Polygram® SilG/UV254 (Macherey Nagel, 0.2 mm particle size).

Chemicals
All commercially available chemicals were used without further purification.

Light sources

For irradiation different custom-built light sources with a wavelength of 385 nm and 530 nm were used (Sahlmann
Photochemistry Solutions & in-house built). Irradiation wavelengths for all (385 nm and 530 nm) LED units were
measured via a mobile UV-vis spectrometer (USB4000-UV-VIS, Ocean Optics, Largo, FL, USA). All emission
spectra were normalized. Figure SI1 shows the normalized emission spectra of all LED units used.
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Figure Sl.1: Emission spectra of all LED units used. For better comparison all datasets were normalized to its
maximum.

The full width at half maximum (FWHM) amounts to 13 nm (378-390 nm, maximum at 384 nm) for the 385 nm LED
unit, and to 38 nm (509-547 nm, maximum at 525 nm) for the 530 nm LED unit.
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Sll. Syntheses

Sll.1.1 Synthesis of 2-bromo-4-nitroindane (8)

4-Nitroindane (7) (3.02g, 18.5mmol) was dissolved in 15mL conc. sulfuric acid at 0°C and
N-bromosuccinimide (3.60 g, 20.2 mmol) was added. After removing the ice bath, the reaction mixture was stirred
at room temperature for 3 h and poured on ice subsequently. The reaction mixture was extracted with DCM and the
combined organic phases were washed with sat. sodium thiosulfate solution. After drying over magnesium sulfate
the solvent was removed under reduced pressure and the product could be obtained as brown solid which was
used without further purification.

yield: 4.59 g (18.5 mmol, >99%)
mp.: 82 °C

1H-NMR (500.1 MHz, CDCls, 300 K): 5 = 8.13-8.12 (m, 1 H, H-3), 7.64-7.62 (m, 1 H, H-5), 3.35 (t, 3J = 7.6 Hz, 2 H,
H-7), 3.01 (t, %J = 7.6 Hz, 2 H, H-9), 2.16 (q, 3J = 7.6 Hz, 2 H, H-8) ppm.

13C-NMR (125.8 MHz, CDCls, 300 K): & = 150.33 (C-6), 145.91 (C-2), 139.99 (C-1), 133.16 (C-5), 124.96 (C-3),
120.13 (C-4), 33.81 (C-7), 32.89 (C-9), 24.92 (C-8) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for CoHs"®BriNO2*: 240.97384; found: 240.97391 + 0.27 ppm.

IR (ATRY): ¥ = 3085 (m), 2956 (m), 1739 (w), 1583 (w), 1525 (s), 1432 (m), 1401 (m), 1349 (s), 1310 (s), 1269 (m),
1195 (m), 1148 (m), 1050 (w), 952 (m), 914 (w), 850 (s), 754 (s), 689 (m) cm™".
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Figure Sll.1: 500 MHz 'H-NMR spectrum of 2-bromo-4-nitroindane (8).
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Figure SlI.2: 125 MHz 3C-NMR spectrum of 2-bromo-4-nitroindane (8).

Sll.1.2 Synthesis of (1R,1’S)-5,5-dibromo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-
diindene (10) and (1R,1’R/1S,1’S)-5,5’-dibromo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-
1,1’-diindene (11)

2-Bromo-4-nitroindane (8, 2.00 g, 8.26 mmol) was dissolved in dry THF under nitrogen atmosphere, cooled to 0 °C
and potassium butoxide (1.40 g, 12.4 mmol) was added. The reaction was stirred for 30 s before bromine (1.66 g,
0.52 mL, 10.4 mmol) was added rapidly. The reaction was stirred for further 10 min. and 150 g of ice were added.
The aqueous solution was extracted with DCM (3 x 40 mL) and the combined organic layers were wash with
saturated sodium thiosulfate solution, dried with over MgSQO4 and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica gel, n-pentane/DCM, 3:1) to afford the
diastereomers as colorless solids.

yield: 587 mg (1.40 mmol, 34%)
mp.: 217 °C
R: = 0.09 (n-pentane/DCM, 4:1)

1H-NMR (600 MHz, CDCl3), 300 K): § =7.98 (s, 2 H, H-3), 7.53 (a, 2 H, H-5), 4.47 (d, 3J=9.0 Hz, 2 H, H-7),
2,77 (dd, 2J=16.7 Hz, 3J=89 Hz, 2 H, H-9a), 2.55-2.46 (m, 2 H, H-9b), 2.42-2.32 (m, 2 H, H-8a), 2.01 (dd,
2J=13.5Hz, 3J = 7.9 Hz, 2 H, H-8b) ppm.

13C-NMR (150 MHz, CDCP, 300 K): § = 150.26 (C-6), 147.17 (C-2), 138.70 (C-1), 133.29 (C-5), 125.73 (C-3),
121.46 (C-4), 48.70 (C-7), 31.97 (C-9), 29.78 (C-8) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for C1sH14"°BraN204*: 479.93203; found: 479.93187 + 0.33 ppm.

IR (ATR): 7 = 3091 (w), 2986 (m), 2921 (m), 2851 (m), 1763 (w), 1604 (w), 1561 (w), 1515 (s), 1456 (m), 1430 (w),
1402 (w), 1347 (s), 1305 (s), 1283 (m), 1231 (m), 1196 (m), 1168 (w), 1136 (m), 994 (w), 948 (w), 918 (w), 898 (w),
878 (s), 852 (s), 785 (m), 758 (s), 721 (), 693 (s), 619 (w) cm™".
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Figure SII.3: 600 MHz 'H-NMR spectrum of (1R,1'S)-5,5"-dibromo-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1’H-1,1’-
diindene (10).
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Figure Sll.4: 150 MHz '3C-NMR spectrum of (1R,1'S)-5,5"-dibromo-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1’H-1,1’-
diindene (10).
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yield: 1.12 g (2.31 mmol, 56%)
mp.: 182 °C
Ri= 0.17 (n-pentane/DCM, 4:1)

TH-NMR (500 MHz, CDCls, 300K): 6§=7.84 (m, 2H, H-3), 7.62(m, 2H, H-5), 4.23-4.18(m, 2H, H-7),
3.32-3.22 (m, 2 H, H-9a), 2.93 (dd, 2J = 16.5 Hz, 3J=8.6 Hz, 2 H, H-9b), 2.35-2.26 (m, 2 H, H-8a), 2.05 (dd,
2J=12.8 Hz, 3J = 7.2 Hz, 2 H, H-8b) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 150.93 (C-6), 146.15 (C-2), 138.85 (C-1), 133.01 (C-5), 125.12 (C-3),
121.36 (C-4), 46.60 (C-7), 31.87 (C-8), 30.63 (C-9) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for C1gH14"°BraN204*: 479.93203; found: 479.93187 + 0.33 ppm.

IR (ATR): # = 3090 (m), 2923 (m), 2852 (w), 1751 (w), 1560 (w), 1520 (s), 1454 (m), 1430 (m), 1401 (m), 1347 (s),
1305 (s), 1243 (m), 1231 (m), 1195 (m), 1152 (m), 1050 (w), 1029 (w), 993 (w), 948 (m), 903 (w), 877 (m), 804 (w),
784 (w), 757 (s), 723 (w), 694 (m), 640 (w), 619 (w) cm™".
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Figure SII.5: 500 MHz 'H-NMR spectrum of (1R,1'R/1S,1'S)-5,5’-dibromo-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1'H-
1,1’-diindene (11).
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Figure SII.6: 125 MHz '3C-NMR spectrum of (1R,1'R/1S,1’S)-5,5'-dibromo-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1’' H-
1,1’-diindene (11).

Sll.1.3 Synthesis of (12aR,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (3)

To a solution of (1R,1'S)-5,5-dinitro-2,2’,3,3’-tetrahydro-1H,1’'H-1,1’-diindene (10, 431 mg, 893 pmol) in 54 mL
EtOH and an aqueous solution of barium hydroxide [Ba(OH)2-8 H20] (910 mg, 2.88 mmol) in 24 mL H20 and zinc
powder (1.00 g, 15.4 mmol) were added and the mixture was stirred for 16 h under reflux. The reaction mixture was
filtered through Celite and the solvent was removed under reduced pressure. The residue was dissolved in DCM
and filtered through Celite and the solvent was removed under reduced pressure. The crude product was dissolved
in 60 mL of 0.1 M methanolic NaOH solution, CuCl2 (8 mg, 55.9 ymol) was added and the reaction mixture was
stirred at room temperature until completion while air was bubbled through the solution. The reaction was
neutralized with 6 M HCI solution. Saturated sodium bicarbonate solution (60 mL) was added and the aqueous layer
was extracted with DCM (3 x 40 mL). The combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography (silica gel,
cyclohexane/EE, 20:1) to afford a yellow solid.

yield: 282 mg (674 umol, 75%)
mp.: 149 °C
Rs= 0.34 (cyclohexane/EE, 20:1)

H-NMR (600 MHz, CDCls, 300 K): § = 7.17 (s, 2 H, H-5), 7.03 (s, 2 H, H-3), 3.51-3.48 (m, 2 H, H-7), 2.90-2.77 (m,
4 H, H-9a, H-9b), 2.29-2.22 (m, 2 H, H-8a), 1.86-1.78 (m, 2 H, H-8b) ppm.

13C-NMR (150 MHz, CDCls, 300 K): § = 152.58 (C-2), 147.46 (C-6), 132.08 (C-1), 126.82 (C-3), 121.12 (C-5),
120.79 (C-4), 46.90 (C-7), 32.55 (C-9), 29.78 (C-8) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH14"Br2N2+H*: 416.95965; found: 416.95893 + 1.74 ppm.

IR (ATR): 7 = 3061 (w), 2937 (m), 2846 (m), 1721 (w), 1579 (2), 1524 (m), 1448 (s), 1431 (m), 1393 (m), 1346 (m),
1305 (m), 1257 (w), 1199 (w), 1179 (w), 1157 (m), 1082 (w), 1036 (w), 1016 (w), 961 (w), 855 (s), 832 (w),
800m (s), 774 (w), 738 (s), 708 (m), 640 (m), 613 (m), 571 (m) cm™".
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Figure SI.7: 600 MHz 'H-NMR spectrum of (12aR,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (3).
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Figure SIL.8: 150 MHz 13C-NMR spectrum of (12aR,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (3).
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SIl.1.4 Synthesis of (12aR,12bR/12a8S,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (4)

To a solution of (1R,1’'R/1S,1'S)-7,7’-dinitro-2,2’,3,3 -tetrahydro-1H,1’'H-1,1’-diindene (11, 1.07 g, 2.23 mmol) in
134 mL EtOH an aqueous solution of barium hydroxide [Ba(OH)2-8 H20] (2.28 g, 7.21 mmol) in 61 mL H20 and
zinc powder (2.51 g, 38.4 mmol) were added and the mixture was stirred for 16 h under reflux. The reaction mixture
was filtered through Celite and the solvent was removed under reduced pressure. The residue was dissolved in
DCM and filtered through Celite and the solvent was removed under reduced pressure. The crude product was
dissolved in 150 mL 0.1 M methanolic NaOH solution, CuCl2z (20 mg, 140 pmol) was added and the reaction mixture
was stirred at room temperature until completion while air was bubbled through the solution. The reaction was
neutralized with 6 M HCI solution. Saturated sodium bicarbonate solution (60 mL) was added and the aqueous layer
was extracted with DCM (3 x 40 mL). The combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography (silica gel,
cyclohexane/EE, 20:1) to afford an orange solid.

yield: 708 mg (1.69 mmol, 76%)
mp.: 150 °C
Ri= 0.39 (cyclohexane/EE, 20:1)

1H-NMR (500 MHz, CDCls, 300 K): § = 7.55-7.53 (m, 2 H, H-3), 7.29-7.27 (m, 2 H, H-5), 2.99-2.89 (m, 4 H, H-9a,
H-9b), 2.89-2.85 (m, 2 H, H-7), 2.24-2.16 (m, 2 H, H-8a), 1.99-1.91 (m, 2 H, H-8b) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 149.28 (C-6), 146.85 (C-2), 131.73 (C-1), 128.04 (C-3), 127.90 (C-5),
120.35 (C-4), 48.99 (C-7), 31.46 (C-8), 31.42 (C-9) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH147°BraN2+H*: 416.95965; found: 416.95893 + 1.74 ppm.

IR (ATR): 7 = 3786 (w), 2970 (w), 2914 (w), 2839 (w), 1585 (w), 1530 (), 1460 (w), 1446 (w), 1423 (w), 1288 (w),
1248 (w), 1227 (w), 1193 (w), 1157 (w), 1122 (w), 1043 (w), 965 (w), 903 (w), 870 (w), 825 (w), 818 (w), 786 (s),
757 (s), 739 (m), 717 (m), 691 (w), 665 (w), 628 (w) cm™".
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Figure SIL9: 500 MHz 'H-NMR spectrum of (12aR,12bR/12aS,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (4).
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Figure SI.10: 125MHz 'C-NMR spectrum of (12aR,12bR/12aS,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindenol[7,1-cd:1',7'-fg][1,2]-diazocine (4).
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SII.1.5 Synthesis of 2-iodo-4-nitroindane (9)

4-Nitroindane (7, 1.00 g, 6.10 mmol) was dissolved in 5 mL conc. sulfuric acid and N-iodosuccinimide (2.50 g,
6.66 mmol) was added. After removing the ice bath, the reaction mixture was stirred at room temperature for 3 h
and poured on ice subsequently. The reaction mixture was extracted with dichloromethane and the combined
organic phases were washed with sat. sodium thiosulfate solution. After drying over magnesium sulfate the solvent
was removed under reduced pressure. The crude product was purified by column chromatography (silica gel,
cyclohexane/EE, 20:1) to afford a slight yellow solid

yield: 230 mg (793 ymol, 13%)
mp.: 79 °C
R = 0.60 (cyclohexane/EE, 20:1)

1H-NMR (500 MHz, CDCls, 300 K): § = 8.29 (s, 1 H, H-3), 7.83 (m, 1 H, H-5), 3.34 (t,3J = 7.7 Hz, 2 H, H-7), 3.00 (t,
3J=7.7 Hz, 2 H, H-9), 2.14 (q, 3J = 7.6 Hz, 2 H, H-8) ppm.

13C-NMR (125 MHz, CDCls, 300 K): § = 150.35 (C-6), 145.98 (C-2), 140.61 (C-1), 138.82 (C-5), 130.53 (C-3),
90.29 (C-4), 33.75 (C-7), 32.56 (C-9), 24.66 (C-8) ppm.

HR-MS (ESI, DCM): m/z [M+HJ* calculated for CoHs'21{NO2+H*: 289.967725; found: 289.96687 + 1.30 ppm.

IR (ATR): ¥ = 3077 (m), 2951 (m), 2901 (w), 2840 (w), 1521 (s), 1456 (m), 1422 (m), 1395 (m), 1345 (s), 1307 (m),
1267 (m), 1194 (m), 1167 (w), 1145 (w), 948 (m), 914 (w), 882 (m), 837 (m), 800 (w), 773 (w), 752 (s), 678 (m),
523 (m) cm™.
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Figure SI.11: 500 MHz "H-NMR spectrum of 2-iodo-4-nitroindane (9).
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Figure SI.12: 125 MHz "3C-NMR spectrum of 2-iodo-4-nitroindane (9).

SIl.1.6 Synthesis of (1R,1’S)-5,5’-diiodo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-
diindene (12) and (1R,1’R/1S,1’S)-5,5’-diiodo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-
diindene (13)

2-lodo-4-nitroindane (9, 795 mg, 2.75 mmol) was dissolved in dry THF under nitrogen atmosphere, cooled to 0 °C
and potassium butoxide (462 mg, 4.13 mmol) was added. The reaction was stirred for 30 s before bromine (548 mg,
0.20 mL, 3.43 mmol) was added rapidly. The reaction was stirred for further 10 min. and 150 g of ice were added.
The aqueous solution was extracted with DCM (3 x 40 mL) and the combined organic layers were wash with
saturated sodium thiosulfate solution, dried with over MgSO4 and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica gel, n-pentane/DCM, 3:1) to afford the
diastereomers as colorless solids.

yield: 272 mg (472 pmol, 34%)
mp.: 185 °C
Rs= 0.10 (n-pentane/DCM, 4:1)

H-NMR (500 MHz, CDCls, 300 K): & = 8.14 (s, 2 H, H-3), 7.30 (s, 2 H, H-5), 4.46 (d, 3J=8.7 Hz, 2 H, H-7),
2.75(dd, 2J=17.1 Hz, 3J=9.8 Hz, 2 H, H-9a), 2.53-2.43 (m, 2 H, H-9b), 2.40-2.30 (m, 2 H, H-8a), 1.98 (dd,
2J=13.7 Hz, % = 8.0 Hz, 2 H, H-8b) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 150.36 (C-6), 147.18 (C-2), 139.42 (C-1), 139.17 (C-5), 131.34 (C-3),
91.89 (C-4), 48.74 (C-7), 31.76 (C-9), 29.64 (C-8) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH14'?712N204+H*: 576.91157; found: 576.91176 + 0.32 ppm.

IR (ATR): 7 = 3079 (w), 2944 (w), 1598 (w), 1520 (s), 1454 (m), 1432 (w), 1398 (w), 1345 (s), 1303 (w), 1233 (m),
1196 (w), 1137 (m), 949 (m), 903 (w), 873 (m), 843 (m), 784 (w), 756 (m), 747 (m), 726 (w), 686 (m), 555 (m) cm™".
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Figure SII.13: 500 MHz 'H-NMR spectrum of (1R,1'S)-5,5'-diiodo-7,7’-dinitro-2,2’,3,3"-tetrahydro-1H,1'H-1,1'-
diindene (12).
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Figure SIl.14: 125 MHz '3C-NMR spectrum of (1R,1'S)-5,5'-diiodo-7,7’-dinitro-2,2’,3,3'-tetrahydro-1H,1'H-1,1’-
diindene (12).
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yield: 480 mg (834 umol, 61%)
mp.: 200 °C
Ri= 0.14 (n-pentane/DCM, 4:1)

H-NMR (500 MHz, CDCls), 300 K): & = 8.01 (m, 2 H, H-3), 7.81 (m, 2 H, H-5), 4.22-4.18 (m, 2 H, H-7), 3.29-
3.20 (m, 2H, H-9a), 2.91(dd, 2J=16.5Hz, 3J=85Hz, 2H, H-Ob), 2.32-2.24 (m, 2H, H-8a), 2.01 (dd,
2J=12.7 Hz, 3J = 7.1 Hz, 2 H, H-8b) ppm.

13C-NMR (125 MHz, CDCRB, 300 K): & = 150.98 (C-6), 146.20 (C-2), 139.58 (C-1), 138.83 (C-5), 130.82 (C-3),
91.82 (C-4), 46.65 (C-7), 31.69 (C-8), 30.43 (C-9) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH14'27I2N204+H*: 576.91157; found: 576.91120 + 0.64 ppm.

IR (ATR): 7 = 3080 (w), 2925 (m), 2851 (m), 1597 (w), 1521 (s), 1455 (m), 1427 (w), 1396 (m), 1334 (s), 1306 (w),
1283 (w), 1240 (m), 1193 (w), 1141 (m), 1124 (w), 1028 (w), 949 (m), 929 (w), 902 (w), 874 (s), 843 (s), 799 (M),
755 (s), 721 (m), 690 (m), 634 (w), 565 (s) cm™".
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Figure SII.15: 500 MHz "H-NMR spectrum of (1R,1'R/1S,1’S)-5,5'-diiodo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-
1,1’-diindene (13).
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Figure SII.16: 125 MHz '3C-NMR spectrum of (1R,1'R/1S,1’S)-5,5"-diiodo-7,7’-dinitro-2,2',3,3'-tetrahydro-1H,1’H-
1,1-diindene (13).

Sil.1.7 Synthesis of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (5)

To a solution of (1R,1’R/1S,1'S)-7,7’-dinitro-2,2’,3,3-tetrahydro-1H,1’'H-1,1’-diindene (13, 325 mg, 635 pymol) in
94 mL EtOH an aqueous solution of barium hydroxide [Ba(OH)2-8 H20] (646 mg, 2.05 mmol) in 43 mL H20 and
zinc powder (713 mg, 10.8 mmol) were added and the mixture was stirred for 16 h under reflux. The reaction
mixture was filtered through Celite and the solvent was removed under reduced pressure. The residue was
dissolved in DCM and filtered through Celite and the solvent was removed under reduced pressure. The crude
product was dissolved in 43 mL 0.1 M methanolic NaOH solution, CuCl2 (5.70 mg, 39.7 pmol) was added and the
reaction mixture was stirred at room temperature until completion while air was bubbled through the solution. The
reaction was neutralized with 6 M HCI solution. Saturated sodium bicarbonate solution (60 mL) was added and the
aqueous layer was extracted with DCM (3 x 40 mL). The combined organic layers were dried over MgSQO4 and the
solvent was removed under reduced pressure. The crude product was purified by column chromatography (silica
gel, cyclohexane/EE, 20:1) to afford an orange solid. The target molecule 5 was separated from the unsubstituted
reduction product 2 by column chromatography (silica gel, n-pentane/DCM, 2:1) to afford a yellow solid.

yield: 234 mg (457 pmol, 72%)
mp.: 175 °C
Rs= 0.26 (n-pentane/DCM, 2:1)

H-NMR (500 MHz, CDCls, 300 K): & = 7.75-7.72 (m, 2 H, H-3), 7.49-7.46 (m, 2 H, H-5), 2.96-2.91 (m, 2 H, H-9a,
H-9b), 2.89-2.86 (m, H-7), 2.23-2.14 (m, 2 H, H-8a), 1.97-1.90 (m, 2 H, H-8b) ppm.

13C-NMR (125 MHz, CDCls, 300 K): § = 149.49 (C-6), 146.93 (C-2), 133.91 (C-3), 133.67 (C-5), 132.51 (C-1),
91.31 (C-4), 49.07 (C-7), 31.34 (C-8), 31.21 (C-9) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1gH14'?"I2N2+H*: 512.93191; found: 512.93199 + 0.16 ppm.

IR (ATR): ¥ = 3073 (w), 2920 (m), 2850 (m), 2252 (w), 1737 (w), 1575 (m), 1520 (m), 1446 (m), 1429 (w), 1383 (w),
1347 (w), 1308 (w), 1260 (m), 1245 (w), 1192 (w), 1157 (w), 1019 (m), 905 (w), 854 (s), 825 (s), 800 (s), 753 (m),
734 (s), 715 (m), 675 (w), 652 (w), 628 (w), 554 (m) cm™".
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Figure SI.17: 500 MHz 'H-NMR spectrum of (12aR,12bR/12aS,12bS,2)-4,9-diiodo-1,2,11,12,12a,12b-
hexahydrodiindenol[7,1-cd:1',7'-fg][1,2]-diazocine (5).
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Figure SIL.18: 125 MHz '3C-NMR spectrum of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-
hexahydrodiindenol[7,1-cd:1',7'-fg][1,2]-diazocine (5).
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Sl1.1.8 Synthesis of 3,4-dibromoaniline (17)!"!

To a solution of 3-bromoaniline (16, 15.0 g, 87.2 mmol) in 90 mL MeCN a solution of N-bromosuccinimide (15.6 g,
87.5 mmol) in 90 mL MeCN was added and stirred at room temperature for 16 h and poured on 200 g ice. After
extraction with DCM (3 x 50 mL) the combined organic layers were dried over MgSO4 and the solvent was removed
under reduced pressure to afford the product as brown solid.

6

yield: 21.8 g (86.9 mmol, >99%) Lit. 95%!"!
mp.: 67 °C

"H-NMR (500 MHz, CDCls, 300 K): 6 =7.31 (d, 3J=8.6 Hz, 1 H, H-5), 6.95 (d, /= 2.7 Hz, 1 H, H-2), 6.48 (dd,
3J=8.6 Hz,4J= 2.7 Hz, 1 H, H-6), 3.72 (br. s, 2 H, -NH>), 2.93 ppm.

3C-NMR (125 MHz, CDCls, 300 K): & = 146.61 (C-1), 133.76 (C-5), 1124.94 (C-3), 119.61 (C-2), 115.54 (C-6),
112.08 (C-4) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for CeHs"°BraN*: 248.8778; found: 248.87903 + 0.60 ppm.

IR (ATR): 7 = 3459 (w), 3405 (w), 3315 (w), 2166 (w), 1700 (w), 1618 (m), 1579 (m), 1458 (m), 1407 (w), 1289 (s),
1236 (w), 1190 (w), 1106 (w), 1005 (w), 855 (m), 817 (s), 637 (s) cm™".
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Figure SI.19: 500 MHz '"H-NMR spectrum of 3,4-dibromoaniline (17).
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Figure SI1.20: 125 MHz '3C-NMR spectrum of 3,4-dibromoaniline (17).

Sl1.1.9 Synthesis of 3-(3,4-dibromophenyl)propionic acid (18)?

3,4-Dibromoaniline (17, 21.8 g, 86.9 mmol) was dissolved in 87 mL acetone and cooled to -5 °C. Then 30 mL
hydrobromic acid were added. A solution of sodium nitrite (9.02 g, 567 mmol) in 130 mL dem. H20 was added and
the mixture was stirred for 10 min. Then methyl acrylate (75.9 mL, 72.1 g, 837 mmol) and Cu(l)Br (5.75 g,
40,1 mmol) were added and the reaction mixture was stirred for 16 h at room temperature. Acetone was removed
under reduced pressure and the aqueous residue was extracted with toluene (3 x 100 mL). The combined organic
layers were dried over MgSQO4 and the solvent was removed under reduced pressure. The residue was dissolved
in 130 mL acetic acid, zinc powder (10.8 g, 165 mmol) was added and the mixture was stirred at room temperature
for 4 h. The reaction mixture was filtered through Celite and dem. H20 and CHCIs were added. The mixture was
extracted with CHCIs (3 x 100 mL), the combined organic layers were dried over MgSQO4 and the solvent was
removed under reduced pressure. Then 130 mL of 10% KOH in dem. H20 were added and the reaction mixture
was stirred under reflux for 2 h. After filtration through Celite the mixture was neutralized with conc. HCI. The
precipitated solid was filtered off and dissolved in DCM, dried over MgSO4 and the solvent was removed under
reduced pressure to obtain the product as brown solid.

yield: 20.5 g (66.6 mmol, 76%) Lit. 50%2
mp.: 71 °C

TH-NMR (500 MHz, CDCls, 300 K): & = 7.51 (d, %J = 8.2 Hz, 1 H, H-5), 7.46 (d, “J = 2.0 Hz, 1 H, H-2), 6.99 (dd,
3J=8.2Hz, “J=2.0Hz, 1 H, H-6), 2.86 (t, 3 = 7.5 Hz, 2 H, H-8), 2.63 (t, 3J = 7.6 Hz, 2 H, H-7) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 177.73 (COOH), 141.25 (C-1), 133.78 (C-5), 133.64 (C-2), 128.74 (C-6),
124.92 (C-3), 122.61 (C-4), 35.15 (C-8), 29.72 (C-7) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for CoHs"°Br202*: 305.88911; found: 305.88888 + 0.72 ppm.

IR (ATR): 7 = 2921 (w), 1704 (s), 1584 (w), 1556 (w), 1461 (m), 1439 (m), 1408 (m), 1392 (s), 1294 (m), 1218 (m),
1190 (m), 1110 (m), 1010 (m), 924 (w), 873 (m), 821 (s), 666 (w), 431 (w) cm™".
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Figure SI1.21: 500 MHz "H-NMR spectrum of 3-(3,4-dibromophenyl)propionic acid (18).

:

)
] >
-~ e

3] V00t < N —
o~ N o~ oo
o~ —  cnenoo <t =
o~ <+ AN =
— — o
VI g
°
=
S

Ll 1

.0 6.5 6.0 55 50 45 40 3.5 3.0 2.5 20

T 1
1.0 0.5 ppm

—35.15
—29.73

"y

\ T T T T T T \ T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
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S11.1.10 Synthesis of 6,7-dibromo-2,3-dihydro-1H-inden-1-one (19) and 5,6-dibromo-2,3-
dihydro-1H-inden-1-one

To 3-(3,4-dibromophenyl)propionic acid (18, 20.5 g, 66.6 mmol) was added 100 g trifluoromethanesulfonic acid
under a nitrogen atmosphere and stirred at 100°C for 4 h. The reaction mixture was poured on ice and extracted
with DCM (3 x 100 mL). The combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The desired product (19) could be separated from the byproduct by column
chromatography (silica gel, cyclohexane/EE, 4:1) to afford slightly yellow solid.

Oy 2
Br_ 2 3
7 3a
8 4
Br s
19

yield: 3.73 g (12.9 mmol, 20%)
mp.: 108 °C
Rs= 0.35 (cyclohexane/EE, 4:1)

H-NMR (500 MHz, CDCls, 300 K): 6 = 7.79 (d, 3%J=8.0 Hz, 1 H, H-5), 7.31(d, 3J=8.1Hz, 1 H, H-4), 3.04 (,
3J = 6.1 Hz, 2 H, H-3), 2.80-2.76 (m, 2 H, H-2) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 202.67 (C-1), 156.54 (C-3a), 138.67 (C-5), 136.55 (C-7a), 126.79 (C-3),
126.28 (C-6), 122.17 (C-7), 37.22 (C-2), 24.42 (C-3) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for CoHs"®Br20+H*: 288.88528; found: 288.88533 + 1.69 ppm.

IR (ATR): ¥ = 3059 (w), 2921 (w), 2853 (w), 1703 (s), 1577 (w), 1557 (w), 1431 (s), 1384 (w), 1312 (W), 1274 (w),
1241 (w), 1213 (w), 1176 (s), 1118 (s), 838 (s), 789 (w), 674 (w), 565 (s), 526 (m), 442 (w) cm"".
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Figure SII.23: 500 MHz '"H-NMR spectrum of 6,7-dibromo-2,3-dihydro-1H-inden-1-one (19).
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Figure Sll.24: 125 MHz '3C-NMR spectrum of 6,7-dibromo-2,3-dihydro-1H-inden-1-one (19).

yield: 15.5 g (563.3 mmol, 80%)
mp.: 158 °C
R = 0.42 (cyclohexane/EE, 4:1)

TH-NMR (500 MHz, CDCls, 300 K): § =7.98 (s, 1 H, H-7), 7.80 (s, 1 H, H-4), 3.11-3.07 (m, 2 H, H-3), 2.74-2.69 (m,
2 H, H-2) ppm.

13C-NMR (125 MHz, CDCls, 300 K): § = 204.40 (C-1), 154.55 (C-7a), 137.66 (C-3a), 132.12 (C-4), 128.59 (C-7),
124.49 (C-5, C-6), 36.54 (C-2), 25.29 (C-3) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for CoHe"*Br.O+H*: 288.88582; found: 288.88531 + 1.75 ppm.

IR (ATR): 7 = 3076 (w), 2925 (w), 2929 (w), 1702 (s), 1586 (s), 1567 (m), 1433 (s), 1372 (m), 1310 (m), 1296 (m),
1269 (m), 1231 (m), 1196 (s), 1145 (m), 1091 (m), 1036 (M), 986 (w), 895 (m), 877 (s), 812 (w), 677 (w), 618 (w),
592 (w), 541 (m), 512 (m), 403 (s) cm™.
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Figure SlI.25: 500 MHz '"H-NMR spectrum of 5,6-dibromo-2,3-dihydro-1H-inden-1-one.
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SlI.1.11 Synthesis of 4,5-dibromo-2,3-dihydro-1H-indene (20)

6,7-Dibromo-2,3-dihydro-1H-inden-1-one (19, 3.73 g, 12.9 mmol) was dissolved in 40 mL abs. DCM under a
nitrogen atmosphere and cooled to 0 °C. Trifluoromethanesulfonic acid (4 mL, 6.85 g, 45.5 mmol) dissolved in
20 mL abd. DCM and triethylsilane (6 mL, 4,38 g, 37.7 mmol) dissolved in 20 mL were added dropwise
subsequently. After 5 min. of stirring in at 0 °C trifluoromethanesulfonic acid (4 mL, 6.85 g, 45.5 mmol) and
triethylsilane (6 mL, 4,38 g, 37.7 mmol) were added dropwise. After stirring at room temperature for 1h
triethylsilane (6 mL, 4.38 g, 37.7 mmol) were added stirred for another 2 h. The reaction mixture was poured on
100 mL cold saturated NaHCO3 solution and extracted with DCM (3 x 50 mL). The combined organic layers were
dried over MgSO4 and the solvent was removed under reduced pressure. The crude product was purified by column
chromatography (silica gel, cyclohexane/EE, 4:1) to afford a slightly yellow liquid still containing triethylsilane which
could not be separated from the desired product.

3 2
Br._ 2 1
4 7a
7
5
Br .
20

yield: 3.56 g (12.9 mmol, >99%)
R¢ = 0.79 (cyclohexane/EE, 4:1)

1H-NMR (500 MHz, CDCls, 300 K): § = 7.37 (d, 3J = 7.9 Hz, 1 H, H-6), 7.01 (d, 3J = 7.9 Hz, 1 H, H-7), 3.01-2.95 (m,
4 H, H-1, H-3), 2.10 (g, 3J = 7.7 Hz, 2 H, H-2) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 147.30 (C-3a), 144.56 (C-7a), 131.37 (C-6), 124.23 (C-7), 122.03 (C-5),
121.78 (C-4), 36.20 (C-1/C-3), 33.87 (C-1/C-3), 24.53 (C-2) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for CoHg”®Brz2*: 273.89928; found: 273.89941 + 0.13 ppm.
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Figure SI1.27: 500 MHz "H-NMR spectrum of 4,5-dibromo-2,3-dihydro-1H-indene (20).
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Figure SI1.28: 125 MHz "3C-NMR spectrum of 4,5-dibromo-2,3-dihydro-1H-indene (20).

Sll.1.12 Synthesis of 4,5-dibromo-7-nitro-2,3-dihydro-1H-indene (15)

To 50 mL white fuming nitric acid cooled to 0 °C 4,5-dibromo-2,3-dihydro-1H-indene (20, 3.56 g, 12.9 mmol)
dissolved in 5 mL DCM was added dropwise under a nitrogen atmosphere and stirred for 4 h at 0 °C. The reaction
mixture was poured on ice extracted with DCM (5 x 50 mL), the organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The crude product was purified by column chromatography (silica
gel, cyclohexane/EE, 20:1) to afford the desired product isomer (15) as a yellow solid.

3 2

Br._ % 1
4 7a

Br5 6 7 N02
15

yield: 1.32 g (4.13 mmol, 32%)
mp.: 104 °C

1H-NMR (500 MHz, CDCls, 300 K): § = 8.26 (s, 1 H, H-6), 3.48 (t, 3J = 7.5 Hz, 2 H, H-1/H-3), 3.10 (t, 3J = 7.5 Hz,
2 H, H-1/H-3), 2.20 (g, % = 7.6 Hz, 2 H, H-2) ppm.

13C-NMR (125 MHz, CDCls, 300 K): & = 150.58 (C-3a), 144.39 (C-7), 140.35 (C-7a), 129.13 (C-5), 126.87 (C-6),
122.94 (C-4), 36.75 (C-1/C-3), 35.33 (C-1/C-3), 23.81 (C-2) ppm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for CoH7"°BraNO2+H*: 319.89163; found: 319.89130 + 1.03 ppm.

IR (ATR): ¥ = 3085 (m), 2956 (m), 1739 (w), 1583 (w), 1525 (s), 1432 (m), 1401 (m), 1349 (s), 1310 (s), 1269 (m),
1195 (m), 1148 (m), 1050 (w), 952 (m), 914 (w), 850 (s), 754 (s), 689 (m) cm™".
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Figure SII.29: 500 MHz "H-NMR spectrum of 4,5-dibromo-7-nitro-2,3-dihydro-1H-indene (15).
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Figure SI1.30: 125 MHz "*C-NMR spectrum of 4,5-dibromo-7-nitro-2,3-dihydro-1H-indene (15).
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SII.13 Synthesis of (1R,1°S)-4,4’,5,5’ -tetrabromo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’ H-
1,1’-diindene (22) and (1R,1°’R/I1S8,1’S)-4,4’,5,5’-tetrabromo-7,7’-dinitro-2,2’,3,3’-
tetrahydro-1H,1’H-1,1’-diindene (23)

4,5-Dibromo-7-nitro-2,3-dihydro-1H-indene (15, 1.32 g, 4.13 mmol) was dissolved in dry THF under nitrogen
atmosphere, cooled to 0 °C and potassium butoxide (732 mg, 6.03 mmol) was added. The reaction was stirred for
30 s before bromine (830 mg, 0.28 mL, 5.20 mmol) was added rapidly. The reaction was stirred for further 10 min.
and 150 g of ice were added. The aqueous solution was extracted with DCM (3 x 40 mL) and the combined organic
layers were wash with saturated sodium thiosulfate solution, dried with over MgSO4 and the solvent was removed
under reduced pressure. The crude product was purified by column chromatography (silica gel, n-pentane/DCM,
3:1) to afford the pure rac-product 23 and a mixture of rac- 23 and meso-diastereomers 22. The meso-diastereomer
could not be obtained in a pure form.

Rs = 0.23 (n-pentane/DCM, 4:1)

1H-NMR (600 MHz, CDCls, 300 K): 6 = 8.12 (s, 2 H, H-3), 4.59-4.56 (m, 2 H, H-7), 2.92-2.86 (m, 2 H, H-8/H-9),
2.55-2.37 (m, 4 H, H-8/H-9), 2.03-1.96 (m, 2 H, H-9b) ppm.
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Figure SII.31: 500 MHz '"H-NMR spectrum of (1R,1’S)-4,4’,5,5'-tetrabromo-7,7’-dinitro-2,2’,3,3-tetrahydro-1H,1’'H-
1,1’-diindene (22) and (1R,1’R/1S,1'S)-4,4’ 5,5 -tetrabromo-7,7’-dinitro-2,2’,3,3-tetrahydro-1H,1’H-1,1’-
diindene (23). The 1H signals of (1R,1'S)-4,4’,5,5-tetrabromo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1’H-1,1’-
diindene (22) are marked.
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yield: 555 mg (867 pmol, 21%)
mp.:  degradation over 240 °C
Rs= 0.28 (n-pentane/DCM, 4:1)

H-NMR (500.1 MHz, CDCls), 300 K): & = 8.02 (s, 2 H, H-3), 4.40-4.35 (m, 2 H, H-7), 3.29-3.21 (m, 2 H, H-9a),
3.11-3.04 (m, 2 H, H-9b), 2.36-2.64 (m, 2 H, H-8a), 2.03-1.97 (m, 2 H, H-8b) ppm.

13C-NMR (125.8 MHz, CDCP, 300 K): § = 151.31 (C-6), 144.65 (C-2), 139.21 (C-1), 129.21 (C-5), 127.23 (C-3),
124.41 (C-4), 48.57 (C-7), 34.76 (C-9), 30.48 (C-8) ppm.

IR (ATR): 7 = 2959 (w), 2878 (w), 1520 (s), 1430 (w), 1407 (m), 1385 (w), 1337 (s), 1302 (m), 1241 (m), 1180 (m),
1083 (s), 1030 (s), 1005 (s), 954 (m), 885 (m), 875 (m), 814 (m), 759 (s), 738 (m), 725 (m), 705 (m), 612 (w),
537 (w), 411 (w) cm™.
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Figure SII.32: 500 MHz 'H-NMR spectrum of (1R,1'R/15,1'S)-4,4’,5,5'-tetrabromo-7,7’-dinitro-2,2’,3,3'-tetrahydro-
1H,1’H-1,1’-diindene (23).
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Figure SI1.33: 125 MHz "3C-NMR spectrum of (1R,1’R/15,1’S)-4,4’ 5,5 -tetrabromo-7,7’-dinitro-2,2",3,3'-tetrahydro-
1H,1’H-1,1’-diindene (23).

Sll.14 Synthesis of (12aR,12bR/12aS,12bS,Z2)-3,4,9,10-tetrabromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (6)

To a solution of (1R,1'R/1S,1'S)-4,4’,5,5'-tetrabromo-7,7’-dinitro-2,2’,3,3’-tetrahydro-1H,1'H-1,1’-diindene (23,
57.1 mg, 89.2 ymol) in 14 mL EtOH an aqueous solution of barium hydroxide [Ba(OH)2:8 H20] (95.6 mg, 303 ymol)
in 6 mL H20 and zinc powder (105 mg, 1.61 mmol) and the mixture was stirred for 16 h under reflux. The reaction
mixture was filtered through Celite and the solvent was removed under reduced pressure. The residue was
dissolved in DCM and filtered through Celite and the solvent was removed under reduced pressure. The crude
product was dissolved in 6 mL 0.1 M methanolic NaOH solution, CuCl2 (1 mg, 7.43 pymol) was added and the
reaction mixture was stirred at room temperature until completion while air was bubbled through the solution. The
reaction was neutralized with 6 m HCI solution. Saturated sodium bicarbonate solution (20 mL) was added and the
aqueous layer was extracted with DCM (3 x 10 mL). The combined organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The crude product was purified by column chromatography (silica
gel, n-pentane/DCM, 2:1) to afford an orange solid.

yield: 14.2 mg (24.6 pmol, 28%)
mp.: 209 °C
Rs= 0.54 (n-pentane/DCM, 2:1)

H-NMR (500.1 MHz, CDCls, 300 K): 5 = 7.68 (s, 2 H, H-3), 3.09-2.96 (m, 6 H, H-7, H-9a, H-9b), 2.30-2.20 (m, 2 H,
H-8a), 2.05-1.94 (m, 2 H, H-8b) ppm.

13C-NMR (125.8 MHz, CDCls, 300 K): & = 147.80 (C-2), 147.10 (C-6), 132.15 (C-1), 130.35 (C-3), 123.03 (C-4),
122.68 (C-5), 50.53 (C-7), 34.92 (C-9), 30.59 (C-8) ppm.

HR-MS (El, 70 eV, DCM): m/z [M]* calculated for C1gH127°Br4N2*: 571.77340; found: 571.77324 + 0.28 ppm.

IR (ATR): 7 = 2922 (m), 2854 (m), 1734 (w), 1456 (w), 1406 (w), 1377 (w), 1251 (w), 1093 (s), 863 (m), 798 (w),
743 (m), 661 (w), 435 (w) cm™.
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Figure SII.34: 500 MHz '"H-NMR spectrum of (12aR,12bR/12a8S,12bS,Z)-3,4,9,10-tetrabromo-1,2,11,12,12a,12b-
hexahydrodiindenol[7,1-cd:1',7'-fg][1,2]-diazocine (6).
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Figure SII.35: 125 MHz '8C-NMR spectrum of (12aR,12bR/12aS,12bS,2)-3,4,9,10-tetrabromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (6).
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Slll. Photostationary states (PSS)

Photostationary states I' of compounds 3-6 were measured via "H-NMR by integration of the different species after
irradiation with different wavelengths (3 min. irradiation time). The values of the integrals are given in Table SlII.1.
"H-NMR spectra were measured at 7.68 mM concentrations at 298 K. All spectra were measured at a Bruker AV600
spectrometer.

The following equation (1) was used for extrapolation of the photostationary state of 3 at 238 K.

PSSextrapol. = PSSmeasured ' ekt (1)

k is the rate constant at given temperature determined via Arrhenius plot (for details, see Supporting Information
section IV) and t the measuring time of 132 s (transfer into the spectrometer after excitation with light and measuring
time for 2 scans). Spectra were measured at Bruker DRX 500.

Table SIV.1: Measured photostationary states of compounds 3-6 in acetone-de measured at 298 K except
compound 3 which was measured at 238 K and extrapolated via equation 1.

measured PSS

% E (385 nm) % Z (530 nm)
3 86P >Qgb
4 68 92
5 67 92
6 78 93
b measured at 238 K

Slil.1 (12aR,12bS,2Z)-4,9-dibromo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd:1',7"-
fg][1,2]-diazocine (3)

E-arom H
E-arom H
E-arom H

T \ T T \ \ T \ \ T \ \ T \ T T \ T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure  SliL.1: 'H-NMR  spectra of  unirradiated (12aR,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine 3 in acetone-ds at 238 K after irradiation with 385 nm.
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Z-arom H
Z-arom H

. LA e

T T T T T T T T T T T T T T T T T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

8

Figure SlIl.2: 'H-NMR spectra of (12aR,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd:1',7'-
fg][1,2]-diazocine 3 in acetone-des at 238 K after irradiation with 530 nm.

Slil.2 (12aR,12bR/12aS,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-
cd:1',7'-fg][1,2]-diazocine (4)

water
acetone

-arom. H
E-arom. H

Z-arom. H

7.8 7.7 7.6 7.5 ppm
j'\r :

©| ™)

S S

T T T T T T T T T T T T T T T T T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

Figure SII.3: 600 MHz 'H-NMR spectra of (12aR,12bR/12aS,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindenol[7,1-cd:1',7'-fg][1,2]-diazocine (4) in acetone-ds at 298 K after irradiation with 385 nm.
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water
water

Z-arom. H

Z-arom. H

E-arom. H
E-arom. H

grease

T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure Slil.4: 600 MHz 'H-NMR spectra of (12aR,12bR/12aS,12bS,Z)-4,9-dibromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (4) in acetone-ds at 298 K after irradiation with 530 nm.

Slil.3  (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-
cd:1',7'-fg][1,2]-diazocine (5)

acetone

water

arom
E-arom. H

Z-arom. H

7.8 7.7 7.6 7.5 ppm o
H o
© ©
o o

T T T T T T T T T T T T T T T T T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure SIII.5: 600 MHz 'H-NMR spectra of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (5) in acetone-ds at 298 K after irradiation with 385 nm.
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Figure SlIl.6: 600 MHz 'H-NMR spectra of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-

hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (5) in acetone-ds at 298 K after irradiation with 530 nm.

Slil.4 (12aR,12bR/12aS,12bS,2)-3,4,9,10-tetrabromo-1,2,11,12,12a,12b-

hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (6)

E-arom. H

I

water

acetone

grease

grease

T T T T T T T T T T T T
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0
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Figure SIIL.7: "H-NMR spectra of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-
cd:1',7'-fg][1,2]-diazocine (5) in acetone-ds at 298 K after irradiation with 385 nm.
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acctone

water

Z-arom. H

E-arom. H

grease

T T T T T T T T T T T T T T T T T 1
8.5 80 7.5 7.0 6.5 6.0 5.5 50 45 40 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

Figure SIIL.8: "H-NMR spectra of (12aR,12bR/12aS,12bS,Z)-4,9-diiodo-1,2,11,12,12a,12b-hexahydrodiindeno(7,1-
cd:1',7'-fg][1,2]-diazocine (5) in acetone-ds at 298 K after irradiation with 530 nm.
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SIV. UV-vis experiments

All samples were irradiated to the photostationary state T’ with 385 nm in acetone. The extrapolated UV-vis spectra
of the E-configurations were calculated from the UV-vis spectra of the PSS, the pure Z-configuration and the
percentage of E-configuration measured by 'H-NMR (for details see SllI) by the following equation (2):

_ Apss—[Az(1-PSS)]

Ag extrapol. = ~ pss 2)

Thermal half-lives have been calculated with equation (3) following a first order kinetics of thermal relaxation. The
thermal rate constant k has been obtained from the slope of the thermal relaxation plot.

in

t1/2 = Tz (3)

SIV.1 (12aR,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-cd:1",7'-
fgl[1,2]-diazocine (3)

0,3
unexposed Z-meso 3
—— PSS 365 nm meso 3
—— PSS 385 nm meso 3
PSS 405 nm meso 3
—0.2 —— PSS 420 nm meso 3
> —— PSS 530 nm meso 3
©
c
RS
8
o
L0,14
o
0,0

T T T T T T 1
400 500 600 700
wavelength [nm]

Figure SVII.1: UV-vis spectra of meso-DID 3 (250 um) in acetone at 298 K before (black) and after irradiation with
different wavelengths.

0,5
0,4
unexposed Z-rac 3

3 —— PSS 385 nm rac 3
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S 0,2
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©
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Figure SVIL.2: UV-vis spectra of meso-DID 3 (250 um) in acetone at 233 K before (black) and after irradiation with
light at 385 nm (red).

S35
183



8. Appendix

1,29 0,2 4
m  absorption at 465 nm at 233 K 0,0 - u
[
1,04
B - -0,2 4
.I
3 -_.- -0,4 4
0,8
o] . —0,64
= <
g T 081
2 0,6 z
8 - -1,04
s
0.4 127
_1 ’4 -
0,2 -1,6 1
T T T T T T T T T 1 -1 ,8 T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 -200 0O

time [s]

Equation y=a+b*

Plot In(AJAD)
Weight No Weighting
Intercept -0,11107 + 0,00504
Slope -8,11233E-4 + 4,8344
Residual Sum of Squar 0,02347
Pearson's R -0,99895
R-Square (COD) 0,99791

Adj. R-Square 0,99787

T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

time [s]

Figure SIV.3: Absorption of meso-DID 3 (250um) in acetone at 233 K at 465 nm after irradiation with light at
385 nm (left) with the corresponding first order kinetics plot (right).
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Figure SIV.4: Absorption of meso-DID 3 (250um) in acetone at 238 K at 465 nm after irradiation with light at
385 nm (left) with the corresponding first order kinetics plot (right).
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Figure SIV.5: Absorption of meso-DID 3 (250um) in acetone at 243 K at 465 nm after irradiation with light at
385 nm (left) with the corresponding first order kinetics plot (right).
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Figure SIV.6: Arrhenius plot of meso-DID 3 for determination of the rate constant at room temperature.

Table SIV.1: Rate constants and half-lives at given temperature of the back isomerization from E-meso DID 3 to

Z-meso DID 3.
temperature T rate constant k half-life t, /,
K s min.
233 8.11*10* 14.24
238 1.75*10°3 6.60
243 3.76*10° 3.07
298 273 3.48*10°3
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SIV.2 (12aR,12bR/12aS,12bS,2)-4,9-dibromo-1,2,11,12,12a,12b-hexahydrodiindeno[7,1-
cd:1',7'-fg][1,2]-diazocine (4)
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absorption [a. u.]

Figure SIV.7: UV-vis spectra of rac-DID 4 (250 um) in acetone at 298 K before (black) and

unexposed Z-rac 4
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Figure SIV.8: UV-vis spectra of the half-life determination of rac-DID 4 (250 um) in acetone at 298 K after irradiation
with 385 nm (left) with the corresponding first order kinetics plot (right).
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SIV.3

cd:1',7'-fg][1,2]-diazocine (5)
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Figure SIV.10: UV-vis spectra of the half-life determination of rac-DID 5 (250 um) in acetone at 298 K after
irradiation with 385 nm (left) with the corresponding first order kinetics plot (right).
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SIvV.4 (12aR,12bR/12a8S,12b S, 2)-3,4,9,10-tetrabromo-1,2,11,12,12a,12b-
hexahydrodiindeno[7,1-cd:1',7'-fg][1,2]-diazocine (6)
057 unexposed Z-rac 6
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Figure SIV.11: UV-vis spectra of rac-DID 6 (250 um) in acetone at 298 K before (black) and after irradiation at
different wavelengths.
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Figure SIV.12: UV-vis spectra of the half-life determination of rac-DID 6 (250 um) in acetone at 298 K after
irradiation with 385 nm (left) with the corresponding first order kinetics plot (right).
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8.2.3 Substituted Nitrogen-Bridged Diazocines
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I. Analytical equipment

NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). The spectra were referenced to the
following solvent residual signals:

solvent degree of 'H signal 13C signal
deuteration (ppm) (ppm)
acetone-ds 99.8 % 2.05 (quintet) 29.84 (septet)
chloroform-di 99.8 % 7.26 (singlet) 77.16 (triplet)
CDsCN 99.5 % 1.94 (quintet) /
water-d2 99.9 % 4.79 (singlet) /

Spectra were recorded with a Bruker AC 200 ('H NMR: 200 MHz), a Bruker DRX 500 ('H NMR: 500
MHz, 3C NMR: 125 MHz), and a Bruker AV 600 ('H NMR: 600 MHz, *C NMR: 150 MHz). The
multiplicities of the signals were abbreviated with s (singlet), d (doublet), t (triplet), q (quartet), quint
(quintet), m (multiplet) and br. (broad) in addition for broad signals.

Melting point

Melting points were measured with a Melting Point B-540 (Blchi) in melting point tubes without further
correction.

Mass spectrometry

Mass spectra (El) and high-resolution mass spectra (HR-El) were measured with an AccuTOF GCv 4G
(Joel) with an ionization energy of 70 eV. HR-ESI mass spectra were measured with a Q Exactive Plus
(Thermo Scientific).

IR spectroscopy

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

Chromatography

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

UV-vis spectroscopy

UV-vis spectra were measured with a Lambda 650 spectrometer (Perkin-Elmer) and quartz cuvettes
of 10 mm optical path length were used.

Chemicals

All commercially available chemicals and solvents were used without purification.
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Light sources

For exposure experiments with 400 nm, a custom-built LED light source was used. The
irradiation wavelength of the 400 nm LED light source was measured via a mobile UV-vis spectrometer
(USB4000-UV-vis, Ocean Optics, Largo, FL, USA).

14
——400 nm LED

3
S 08
C
kel
(7]
K%}
E 06
(0]
=
e
3 044
N
2 024

0 T T T 1

300 400 500

wavelength / nm

Figure S1: Emission spectrum of 400 nm LED light source. The full width at half maximum (FWHM)
amounts to 12 nm (396—401 nm, maximum at 401 nm).

Il. Syntheses

1.1 Synthesis of (9H-fluorene-9-yl)methyl (2-aminobenzyl)(2-aminophenyl)carbamate

(9H-Fluorene-9-yl)methyl (2-aminophenyl)(2-nitrobenzyl)carbamate’ (6.80 g, 14.6 mmol) was dissolved
in 500 mL of ethanol and 250 mL of a 1M NH4Cl solution in water was added. It was heated to 75 °C
and zink powder (7.64 g, 117 mmol, 8 equiv) was added. The reaction mixture was stirred at 75 °C for
1 h and then hot filtrated. The solvent was evaporated and to the residue were added 500 mL of DCM
and 500 mL of deionized water. The organic layer was separated and extracted twice with DCM. The
combined organic layers were dried over MgSO4 and the solvent was evaporated. The crude product,
a white powder (6.36 g, 14.6 mmol, quant.) was used without further purification.
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|

N

NH
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melting point: 75.7 °C

"H NMR (600 MHz, acetone-ds, 298 K): 6=7.79 (d, 3J=6.9Hz, 1H, Ar-H), 7.54-6.31 (m, 14 H, Ar-H),
5.04-3.95 (m, 5 H, aliph. H) ppm.

3C NMR (150 MHz, acetone-ds, 298 K): 6=131.28, 130.86, 130.47, 130.27, 129.76, 129.32, 128.77,
128.47, 128.44, 127.88, 127.85, 127.81, 126.60, 126.45, 126.25, 124.11, 123.92, 123.75, 121.30,
121.15, 120.69, 120.63, 119.96, 119.78, 117.64, 117.24, 116.65, 115.90, 68.71, 68.34, 67.87, 50.66,
49.63, 49.38, 47.96, 47.84 ppm.

IR (ATR): V= 3353 (w), 3038 (w), 1618 (s), 1621 (m), 1501 (m), 1450 (m), 1409 (s), 1356 (w), 1310 (s),
1276 (s), 1215 (w), 1128 (m), 1069 (w), 1007 (w), 979 (m), 939 (w), 860 (w), 739 (s), 631 (m), 621 (W),
602 (w), 552 (w), 525 (m) cm-.

MS (ESI HR, CHCIs/MeOH): m/z (CasH2sN3O2+H*) = calc.: 436.20195, found: 436.20159 + 0.84 ppm.

[ren]
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Figure S2: "H NMR spectrum of the given aniline compound.
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Figure S3: 3C NMR spectrum of the given aniline compound.

1.2 Synthesis of (9H-fluorene-9-yl)methyl (Z)-dibenzo[c,g][1,2,5]triazocine-11(12H)-carboxylate
(8c)

(9H-Fluorene-9-yl)methyl  (2-aminobenzyl)(2-aminophenyl)carbamate (3.70g, 8.50 mmol) was
dissolved in 250 mL of acetic acid and mCPBA (3.81 g, 17.0 mmol, =2 77%) in 250 mL of acetic acid was
added dropwise over a period of 2 h. The reaction mixture was stirred at rt over night and after that, the
solvent was evaporated. To the residue were added 100 mL of DCM and 250 mL of half-concentrated
NaHCOs solution in deionized water and the organic layer was separated. It was extracted twice with
DCM and the combined organic layers were dried over MgSOs4. The solvent was evaporated and flash
column chromatography on silica (0.040-0.063 mm, ethyl acetate/cyclohexane 1:3, Rf=0.38) gave a
yellow solid (8¢, 2.28 g, 5.28 mmol, 62%).

Fmoc

N

0

N=N

"H NMR (200 MHz, acetone-ds, 300K): 6=7.83 (d, 3J=7.2Hz, 2H, Ar-H), 7.73-6.73 (m 14 H, Ar-H),
5.12-3.94 (m, 5H, aliph. H) ppm.
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Figure S4: "H NMR spectrum of compound 8c.

I1.3 Synthesis of chloral?

[ref]

Under a nitrogen atmosphere, 5 mL of concentrated H2SO4 was added to chloral hydrate (10.0 g, 60.5
mmol) and chloral (6.31 g, 42.8 mmol, 71%) was directly distilled out of the reaction mixture with a

vigreux condenser.

Cl
S
CI™ Xl

boiling point: 98 °C
H NMR (200 MHz, CDCls, 300K): = 9.06 (s, 1 H, CHO) ppm.

S6

195



8. Appendix

[rel]
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Figure S5: "H NMR spectrum of chloral.

I1.4 Synthesis of (Z)-dibenzo[c,g][1,2,5]triazocine-11(12H)-carbaldehyde (11c)

Under a nitrogen atmosphere, (Z)-11,12-dihydrodibenzo[c,g][1,2,5]triazocine’ 9¢ (100 mg, 478 umol)
was dissolved in MeCN (10 mL anhydrous), and DIPEA (832 uL, 4.78 mmol) and chloral (466 L, 4.78
mmol) were added. The reaction mixture was stirred at rt for 21 h. The solvent was removed and
separation of the products by flash column chromatography on silica (0.040-0.063 mm, ethyl
acetate/cyclohexane 1:2, Ri=0.33) gave a pale yellow solid (11¢, 86 mg, 362 umol, 76%).

@)

H
10 14 12 4
9 2
10a 12a
6a 4a
8 3

7 N=N 4
6 5

melting point: 206.5 °C

"H NMR (500 MHz, acetone-ds, 298 K): 6=8.38 (s, 1 H, CHO), 7.38 (td, 3J = 7.7 Hz, 4J = 1.3 Hz, 1 H,
H-2), 7.34-7.28 (m, 2 H, H-1, H-3), 7.24-7.17 (m, 2 H, H-8, H-9), 7.15 (dd, 8J=7.9 Hz, 4J = 1.2 Hz, 1 H,
H-4), 7.01 (dd, 3J = 7.9 Hz, 4J = 1.1 Hz, 1 H, H-7/10), 6.91 (dd, 3J = 7.8 Hz, 4J = 1.5 Hz, 1 H, H-7/10),
4.52 (mc, 2 H, CH2) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 6 = 162.27 (C=0), 157.61 (C-12a), 152.96 (C-4a), 131.38 (C-
1), 130.31 (C-2), 129.10 (C-8/9), 128.98 (C-8/9), 128.73 (C-3), 128.06 (C-4), 123.15 (C-6a/10a), 120.46
(C-7/10), 119.30 (C-7/10), 49.47 (CHz) ppm.

IR (ATR): 7=2251 (w), 1662 (s), 1587 (w), 1514 (w), 1476 (m), 1439 (w), 1367 (w), 1309 (s), 1273 (m),
1242 (m), 1152 (w), 1040 (w), 1015 (w), 944 (w), 916 (w), 857 (w), 804 (w), 774 (s), 755 (s), 727 (s),
687 (m), 661 (w),631 (w), 596 (w), 550 (s), 538 (m) cm".

MS (ESI HR, CHCI3/MeOH): m/z (C14aH117°BrNsO+H*) = calc.: 238.09749, found: 238.09758 + 0.39 ppm.
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Figure S7: '3C NMR spectrum of compound 11c.

1.5 Synthesis of tert-butyl (2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate (4a)

Under a nitrogen atmosphere, a solution of tert-butyl (2-aminophenyl)carbamate’ (2, 2.62 g, 12.6 mmol)
in 50 mL of abs. THF was prepared, and then triethylamine (4.30 mL, 13.5 mmol) and 4-bromo-1-
(bromomethyl)-2-nitrobenzene? (3a, 3.72 g, 12.6 mmol) was added. The reaction mixture was refluxed
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for 20 h and after that, the solvent was evaporated. Then, 50 mL of water and 50 mL of DCM were
added to the residue. The organic layer was separated and it was extracted twice with 50 mL of
DCM. The combined organic layers were dried over MgSOs and the solvent was evaporated.
Recrystallization from cyclohexane/ethyl acetate 1:1 gave a yellow solid (4a, 3.03 g, 8.85 mmol, 71%).

melting point: 151.1 °C

"H NMR (500 MHz, acetone-ds, 298 K): 6 =8.24 (d, *J = 2.0 Hz, 1 H, Ar'-H-6), 7.83 (dd, 3J = 8.4 Hz, 4J
=2.0Hz, 1 H, Ar'-H-4),7.73 (d, 3J = 8.4 Hz, 1 H, Ar'-H-3), 7.63 (s, 1H,NH ), 7.25 (d, 3/ =7.6 Hz, 1 H,
Arl-H-2), 6.93 (td, 3J = 7.6 Hz, 4J = 1.5 Hz, 1 H, Ar'-H-4), 6.64 (td, 3J = 7.6 Hz, J = 1.3 Hz, 1 H, Ar-H-3),
6.50 (dd, 3J=7.6 Hz, 4J = 1.1 Hz, 1 H, Ar'-H-5), 5.59-5.42 (m, 1 H, NH ), 4.76 (d, 3J = 6.2 Hz, 2 H, CH>),
1.47 (s, 9H, CHs) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): & = 155.13 (C=0), 150.02 (Ar'-C-1), 142.84 (Ar-C-6), 137.22
(Ar'-C-4), 136.28 (Ar'-C-2), 132.44 (Ar'-C-3), 128.32 (Ar'-C-6), 127.11 (Ar-C-4), 126.87 (Ar-C-2),
125.50 (Ar'-C-1), 120.93 (Ar'-C-5), 118.02 (Ar-C-3), 112.35 (Ar-C-5), 79.90 (C-(CHa)s), 45.09 (-CHz),
28.58 (-CHs) ppm.

IR (ATR): ¥=23400 (m), 3270 (w), 2976 (w), 1686 (m), 1604 (m), 1528 (s), 1462 (m), 1348 (w), 1151(s)
830 (m), 753 (m) cm-".

MS (El, 70 eV): m/z (%) =421.06 (3) [M]*, 365.00 (13) [C14H12BrNaO4]*, 321.01 (9) [C13H12BrNzO3]",
286.99 (18) [C1aH10BrNs]*, 197.95 (14) [C7H7BrN2]*, 119.06 (32) [C7H7N2]*, 107.06 (32) [CsH7N2]*.

MS (HR) (El, 70 eV): m/z (C1sH20"°BrN3Oa4) = calc.: 421.06372, found: 421.06392 + 0.49 ppm.
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Figure S8: "H NMR spectrum of compound 4a.
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Figure S9: '3C NMR spectrum of compound 4a.

.6 Synthesis of (9H-fluorene-9-yl)methyl (4-bromo-2-nitrobenzyl)(2-((tert-butoxycarbonyl)-
amino)phenyl)carbamate (5a)

Under a nitrogen atmosphere, a solution of fert-butyl (2-((4-bromo-2-nitrobenzyl)amino)phenyl)-
carbamate (4a, 1.70 g, 4.94 mmol) in anhydrous DMF (20 mL) was prepared, and then DIPEA (861 pL,
4.94 mmol) and 9-fluorenylmethoxycarbonyl chloride (2.40 g, 9.89 mmol) dissolved in anhydrous DMF
(20 mL) were added. The reaction mixture was stirred at rt for 48 h and after that, the solvent was
evaporated. Then, 50 mL of water and 50 mL of DCM were added to the residue. The organic
layer was separated and it was extracted twice with DCM. The combined organic layers were dried
over MgSO4 and the solvent was evaporated. Flash column chromatography on silica (0.040-
0.063 mm, ethyl acetate/cyclohexane 1:3, Rr=0.44) gave a colorless solid (5a, 1.78 g, 2.76 mmol,
56%). Br

Fmoc
|

N
C[NHBOC NO,

H NMR (500 MHz, acetone-ds, 298 K): 5=8.14 (d, *J = 2.1 Hz, 1 H), 8.03-7.66 (m, 5 H), 7.55-7.00 (m,
10 H), 5.27-4.88 (m, 2 H, aliph. H), 4.61-3.96 (m, 3 H, aliph. H), 1.46 (s, 9H, CHs) ppm.

melting point: 164.3 °C

3C NMR (125 MHz, acetone-ds, 298 K): §=155.54 (C=0), 142.10, 137.03, 129.18, 128.49, 128.20,
127.86, 126.07, 124.43, 120.74, 80.46, 68.43, 47.83, 28.48 (CH3) ppm.

IR (ATR): V= 3380 (w), 2977 (w), 1719 (s), 1595 (w), 1535 (s), 1518 (s), 1477 (w), 1450 (m), 1390 (m),
1342 (m), 1292 (m), 1278 (m), 1218 (m), 1187 (m), 1153 (s), 1042 (w), 1025 (w), 976 (w), 942 (w), 933
(w), 885 (w), 843 (w), 801 (w), 756 (s), 739(s), 670 (w), 645 (w), 618 (m), 535 (m) cm-".

MS (ESI HR, CHCI3/MeOH): m/z (Ca3H30"°BrN3Oes+H*) = calc.: 644.13907, found: 644.13932 + 0.38 ppm.
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1.7 Synthesis of (9H-fluorene-9-yl)methyl (2-aminophenyl)(4-bromo-2-nitrobenzyl)carbamate (6a)

(9H-Fluorene-9-yl)methyl (4-bromo-2-nitrobenzyl)(2-((tert-butoxycarbonyl)amino)phenyl)carbamate (5a,
1.20 g, 1.86 mmol) was dissolved in 25 mL of DCM and 15 mL of TFA was added. The reaction mixture
was stirred at rt for 16 h and then neutralized with saturated aqueous NaHCOs. The organic layer was
separated and it was extracted twice with DCM. The combined organic layers were dried over MgSO4
and the solvent was evaporated. A pale yellow solid (6a, 1.01 g, 1.86 mmol, quant.) was obtained.

Br

Fmoc
|

N

NO

melting point: 79.6 °C

"H NMR (500 MHz, acetone-ds, 298 K): §=8.12 (d, 4J = 1.8 Hz, 1 H), 7.98-7.58 (m, 4 H), 7.58-6.50 (m,
10 H), 5.58-3.89 (m, 5 H) ppm.

3C NMR (125 MHz, acetone-ds, 298 K): 6=144.90, 142.13, 136.87, 133.24, 130.35, 129.02, 128.45,
128.05, 127.85, 127.81, 126.17, 124.44, 121.50 120.73, 120.68, 68.41, 49.68, 47.99, 47.90 ppm.

IR (ATR): v=3363 (W), 2251 (w), 1965 (s), 1621 (w), 1528 (s), 1503 (m), 1450 (w), 1404 (w), 1340 (m),
1299 (s), 1136 (m), 1101 (w), 1022 (w), 988 (w), 877 (m), 797 (W), 757 (s), 739 (s), 621 (W), 534 (w)
cm™.

MS (ESI HR, CHCI3s/MeOH): m/z (C2sH22"°BrN3O4+H*) = calc.: 544.08665, found: 544.08639 + 0.48 ppm.

~7.8082

NO,
NHBoc * agetone
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Figure $12: '"H NMR spectrum of compound 6a.
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Figure S13: '3C NMR spectrum of compound 6a.

1.8 Synthesis of (9H-fluorene-9-yl)methyl (Z)-3-bromodibenzo|c,g][1,2,5]triazocine-11(12H)-
carboxylate (8a)

(9H-Fluorene-9-yl)methyl (2-aminophenyl)(4-bromo-2-nitrobenzyl)carbamate (6a, 858 mg, 1.58 mmol)
was suspended in 100 mL of ethanol and 50 mL of a 1M NH4Cl solution in water was added. The
reaction mixture was heated to 75 °C and zink powder (824 mg, 12.6 mmol, 8 equiv) was added. The
reaction mixture was stirred at 75 °C for 1 h and then hot filtrated. The solvent was evaporated and
DCM (50 mL) and deionized water (50 mL) were added to the residue. The organic layer was
separated and it was extracted twice with DCM. The combined organic layers were dried over MgSOa4
and the solvent was evaporated. The crude product was dissolved in 50 mL of acetic acid and mCPBA
(708 mg, 3.15 mmol, = 77%) dissolved in 50 mL of acetic acid was added dropwise over a period of 2
h. The reaction mixture was stirred at rt overnight and after that, the solvent was evaporated. Then, 50
mL of DCM (50 mL) and half-concentrated NaHCOs (50 mL, dissolved in deionized water) were added
to the residue and the organic layer was separated. It was extracted twice with DCM and the combined
organic layers were dried over MgSOas. The solvent was evaporated and flash column chromatography
on silica (0.040-0.063 mm, ethyl acetate/cyclohexane 1:3, Ri=0.51) gave a yellow solid (8a, 451 mg,
Fmoc
X

883 pmol, 56%).
H NMR (500 MHz, acetone-ds, 298 K): 6=8.18-6.66 (m, 15 H, Ar-H), 5.13-3.87 (m, 5 H, aliph. H) ppm.

N=N Br
melting point: 91.4 °C

3C NMR (125 MHz, acetone-ds, 298 K): §=154.75, 142.11, 132.72, 131.30, 130.53, 129.56, 129.13,
128.56, 127.92, 126.14, 124.23, 122.63, 120.85, 119.66, 68.52, 52.74, 47.99, 47.78 ppm.

IR (ATR): ¥=2924 (w), 1702 (s), 1591 (w), 1476 (w), 1449 (m), 1390 (s), 1321 (s), 1295 (s), 1242 (w),
1128 (w), 1078 (w), 1041 (m), 102 (w), 866 (w), 818 (w), 757 (s), 737 (s), 694 (w), 670 (w), 650 (w), 621
(w), 604 (w), 549 (m), 513 (w) cm™".

MS (ESI HR, CHCI3/MeOH): m/z (C2sH20"°BrN3O2+H*) = calc.: 510.08117, found: 510.08153 + 0.7 ppm.

S13

202



8 9 ¥ z 0 [1e4] [ 2z oL 80 90
T T T s [ T S A O B T T T T T T T T T R O T R R RO R
E
F
S
2
g
2
s -
o S Feo
£ <
o - -
: _— \oLL Iy ——
o) —r . L
m 18026
3 )
I q\ |-
h .n $025'89 —— L
-
ogLly— 3
89gEy — \ 2
[t 6005 | L
-/ !
860B'Y —_
SLYE Y — L
© L
(-]
el * _
3 I = 0L9S'ELL
I It c 9508°0Z1 — L
> 80£9°22L ——
o o 8082 b2 —
pSELSTL—_
o 2816'L2L —F t
| € 6955'8Z1
i o SLEL6ZL
O 1095621
) — 0625 0EL 3
. / SE6Z LEL
mwmw.w o SEZLZEL \\
BozLL s = t L 610L°ZrL
covl'L - = = m LivL bl -
Sevl L e —= # Fae 60ZLPSL —
2891°L Y =
gloz'L 1525 ¥l [&) L
Z81TL |l r o)
SSYZL == —_— a
602E°L oo c e |
0SZE'L S 2] L
SleeL ull
SIPEL e x &
LPBEL | M
IBIBL | L
peZEL e 4
i I =
& ‘M. 5= z L
. < £ NHW
s - |
. _ ()
e )
@) 3 |
R
[ -

8. Appendix

S14
203

tppm]

150 100 50

200

Figure S$15: '3C NMR spectrum of compound 8a.



8. Appendix

1.9 Synthesis of (Z)-3-bromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (9a)

(9H-Fluorene-9-yl)methyl (Z)-3-bromodibenzo[c,g][1,2,5]triazocine-11(12H)-carboxylate (8a, 382 mg,
748 pmol) was dissolved in 10 mL of DCM and 25 mL of NEts was added. The reaction mixture was
stirred at rt for 22 h. The solvent was removed and flash column chromatography on silica (0.040—
0.063 mm, ethyl acetate/cyclohexane 1:2, Rf=0.54) gave a red solid (9a, 201 mg, 698 umol, 93%).

10 4120

9 N 2
10a 12a
8 6a 4a 3
- Br
7 N=N 4
6 5

melting point: 160.3 °C

H NMR (500 MHz, acetone-ds, 298 K): 5= 7.44 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, H-2), 7.35 (d, *J = 2.0
Hz, 1 H, H-4), 7.31 (d, 3J = 8.1 Hz, 1 H, H-1), 6.88 (td, 3J = 7.7 Hz, *J = 1.6 Hz, 1 H, H-9), 6.75 (dd, 3J =
8.0 Hz, “J = 1.6 Hz, 1 H, H-7), 6.65 (td, 3J = 7.5 Hz, %J = 1.2 Hz, 1 H, H-8), 6.56 (dd, 3J = 8.2 Hz, 4J =
1.0 Hz, 1 H, H-10), 5.42 (mc, 1 H, NH), 3.98 (mc, 2 H, CH2) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 5= 160.24 (C-4a), 144.64 (C-6a), 137.04 (C-10a), 132.43 (C-
1), 131.85 (C-2), 129.06 (C-9), 124.00 (C-3), 123.56 (C-7), 122.67 (C-4), 121.76 (C-12a), 119.93 (C-
10), 118.31 (C-8), 47.15 (CHz) ppm.

IR (ATR): V= 3322 (m), 2959 (w), 1601 (m), 1587 (m), 1568 (w), 1513 (m), 1480 (s), 1456 (m), 1422
(w), 1389 (m), 1363 (w), 1251 (m), 1191 (w), 1161 (m), 1119 (m), 1093 (m), 1072 (m), 956 (w), 898 (m),
831 (s), 812 (s); 768 (m), 741 (s), 720 (s), 703 (w), 651 (w), 604 (m), 560 (w), 513 (m) cm-".

MS (ESI HR, CHCI3/MeOH): m/z (C13H107°BrNs+H*) = calc.: 288.01309, found: 288.01278 + 1.07 ppm.
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Figure $16: "H NMR spectrum of compound 9a.
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Figure $17: '3C NMR spectrum of compound 9a.

11.10 Synthesis of (Z)-1-(3-bromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (10a)

Under a nitrogen atmosphere, a solution of (Z)-3-bromo-11,12-dihydrodibenzol[c,gl[1,2,5]triazocine (9a,
52 mg, 180 pmol) in anhydrous DMF (5 mL) was prepared, and then TEA (503 pL, 20 equiv) and
HOAc (103 uL, 1.80 mmol) were added. The reaction mixture was cooled to 0 °C and T3P (1.08 mL,
1.80 mmol, 50% in ethyl acetate) was added dropwise. The ice bath was removed and it was stirred
for 22 h. Then, 50 mL DCM and 50 mL deionized water were added and the organic layer was
separated. It was extracted twice with DCM and the combined organic layers were dried over MgSOa.
The solvent was removed and flash column chromatography on silica (0.040-0.063 mm, ethyl acetate/
cyclohexane 1:1, Rf=0.31) gave a pale yellow solid (10a, 51 mg, 154 umol, 86%).

)

10\11% 12 4
9 2
10a 12a
6a 4a 3
8 > N=N Br

- 4
6 5

melting point: 164.9 °C

"H NMR (500 MHz, acetone-ds, 298 K): 6 =7.41 (td, 3J = 7.5 Hz, 4J = 1.8 Hz, 1 H, H-8/9), 7.34-7.36 (m,
3 H, H-2, Ar-H, Ar-H), 719 (d,3J=7.2 Hz, 1 H, H-1), 7.12 (d, 4J = 2.0 Hz, 1 H, H-4), 7.06 (dd, 3J=7.8
Hz, 4J = 1.4 Hz, 1 H, H-7/10), 5.02 (d, 2J = 14.5 Hz, 1 H, CH2a), 4.32 (d, 2J = 14.5 Hz, 1 H, CH2b), 1.80
(s, 3H, CHz) ppm.
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13C NMR (125 MHz, acetone-ds, 298 K): 5= 169.39 (C=0), 157.21 (C-4a), 154.16 (C-6a/10a), 132.77
(C-1), 131.29 (Ar-C), 130.29 (Ar-C), 130.26 (C-8/9), 129.57 (Ar-C), 129.45 (C-6a/10a), 124.74 (C-12a),

122.69 (C-4), 122.34 (C-3), 120.02 (C-7/10), 51.53 (CHz), 20.04 (CHs) ppm.

IR (ATR): #=3048 (w), 2924 (w), 1658 (s), 1590 (m), 1516 (w), 1475 (m), 1380 (s), 1338 (s), 1294 (m),

1242 (w), 1161 (w), 1115 (w), 1085 (w), 1070 (w), 1006 (w), 963 (W), 943 (w), 925 (w), 888 (w), 872 (w),
848 (m), 815 (s), 789 (w), 763 (s), 739 (m), 689 (w), 659 (m), 626 (w), 596 (m), 576 (m), 584 (s), 51

(m) cm-.

8

MS (ESI HR, CHCI3/MeOH): m/z (C1sH12"°BrNs+H*) = calc.: 330.02365, found: 330.02334 + 0.95 ppm.
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17875
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Figure $18: 'H NMR spectrum of compound 10a.
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Figure S$19: '3C NMR spectrum of compound 10a.

11.11 Synthesis of (2)-3-bromodibenzo[c,g][1,2,5]triazocine-11(12H)-carbaldehyde (11a)

Under a nitrogen atmosphere, a solution of (Z)-3-bromo-11,12-dihydrodibenzo|c,g][1,2,5]triazocine (9a,
100 mg, 348 umol) in anhydrous MeCN (6 mL) was prepared, and then DIPEA (604 pL, 3.48 mmol) and
chloral (338 pL, 3.48 mmol) were added. The reaction mixture was stirred at rt for 20 h. The solvent
was removed and flash column chromatography on silica (0.040-0.063mm, ethyl
acetate/cyclohexane 1:2, Rr=0.35) gave a pale yellow solid (11a, 92 mg, 291 pmol, 84%).

melting point: 201.8 °C

H NMR (500 MHz, acetone-ds, 298 K): 5=8.36 (s, 1 H, CHO), 7.39 (dd, 3J = 8.2 Hz, “J = 2.0 Hz, 1 H,
H-2), 7.36 (td, 3J = 7.7 Hz, “J = 1.3 Hz, 1 H, H-8/9), 7.31 (d, 3J = 8.1 Hz, 1 H, H-1), 7.28-7.23 (m, H, H-
2, H-4, H-8/9), 7.18 (dd, 3J = 7.9 Hz, 4J = 1.2 Hz, 1 H, H-7/10), 6.97 (dd, 3%J = 7.8 Hz, *J = 1.4 Hz, 1 H,
H-7/10), 4.52 (mc, 2 H, CHz) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 6= 162.30 (CHO), 158.37 (C-4a), 152.77 (C-6a/10a), 133.31
(C-1), 131.69 (C-2), 129.45 (C-8/9), 129.25 (C-8/9), 128.29 (C-7/10), 123.19 (C-3), 122.88 (C-12a),
122.21 (C-4), 120.51 (C-7/10), 48.98 (CHz) ppm.

IR (ATR): 7= 3353 (w), 3038 (w), 1682 (s), 1621 (m), 1501 (s), 1450 (m), 1409 (s), 1356 (m), 1310 (s),
1276 (s), 1215 (m), 1128 (m), 1096 (w), 1007 (w), 979 (m), 939 (w), 860 (w), 739 (s), 631 (w), 621 (W),
552 (w), 525 (m) cm.

MS (ESI HR, CHCI3/MeOH): m/z (C14H10"°BrN3O+H*) = calc.: 316.00800, found: 316.00781 + 0.59 ppm.
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Figure $20: 'H NMR spectrum of compound 11a.
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Figure S21: '3C NMR spectrum of compound 11a.
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.12 Synthesis of 1-(bromomethyl)-4-iodo-2-nitrobenzene (3b)

Under a nitrogen atmosphere, a solution of 4-iodo-1-methyl-2-nitrobenzene (5.00 g, 19.0 mmol) in
anhydrous MeCN (21 mL) was prepared, and then NBS (4.00 g, 22.6 mmol) and AIBN (87.2 mg, 600
pmol) were added. The reaction mixture was refluxed for 24 h. The solvent was removed and flash
column chromatography on silica (0.040-0.063 mm, ethyl acetate/cyclohexane 1:12, Ri=0.43) gave a
brown solid (3b, 1.07 g, 3.12 mmol, 16%).

6
1

Br 5
4
2
O,N : |

H NMR (500 MHz, CDCls, 298 K): 5=8.35 (d, “J = 1.8 Hz, 1 H, H-3), 7.93 (dd, 3%J= 8.2 Hz, *J = 1.8 Hz,
1 H, H-5), 7.30 (d, 3J = 8.2 Hz, H-6), 7.46 (s, 2 H, CHz) ppm.

melting point: 103.9 °C

13C NMR (125 MHz, CDCls, 298 K): & = 148.06 (C-2), 142.77 (C-5), 134.29 (C-3), 133.91 (C-6), 132.58
(C-1), 93.60 (C-4), 28.18 (CHz) ppm.

IR (ATR): 7= 3081 (w), 1702 (w), 1592 (w), 1555 (w), 1518 (s), 1476 (w), 1433 (m), 1342 (m), 1275 (w),
1223 (m), 1204 (w), 1164 (w), 1124 (w), 1077 (w), 971 (w), 897 (w), 889 (w), 870 (m), 837 (m), 804 (m),
762 (w), 705 (w), 681 (w), 627 (w), 611 (m), 567 (w) cm-".

MS (EI, 70 eV): m/z(%) = 341 (11) [M]*, 262 (100) [M-Br]*, 242 (5) [M-BrOJ"*.

MS (El, HR, 70 eV): m/z (C7Hs™BrINOz+H*) = calc.: 330.85483, found: 340.85328 + 4.65 ppm.
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Figure $22: 'H NMR spectrum of compound 3b.
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Figure S$23: "*C NMR spectrum of compound 3b.

11.13 Synthesis of tert-butyl (2-((4-iodo-2-nitrobenzyl)amino)phenyl)carbamate (4b)

Under a nitrogen atmosphere, a solution of tert-butyl (2-aminophenyl)carbamate’ (2, 651 mg, 3.12
mmol) in anhydrous THF (12 mL) was prepared, and then TEA (477 pL, 3.42 mmol) and 1-
(bromomethyl)-4-iodo-2-nitrobenzene (3b, 1.07 g, 3.12 pmol) were added. The reaction mixture was
refluxed for 20 h and after that, the solvent was removed. Deionized water and DCM were added, the
organic layer was separated and it was extracted twice with DCM. The combined organic layers were
dried over MgSOs and the solvent was evaporated. Recrystallization from ethyl
acetate/cyclohexane 1:1 gave a yellow solid (4b, 1.41 g, 3.00 mmol, 96%).

melting point: 143.5 °C 6

TH NMR (500 MHz, CDCls, 298 K): 5=8.38 (d, 4/ = 1.8 Hz, 1 H, Ar'-H-3), 7.85 (dd, 3/ =8.2 Hz,4/=1.8
Hz, 1 H, Ar'-H-5), 7.40 (d, 3/ = 8.2 Hz, 1H, Ar'-H-6), 7.25 (d, 3J = 7.7 Hz, 1 H, Ar'-H-6), 7.01 (td, 3J = 7.7
Hz, 4J=1.5Hz, 1 H, Ar-H-4), 6.80 (t, 3J = 7.7 Hz, 1 H, Ar-H-5), 6.52 (d, 3J = 7.7 Hz, 1 H, Ar'-H-3), 6.28
(br.s, 1 H, NH), 4.69 (s, 2 H, -CH-), 1.51 (s, 9 H, tBu-H) ppm.

13C NMR (125 MHz, CDCl3, 298 K): & = 154.39 (C=0),148.69 (Ar'-C-2), 140.69 (Ar'-C-2), 142.74 (Ar'-C-
5), 134.55 (Ar'-C-1), 133.81 (Ar'-C-3), 131.85 (Ar'-C-6), 127.09 (Ar'-C-4), 126.03 (Ar-C-6), 124.84 (Ar-
C-1), 119.72 (Ar-C-5), 113.62 (Ar'-C-3), 91.87 (Ar'-C-4), 81.08 (-C-(CHs)3, 45.84 (-CHz), 28.46 (-CHs)
ppm.

IR (ATR): = 3414 (w), 3314 (w), 2924 (w), 2847 (w), 1679 (m), 1606 (m), 1531 (m), 1503 (m), 1460
(m), 1392 (w), 1363 (w), 1343 (m), 1329 (m), 1305 (w), 1285 (w), 1271 (m), 1247 (m), 1159 (s), 1133
(w), 1085 (w), 1055 (w), 1029 (w), 990 (w), 937 (w}, 906 (w), 890 (w), 869 (w), 837 (w), 821 (w), 783
(W), 774 (w), 754 (w), 741 (w), 717 (w), 692 (w), 647 (w), 599 (w), 523 (w) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C1sH20IN3O4+H") = calc.: 470.05713, found: 470.05680 + 0.69 ppm.
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Figure $24: "H NMR spectrum of compound 4b.
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Figure $25: 3C NMR spectrum of compound 4b.

.14 Synthesis of (9H-fluorene-9-yl)methyl (2-((tert-butoxycarbonyl)amino)phenyl)(4-iodo-2-
nitrobenzyl)carbamate (5b)

Under a nitrogen atmosphere, a solution of fert-butyl (2-((4-iodo-2-nitrobenzyl)amino)phenyl)carbamate
(4b, 1.41 g, 3.00 mmol) in anhydrous DMF (12 mL) was prepared, and then DIPEA (510 pL, 3.00 mmol)
and Fmoc-chloride (1.55 g, 6.00 umol) were added. The reaction mixture was stirred for 91 h at rt and
after that, the solvent was evaporated. Deionized water and DCM were added, the organic layer was
separated and it was extracted twice with DCM. The combined organic layers were dried over MgSO4
and the solvent was evaporated. Flash column chromatography on silica (0.040-0.063 mm, ethyl
acetate/cyclohexane 1:4, Rr=0.45) gave a white solid (5b, 682 mg, 986 pmol, 33%).
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Fmoc
|

N
CENHBOC NO,

"H NMR (500 MHz, acetone-ds, 298 K): §=8.29 (d, 4J = 1.7 Hz, 1 H, Ar-H), 8.14-7.55 (m, 5 H), 7.84-
7.54-6.87 (m, 10 H), 5.12 (br. S, 1 H, -CH2), 5.28-4.76 (m, 2 H), 4.73-3.96 (m, 3 H), 1.46 (s, 9 H, tBu-H)
ppm.

3C NMR (125 MHz, acetone-ds, 298 K): 6= 153.53, 143.00, 142.08, 133.86, 129.96, 129.22, 128.48,
127.86, 126.06, 124.43, 122.55, 120.73, 92.68, 80.46, 68.42, 47.83, 28.60 ppm.

IR (ATR): 7= 2976 (w), 1706 (m), 1594 (w), 1524 (m), 1477 (s), 1449 1449, 1392 (w), 1366 (m), 1345
(m), 1295 (m), 1274 (m), 1239 (m), 1153 (s), 1046 (w), 1024 (m), 984 (w), 870 (w), 835 (w), 758 (m),
739 (s), 620 (w), 588 (w), 553 (w) cm-".

melting point: 131.6 °C

MS (ESI HR, CHCIs/MeOH): m/z (C33sH30IN3Os+H*) = calc.: 692.12521, found: 692.12442 + 1.14 ppm.
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Figure S26: '"H NMR spectrum of compound 5b.
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Figure S$27: '3C NMR spectrum of compound 5b.

.15 Synthesis of (9H-fluorene-9-yl)methyl (2-aminophenyl)(4-iodo-2-nitrobenzyl)carbamate (6b)

A solution of (9H-fluorene-9-yl)methyl (2-((tert-butoxycarbonyl)amino)phenyl)(4-iodo-2-
nitrobenzyl)carbamate (5b, 2.15 g, 3.11 mmol) in DCM (20 mL) was prepared, and then TFA (12 mL)
was added. The reaction mixture was stirred for 20 h at rt and after that, it was neutralized with saturated
aqueous NaHCOs solution. The organic layer was separated and it was extracted twice with DCM. The
combined organic layers were dried over MgSO4 and the solvent was evaporated. A yellow solid (6b,
1.76 g, 2.97 mmol, 96%) was obtained.

N
N
E;\/LNH2 02

H NMR (500 MHz, CDCls, 298 K): 5=8.24 (d, J = 1.8 Hz, 1 H,), 7.87 (br. s, 1 H, 1 H), 7.71-7.62 (m, 2
H), 7.39-7.29 (m, 3 H), 7.24-7.07 (m, 5 H), 6.82-6.72 (m, 2 H), 6.70-6.65 (m, 1 H), 5.23 (br. s, 1 H, CHz),
4.93 (br. s, 1 H, CHz), 4.50-4.32 (m, 2 H, Fmoc-CHs), 4.07 (br. s, 1 H, Fmoc-CH), 3.60 (br. s, 2 H, NHz).

melting point: 85.7 °C

13C NMR (125 MHz, CDCls, 298 K): & =156.20, 143.52, 142.32, 141.41, 133.50, 132.44, 128.81, 128.6,
127.78, 127.08, 125.27, 120.02, 118.99, 116.6, 68.05, 47.21 ppm.

IR (ATR): 7= 3360 (w), 3065 (w), 1696 (m), 1620 (w), 1525 (m), 1501 (w), 1450 (w), 1403 (w), 1340
(w), 1297 (m), 1271 (w), 1157 (w), 1137 (w), 1044 (w), 987 (w), 739 (s), 692 (W), 620 (w), 535 (W) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C2sH22IN3O4+H*) = calc.: 592.07278, found: 592.07234 + 0.73 ppm.
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Figure S28: 'H NMR spectrum of compound 6b.

143.5203

— 142.3157
141.4066
133.5020
—- 132.4442
- 120.0212
— 118.8938
77.4092
76.9013
68.0485
47.2053
29,8506

Frﬁgl
N
C[ NO,

NH,

|L

|‘ ol “ - r
Mi\Jum,'ﬁmanMMWMWMWWMW 'WWWMWMMWWWWMWWWWWM

T
140

1
20 100 [pPm]

Figure $29: 3C NMR spectrum of compound 6b.

.16 Synthesis of (9H-fluorene-9-yl)methyl (2)-3-iododibenzofc,g][1,2,5]triazocine-11(12H)-
carboxylate (8b)

(9H-Fluorene-9-yl)methyl (2-aminophenyl)(4-iodo-2-nitrobenzyl)carbamate (6b, 1.55 g, 2.62mmol) was
suspended in 250 mL of ethanol and SnCl2-2 H20 (2.96 g, 14.9mmol) was added. The reaction mixture
was heated to 75 °C and zink powder (824 mg, 12.6 mmol, 8 eq) was added. It was stirred at rt over
night and afterwards neutralized with saturated aqueous NaHCOQOs solution. The solvent was evaporated
and to the residue was added DCM and deionized water. The organic layer was separated and it was
extracted twice with DCM. The combined organic layers were dried over MgSO4 and the solvent was
evaporated. The crude product was dissolved in 150 mL of acetic acid and mCPBA (1.17 g, 3.15 mmo],
2 77%) in 150 mL of acetic acid was added dropwise over a period of 2 h. The reaction mixture was
stirred at rt over night and after that, the solvent was evaporated. To the residue was added DCM and
half-concentrated agueous NaHCOs solution in deionized water and the organic layer was separated. It
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was extracted twice with DCM and the combined organic layers were dried over MgSOa. The solvent
was evaporated and flash column chromatography on silica (0.040-0.063 mm, ethyl
acetate/cyclohexane 1:4, Ri=0.41) gave a yellow solid (8b, 833 mg, 1.49 mmol, 56%).

-

N=N '

Fmoc
.4
melting point: 87.6 °C

H NMR (600 MHz, acetone-ds, 298 K): 5 = 8.15-6.65 (m, 15 H, Ar-H), 5.05-3.99 (m, 5 H, aliph. H) ppm.

3C NMR (150 MHz, acetone-des, 298 K): =154.71, 153.87, 144.72, 142.08, 137.37, 132.64, 130.47,
129.54, 129.13, 128.53, 128.36, 127.89, 126.12, 124.68, 120.78, 119.69, 68.50, 52.85, 47.74 ppm. ppm.

IR (ATR): V= 2925 (w), 2850 (w),2036 (w), 1703 (s), 1586 (w), 1477 (w), 1449 (m), 1390 (m), 1320 (s),
1295 (s), 1230 (m), 1129 (m), 1105 (m), 1041 (m), 1022 (m), 863 (w), 816 (W), 756 (s), 738 (s), 693 (W),
621 (m), 603 (w), 549 (m), 512 (w) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C2sH20IN3O2+H*) = calc.: 558.06730, found: 558.06694 + 0.63 ppm.
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Figure S30: '"H NMR spectrum of compound 8b.
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Figure S31: 3C NMR spectrum of compound 8b.

.17 Synthesis of (2)-3-iodo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (9b)

(9H-Fluorene-9-yl)methyl (Z)-3-iododibenzolc,g][1,2,5]triazocine-11(12H)-carboxylate (8b, 813 mg,
1.46 mmol) was dissolved in 20 mL of DCM and 50 mL of NEts was added. The reaction mixture was
stirred at rt for 20 h. The solvent was removed and flash column chromatography on silica (0.040-
0.063 mm, ethyl acetate/cyclohexane 1:3, Rr=0.43) gave a red solid (9b, 410 mg, 1.22 mmol, 84%).

10 11“ 12 4

9 2
10a 12a
8 6a 4a 3
= |
7 N=N 4
6 5

melting point: 165.2 °C

H NMR (500 MHz, acetone-ds, 298 K): 5= 7.63 (dd, 3J = 8.0 Hz, 4J = 1.7 Hz, 1 H, H-2), 7.52 (d, *J = 1.7
Hz, 1 H, H-4), 7.16 (d, 3J = 8.0 Hz, 1 H, H-1), 6.87 (td, 3J = 7.6 Hz, J = 1.6 Hz, 1 H, H-9), 6.75 (dd, 3J =
8.0 Hz, “J = 1.5 Hz, 1 H, H-7), 6.65 (td, 3J = 7.5 Hz, J = 1.2 Hz, 1 H, H-8), 6.56 (dd, 3J = 8.2 Hz, 4J =
1.1 Hz, 1 H, H-10), 5.43 (mc, 1 H, NH), 3.96 (m¢, 2 H, CHz) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 5 = 160.26 (C-4a), 144.64 (C-6a), 137.88 (C-2), 137.08 (C-10a),
132.44 (C-1), 129.06 (C-9), 128.50 (C-4), 124.49 (C-12a), 123.61 (C-7), 119.93 (C-10), 118.30 (C-8),
93.11 (C-3), 47.15 (CHz) ppm.

IR (ATR): V= 3323 (m), 2959 (w), 1601 (m), 1581 (m), 1561 (w), 1518 (m), 1479 (s), 1453 (m), 1383
(m), 1364 (w), 1322 (m), 1251 (w), 1161 (w), 1139 (w), 1117 (w), 1094 (m), 1068 (w), 949 (w), 896 (m),
831 (s), 806 (s), 764 (m), 742 (s), 720 (s), 701 (w), 645 (w), 600 (s), 559 (w), 511 (m) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C1sH10IN3+H*) = calc.: 335.99922, found: 335.99888 + 1.02 ppm.
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Figure S31: 3C NMR spectrum of compound 8b.

.17 Synthesis of (2)-3-iodo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (9b)

(9H-Fluorene-9-yl)methyl (Z)-3-iododibenzolc,g][1,2,5]triazocine-11(12H)-carboxylate (8b, 813 mg,
1.46 mmol) was dissolved in 20 mL of DCM and 50 mL of NEts was added. The reaction mixture was
stirred at rt for 20 h. The solvent was removed and flash column chromatography on silica (0.040-
0.063 mm, ethyl acetate/cyclohexane 1:3, Rr=0.43) gave a red solid (9b, 410 mg, 1.22 mmol, 84%).

10 11“ 12 4

9 2
10a 12a
8 6a 4a 3
= |
7 N=N 4
6 5

melting point: 165.2 °C

H NMR (500 MHz, acetone-ds, 298 K): 5= 7.63 (dd, 3J = 8.0 Hz, 4J = 1.7 Hz, 1 H, H-2), 7.52 (d, *J = 1.7
Hz, 1 H, H-4), 7.16 (d, 3J = 8.0 Hz, 1 H, H-1), 6.87 (td, 3J = 7.6 Hz, J = 1.6 Hz, 1 H, H-9), 6.75 (dd, 3J =
8.0 Hz, “J = 1.5 Hz, 1 H, H-7), 6.65 (td, 3J = 7.5 Hz, J = 1.2 Hz, 1 H, H-8), 6.56 (dd, 3J = 8.2 Hz, 4J =
1.1 Hz, 1 H, H-10), 5.43 (mc, 1 H, NH), 3.96 (m¢, 2 H, CHz) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 5 = 160.26 (C-4a), 144.64 (C-6a), 137.88 (C-2), 137.08 (C-10a),
132.44 (C-1), 129.06 (C-9), 128.50 (C-4), 124.49 (C-12a), 123.61 (C-7), 119.93 (C-10), 118.30 (C-8),
93.11 (C-3), 47.15 (CHz) ppm.

IR (ATR): V= 3323 (m), 2959 (w), 1601 (m), 1581 (m), 1561 (w), 1518 (m), 1479 (s), 1453 (m), 1383
(m), 1364 (w), 1322 (m), 1251 (w), 1161 (w), 1139 (w), 1117 (w), 1094 (m), 1068 (w), 949 (w), 896 (m),
831 (s), 806 (s), 764 (m), 742 (s), 720 (s), 701 (w), 645 (w), 600 (s), 559 (w), 511 (m) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C1sH10IN3+H*) = calc.: 335.99922, found: 335.99888 + 1.02 ppm.
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Figure S33: '3C NMR spectrum of compound 9b.

118 Synthesis of (Z2)-3-iododibenzol[c,g][1,2,5]triazocine-11(12H)-carbaldehyde (11b)

Under a nitrogen atmosphere, a solution of (Z)-3-iodo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (9b,
50.0 mg, 149 pmol) in anhydrous MeCN (5 mL) was prepared, and then DIPEA (260 uL, 1.49 mmol)
and chloral (146 uL, 1.49 mmol) were added. The reaction mixture was stirred at rt for 22 h. The solvent
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was removed and flash column chromatography on silica (0.040-0.063 mm, ethyl
acetate/cyclohexane 1:2, Rr=0.20) gave a pale yellow solid (11b, 28 mg, 77.1 umol, 52%).

0]
74
10 14 12 4
9 2
10a 12a
6a 4a 3
8 _ [

7 N=N
6 5

melting point: 208.9 °C

H NMR (500 MHz, acetone-ds, 298 K): 5=8.35 (s, 1 H, CHO), 7.58 (dd, 3J = 8.0 Hz, “J = 1.7 Hz, 1 H,
H-2), 7.41 (d, “J = 1.7 Hz, 1 H, H-4), 7.36 (td, 3J = 7.7 Hz, *J = 1.3 Hz, 1 H, H-9), 7.26 (td, 3J = 7.5 Hz,
4J=1.5Hz, 1 H, H-8), 7.18 (dd, 3J = 7.9 Hz, *J = 1.3 Hz, 1 H, H-7), 7.15 (d, 3J = 8.0 Hz, 1 H, H-1), 6.96
(dd, 3J = 7.8 Hz, *J = 1.4 Hz, 1 H, H-10), 4.50 (m¢, 2 H, CHz) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 5= 162.37 (C=0), 158.26 (C-4a), 152.78 (C-6a), 137.80 (C-2),
133.25 (C-1), 129.44 (C-8), 129.28 (C-9), 128.28 (C-7), 128.19 (C-12a), 127.93 (C-4), 123.30 (C-10a),
120.54 (C-10), 94.57 (C-3), 49.12 (CH2) ppm.

IR (ATR): #= 3070 (w), 3045 (w), 2880 (w), 1935 (w), 1668 (s), 1538 (m), 1513 (w), 1475 (m), 1387 (w),
1358 (m), 1313 (s), 1277 (m), 1242 (m), 1209 (w), 1117 (m), 1038 (m), 1012 (w), 956 (m), 028 (w), 892
(W), 828 (s), 810 (s), 759 (s), 741 (m), 692 (m), 666 (m), 647 (w), 605 (w), 562 (s), 516 (m) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C1aH10INsO+H*) = calc.: 363.99413, found: 363.99426 + 0.36 ppm.
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Figure S34: 'H NMR spectrum of compound 11b.
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Figure $35: '3C NMR spectrum of compound 11b.

119 Synthesis of (Z)-1-(3-iododibenzo[c,g][1,2,5]triazocine-11(12H)-yl)ethan-1-one (10b)

Under a nitrogen atmosphere, a solution of (Z)-3-iodo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (9b,
100 mg, 298 pmol) in anhydrous DMF (5 mL) was prepared, and then TEA (832 uL, 20 equiv) and
HOAcI (171 pL, 2.98 mmol) were added. The reaction mixture was cooled to 0 °C and T3P (1.78
mL, 2.98 mmol, 50% in ethyl acetate) was added dropwise. The ice bath was removed and it was
stirred for 21 h. Then, 50 mL DCM and 50 mL deionized water were added and the organic layer
was separated. It was extracted twice with DCM and the combined organic layers were dried over
MgSOs4. The solvent was removed and flash column chromatography on silica (0.040-0.063 mm, ethyl
acetate/cyclohexane 1:2, Rr=0.13) gave a pale yellow solid (10b, 68 mg, 180 umol, 60%).

o)

10\”/% 12 4
9 2
10a 12a
8 6a 4a 3

N=N '

7 - 4
6 5

melting point: 170.0 °C

H NMR (500 MHz, acetone-ds, 298 K): 5=7.51 (dd, 3J = 8.1 Hz, 4J = 1.8 Hz, 1 H, H-2), 7.51 (td, 3J =
7.4 Hz, 4J = 1.8 Hz, 1 H, H-8/9), 7.34-7.26 (m, 3 H, H-4, Ar-H, Ar-H), 7.06 (dd, 3J = 8.0 Hz, *J = 1.3 Hz,
1 H, H-7/10), 7.03 (d, 3J = 8.1 Hz, 1 H, H-1), 5.03 (d, 2J = 14.5 Hz, 1 H, CH:a), 4.30 (d, 2J = 14.9 Hz, 1
H, CH:b), 1.79 (s, 3 H, CHs) ppm.

13C NMR (125 MHz, acetone-ds, 298 K): 5= 169.50 (C=0), 157.09 (C-4a), 154.15 (C-6a/10a), 137.40
(C-2), 132.73 (C-1), 130.32 (C-7/10), 130.19 (Ar-C), 129.58 (Ar-C), 129.44 (C-6a/10a), 128.43 (C-4),
125.19 (C-12a), 120.05 (C-7/10), 93.56 (C-6a/10a), 51.65 (CHz), ppm.
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IR (ATR): 7= 3058 (w), 3012 (w), 2928 (w), 2251 (w), 1652 (s), 1583 (w), 1556 (w), 1513 (w), 1473 (m),
1434 (w), 1378 (s), 1336 (s), 1297 (m), 1250 (w), 1111 (m), 1084 (m), 1031 (m), 1009 (w), 971 (m), 917
(), 842 (m), 824 (s), 768 (s), 691 (m), 653 (M), 598 (s), 582 (s), 534 (w), 515 (m) cm-".

MS (ESI HR, CHCIs/MeOH): m/z (C1sH12INsO+H*) = calc.: 378.00978, found: 378.00937 + 1.08 ppm.
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Figure S$36: "H NMR spectrum of compound 10b.
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Figure S37: '3C NMR spectrum of compound 10b.
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lll. UV-vis switching experiments

All samples were irradiated to the photostationary state (PSS) with 400 nm in the given solvent or solvent
mixture. The extrapolated UV-vis spectra of the E compounds were calculated from the UV-vis
spectra of the PSS and the percentage of the E compounds which were measured by 'H NMR (for
details see SIV) by the following equation (1):

100% )} (100%) 1)

AE,extrapol. = {APSS - (AZ ’ [1 - %PSS 9%PSS

The rate constants k of the thermal E—Z isomerization of all compounds were determined with first
oder kinetic plots by the following equation (2):

Ap=Ay-e™® (2)

Half-lifes (t1;2) were calculated with equation 3:

; _In(2) (3)
12 =g

Br-NAc 10ain MeCN at 25 °C A 515nm
800 m A ,397nm
—Z
6004 — - -PSS, 400 nm .
“E —— extrapol. £, 400 nm =
o =
: .S 0,25 ]
2w =3
-
= % 02
3
200 - 0,15
L3
0,1 £,(397 nm, 25 °C, MeCN) = 495 L*mol "*cm”’
04 T T T T T T T
400 500 600 700 800 200 250 300 350 400 450 500
wavelength / nm c/uM

Figure S38: UV-vis spectra of Br-NAc-diazocine 10a in MeCN at 25 °C before (black) and after
irradiation with 400 nm (dashed red). The extrapolated E spectrum is given in blue (left) and molar
extinction coefficient (¢ ) determination of the maxiumum absorption (1max) of the nt*transitions of the E
(green) and Z (blue) isomers (right).
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012 Half-life measurement of Br-NAc 10a in MeCN at 25 °C 4] First order kinetic plot of Br-NAc 10ain MeCN at 25 °C
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Figure S39: UV-vis spectra of the half-life determination of Br-NAc-diazocine 10a in MeCN at different
temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot (bottom).
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Figure S40: UV-vis spectra of Br-NAc-diazocine 10a in water at 25 °C before (black) and after
irradiation with 400 nm (dashed red). The extrapolated E spectrum is given in blue (left) and molar
extinction coefficient () determination of the maxiumum absorption ( Amax) of the nt *transitions of the
E (green) and Z (blue) isomers (right).
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o0 ] Halflife measurement of Br-NAc 10a in water at 30 °C
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Figure S41: UV-vis spectra of the half-life determination of Br-NAc-diazocine 10a in water at different
temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot (bottom).
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Figure S42: UV-vis spectra of I-NAc-diazocine 10b in MeCN at 25 °C before (black) and after
irradiation with 400 nm (dashed red). The extrapolated E spectrum is given in blue (left) and molar
extinction coefficient (g£) determination of the maxiumum absorption ( Amax) of the nm*transitions of the

E (green) and Z (blue) isomers (right).
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Figure S43: UV-vis spectra of the half-life determination of I-NAc-diazocine 10b in MeCN at different
temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot (bottom).
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Figure S44: UV-vis spectra of Br-NCHO-diazocine 11a in MeCN at 25 °C before (black) and after
irradiation with 400 nm (dashed red). The extrapolated E spectrum is given in blue (left) and molar
extinction coefficient (¢) determination of the maxiumum absorption (Amax) of the nt*transitions of the E
(green) and Z (blue) isomers (right).

014 Half-life measurement of Br-NCHO 11a in MeCN at 25 °C 4 First order kinetic plot of B-NCHO 11ain MeCN at 25 °C
~ e -
0,12 /N 35 W Wl ___.'
\ 3 03998 .l..
ooms u
3 25 e e e sem
s -
é } 1 I....
g Z 15 - t,=2995s
2 ry =49.9 min
@ 14 o
.I
0,5 o !
" o A = absorption at 509 nm
04 l..
T T T T 1 05 T T T T T T T T T ,
400 500 600 700 800 2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
wavelength / nm time/s
0,147 Half-life measurement of Br-NCHO 11a in MeCN at 27 °C First order kinetic plot of B-NCHO 11ain MeCN at 27 °C
3 .
0,12 -
25 "
01 S—— -
B 24 = e — ey " -
@
2 o084 — "
c \ < ™
S i\ 2 154 ]
2 006\ z - t,,=2326s
Q y = [ ] .
& 1 = =38.8min
® 0,04 " -
]
002 05+ - A = absorption at 509 nm
4 . - |
04 =«
0
00 500 600 700 800 0 2000 4000 6000 8000 10000
wavelength / nm time/s

S37
227



8. Appendix

012 Half-life measurement of Br-NCHO 11ain MeCN at 30 °C
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Figure S45: UV-vis spectra of the half-life determination of Br-NCHO-diazocine 11a in MeCN at
different temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot

(bottom).
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Figure S46: UV-vis spectra of -NCHO-diazocine 11b in MeCN at 25 °C before (black) and after
irradiation with 400 nm (dashed red). The extrapolated E spectrum is given in blue (left) and molar
extinction coefficient (¢) determination of the maxiumum absorption (Amax) of the nt*-transitions of the E

(green) and Z (blue) isomers (right).
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Figure S47: UV-vis spectra of the half-life determination of I-NCHO-diazocine 11b in MeCN
at different temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius

plot (bottom).
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(green) and Z (blue) isomers (right).
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Figure S51: UV—vis spectra of the half-life determination of NCHO-diazocine 11¢ in water at different
temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot (bottom).
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extinction coefficient (&) determination of the maxiumum absorption (Amax) of the n= *transitions of the
E (green) and Z (blue) isomers (right).
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Figure S53: UV-vis spectra of the half-life determination of NAc-diazocine 10c in MeCN at different
temperatures (left) with corresponding first order kinetic plots (right) and Arrhenius plot (bottom).

IV. 'TH NMR switching experiments

Photostationary states (PSS) of compounds 10 and 11 were measured via 'H NMR by
integration of the different species after irradiation with 400 nm. The value of the integrals
and the extrapolated values is given in Table S1. '"H NMR und UV-vis spectra (SllI)
were measured at 250 uyM concentrations, except of Br-NCHO diazocine 11a (150 uM
due to solubility limit). The following equation was used for extrapolation of the

photostationary states: PSSexrapor, = PSS+ €t (2)

k is the rate constant at 25 °C (see Slll) and t the measuring time (180 s): 60 s preparation
(transfer into the spectrometer and shimming) and ~120 s measuring time for 32 scans. All
spectra were measured at a Bruker AV 600 spectrometer.
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Table S1: Measured and extrapolated photostationary states of compounds 10 and 11 in

MeCN and water.

D20
measured extrapolated measured extrapolated
PSS/ % PSS/ % PSS/ % PSS/ %
Br-NAc 10a 76 81 68 70
I-NAc 10b 76 82 - -
NCHO 11c 83 85 68 69
Br-NCHO 11a 79 82 - -
I-NCHO 11b 77 80 - -
NAc 10c 82 88 - -
\/{ g
@ND@\B" IE
CD;CN, 298 K, 250 uM [
. . (LT -

T T
0.000

T
85

T
7.0

T
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Figure S54: "H NMR spectrum (aromatic region) of Br-NAc diazocine 10a in CD3CN at 298 K.
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Figure S$55: 'H NMR spectrum (aromatic region) of Br-NAc diazocine 10a in CD3CN at 298 K after
irradiation with 400 nm.
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Figure S$56: "H NMR spectrum (aromatic region) of I-NAc diazocine 10b in CD3CN at 298 K.
S46

236



8. Appendix

(0]

\<

QLI

CD;CN, 298 K, 250 ym, 400 nm

[ren

0.020

T
0.015

T
0.010

T
0.005

0.000

o]

T
8.0

7 75.834;

7.0

24.365

65

tppm]

Figure S57: "H NMR spectrum (aromatic region) of I-NAc diazocine 10b in CD3CN at 298 K after
irradiation with 400 nm.
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Figure S$59: "H NMR spectrum (aromatic region) of Br-NCHO diazocine 11a in CD3CN at 298 K after

irradiation with 400 nm.

;
Set

N=N

CD;CN, 298 K, 250 uM

I

e LML.,

[ren]

T T T L L
0.004 0.006 0.008 0.010 0.012 0.014

0.002

h s o

0.000

T T T T T T T T T T T T T T T T T T T T T
85 8.0 15 7.0 6.5

Figure S60: '"H NMR spectrum (aromatic region) of I-NCHO diazocine 11b in CD3CN at 298 K.
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Figure S61: '"H NMR spectrum (aromatic region) of I-NCHO diazocine 11b in CD3CN at 298 K after
irradiation with 400 nm.
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Figure S63: 'H NMR spectrum (aromatic region) of NCHO diazocine 11c in CD3CN at 298 K after

irradiation with 400 nm.
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Figure S64: '"H NMR spectrum (aromatic region) of Br-NAc diazocine 10a in D20 at 298 K.
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Figure S65: 'H NMR spectrum (aromatic region) of Br-NAc diazocine 10a in D20 at 298 K after
irradiation with 400 nm.
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Figure S66: 'H NMR spectrum (aromatic region) of NCHO diazocine 11c in D20 at 298 K.
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Figure S67: 'H NMR spectrum (aromatic region) of NCHO diazocine 11c in D20 at 298 K after

irradiation with 400 nm.
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Figure S68: '"H NMR spectrum (aromatic region) of NAc diazocine 10c in MeCN at 298 K.
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Figure S69: 'H NMR spectrum (aromatic region) of NAc diazocine 10c in MeCN at 298 K after
irradiation with 400 nm.
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I. Analytical Equipment

NMR spectroscopy

NMR spectra were measured in deuterated solvents (Deutero). The spectra were referenced to the following solvent
residual signals:

solvent degree of deuteration "H signal 13C-signal
ppm ppm
acetone-ds 99.8% 2.05 (quintet) 29.84 (septet)
chloroform-d+ 99.8% 7.26 (singlet) 77.16 (triplet)
acetonitrile-ds 99.8% 1.94 (singlet) 1.32 (septet), 118.26 (mulitplet)
water-dz 99.9% 4.79 (singlet) -

The spectra were recorded with a Bruker DRX 500 ("H-NMR: 500 MHz, '3C-NMR: 125 MHz) and a Bruker AV 600
("H-NMR: 600 MHz, '8C-NMR: 150 MHz). The Multiplicities of the signals were abbreviated with s (singlet), d
(doublet), t (triplet), q (quartet), quint. (quintet), m (multiplet), and br. (broad) in addition for broad signals. DEPT
data were used to assign carbon types. Structural assignments were made with additional information from HSQC
and HMBC experiments. Baseline correction of the spectra in D20 was performed with Baseline Correction
“Witthaker Smoother” tool and Signal Suppression tool in MestReNova 14.3.1 NMR analytic software by Mestrelab
Research. Spectra were plotted with TopSpin 4.1.0 NMR analytic software by Bruker. Major impuritites in the 1D-
NMR spectra used for compound characterization have been identified as far as possible and labeled accordingly.

Melting Point
Melting Points were measured with a Melting Point B-560 (Blichi) in melting point tubes without further correction.
Mass spectrometry

Mass spectra (El) and high-resolution mass spectra (HR-EI) were measured with an AccuTOF GCv 4G El-time of
flight mass spectrometer from the company Joel. An ionization energy of 70 eV was used.

HR-ESI mass spectra were measured with a Q Exactive Plus Hybrid Quadrupole-Orbitrap ESIl-mass spectrometer
of the company Thermo Scientific was used.

IR spectroscopy

Infrared spectra were measured with a Perkin-Elmer 1600 FT-IR spectrometer with an A531-G Golden-Gate-
Diamond-ATR-unit. Signals were abbreviated with w (weak), m (medium) or s (strong) for its intensity.

UV-vis spectroscopy

UV-vis spectra were measured with a Shimadzu UV-2600 i UV-vis spectrometer. Quartz cuvettes of 10 mm optical
path length were used.

Chromatography

Silica gel (Merck, particle size 0.040-0.063 mm) was used for column chromatography purifications. R values were
determined via thin layer chromatography on Polygram® SilG/UV254 (Macherey Nagel, 0.2 mm particle size).

Chemicals
All commercially available chemicals were used without further purification.
Light sources

For irradiation different custom-built light sources with a wavelength of 405 nm and 530 nm were used (Sahimann
Photochemistry Solutions & in-house built). Irradiation wavelengths for all (405 nm and 530 nm) LED units were
measured via a mobile UV-vis spectrometer (USB4000-UV-VIS, Ocean Optics, Largo, FL, USA). All emission
spectra were normalized. Figure SI1 shows the normalized emission spectra of all LED units used.
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Figure Sl.1: Emission spectra of all LED units used. For better comparison all datasets were normalized to its
maximum.

The full width at half maximum (FWHM) amounts to 19 nm (401-420 nm, maximum at 410 nm) for the 405 nm LED
unit and to 38 nm (509-547 nm, maximum at 525 nm) for the 530 nm LED unit.
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Il. Syntheses

I.1 Synthesis of halogenated N-acetyl diazocines

The halogenated N-acetyl diazocine precursors 2-4 were synthesized following the procedure of LENTES et al.l']
(Scheme 1). Therefore, the dianiline and bromide building blocks were connected in a nucleophile substitution in
the first step followed by Fmoc-protection of the secondary amine. After cleaving the Boc-protecting group the nitro-
group was reduced using stannous chloride and zink. In the following the oxidative azo-cyclization adapted from
the procedure of MAIER et al.?l was performed to receive the Fmoc-protected N-acetyl diazocine intermediates.
After the Fmoc-group was cleaved the acetyl protecting group was introduced as final step.

Br
@[NHZ ii:
X NHBoc O2N Y
X=H Y=Br84% | DIPEA
H I 69% N,, abs. THF
Br Br 62% reflux, 16 h
y FmocCl Y
Fmoc Fmoc DIPEA H
N
DCM N2 abs. DMF NO
rt, 16 h NHBoc V92 1t 34 X NHBoc 2
X=H Y=Br quant X=H Y =Br49%
H | quant. H | 62%
Br Br 90% Br Br13%
1. SnCl,*2H,0 2. mCPBA
Zn AcOH, rt.
EtOH,75°C,1h | 16h
rt. 16 h X=H Y=Br58%
H | 48%
Y Br Br 47%
TEA o
Fmoc AcOH \(

H
L0 ﬁ N Dot
—_—
DCM t. Q b\ /@ _
r % N=N v N,, abs. DMF X Y

= N=N
16h 0°C—>rt,16h
X=H Y =Brquant. 2X=H Y=Br83%
H | quant. 3 H | 70%
Br Br 64% 4 Br Br 86%

Scheme S1: Synthesis of the halogenated N-acetyl diazocine precursors 2-4 for the cross-coupling reactions
according to the procedure of LENTES et al.[']

For the synthesis of dibromo-N-acetyl diazocine 4 the Boc-protected dianiline building block 5 was prepared from
commercially available 5-bromo-2-nitroaniline 6. In the first step the Boc protecting group was introduced after
deprotonation of the aniline with sodium hydride. The nitro group was reduced with sodium dithionite and sodium
hydrogencarbonate subsequently to obtain dianiline building block 5.

NaH Na,S,0,4
/@ 0, Boc20 NaHCO3 NH,
_—
Ha Nz abs. DMF  Br NHBoc Dioxan/H0 5:1 gy NHBoc
0°C—rt,16 h reflux 2 h 5
78% quant.

Scheme S2: Synthesis of dianiline building block 5 from o-nitroaniline 6.

S4

247



8. Appendix

I1.1.1 Synthesis of tert-butyl-(2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate!!

4
3 5 Br
5 H 2
4 N 6
oig:
NO
8 2~ “NHBoc 2

Under a nitrogen atmosphere triethylamine (3.87 mL, 27.9 mmol) and 4-bromo-1-(bromomethyl)-2-
nitrobenzene (7.50 g, 25.4 mmol) were added to solution of tert-butyl-(2-aminophenyl)carbamate (5.30 g,
25.4 mmol) in 100 mL abs. THF. The reaction mixture was heated to reflux with an oil bath and stirred for 16 h at
that temperature. Afterwards the solvent was evaporated and 100 mL of deionized water and 100 mL DCM were
added to the residue. The organic layer was separated and the aqueous layer was extracted twice with 50 mL of
DCM. The combined organic layers were dried over MgSO4 and the solvent was evaporated. Recrystallization from
cyclohexane/ethyl acetate (1:1) gave the product as yellow solid (9.06 g, 21.4 mmol, 84%, lit. 71%!").

melting point: 147 °C

"H-NMR (500 MHz, acetone-ds, 298 K): & = 8.24 (d, 4J = 2.0 Hz, 1 H, Ar'-H-6), 7.83 (dd, 3J = 8.4 Hz, 4J = 2.1 Hz,
1H, Ar'-H-4), 7.73 (d, 3J = 8.4 Hz, 1 H, Ar'-H-3), 7.63 (br. s, 1 H, NH), 7.25 (d, 3J = 7.7 Hz, 1 H, Ar'-H-2), 6.93 (td,
3J=78Hz, 4U=15Hz, 1H, Ar-H-4), 6.64 (td, 3J=7.6 Hz, *J=1.3 Hz, 1H, Ar-H-3), 6.50 (dd, 3J=7.6 Hz,
4J=2.1Hz, 1 H, Ar-H-5), 551 (br. s, 1 H, NH), 4.76 (s, 2 H, CHz), 1.47 (s, 9 H, CHs) ppm.

13C{'H}-NMR (125 MHz, acetone-ds, 298 K): & = 155.0 (C=0), 150.0 (Ar'-C-1), 142.7 (Ar-C-6), 137.1 (Ar'-C-4),
136.2 (Ar'-C-6), 132.4 (Ar'-C-3), 128.3 (Ar'-C-6), 127.1 (Ar-C-4), 126.8 (Ar-C-2), 125.5 (Ar-C-1), 120.9 (Ar'-C-5),
118.0 (Ar-C-3), 112.4 (Ar-C-5), 79.9 (C-(CHa)s), 45.1 (-CH2), 28.6 (-CHs) ppm.

IR (ATR): ¥ = 3398 (m), 3270 (m), 2975 (w), 1707 (w), 1684 (s), 1604 (m), 1528 (s), 1502 (s), 1462 (m), 1421 (w),
1393 (w), 1346 (m), 1336 (m), 1307 (w), 1242 (s), 1153 (s), 1083 (w), 1066 (w), 1052 (m), 1028 (w), 906 (w),
874 (w), 845 (w), 831 (m), 792 (w), 754 (s), 717 (w), 647 (w), 616 (w) cm".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH2004N3"°Br+H*: 422.0710; found: 422.0700 + 2.36 ppm.
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Figure Sll.1: 500 MHz 'H-NMR spectrum of tert-butyl-(2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate.
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Figure SIl.2: 125 MHz "3C{'H}-NMR spectrum of tert-butyl-(2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate.
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Figure SII.3: 500 MHz 'H-'3C HSQC spectrum of tert-butyl-(2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate.
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8. Appendix

11.1.2 Synthesis of (9H-fluoren-9-yl)methyl-(4-bromo-2-nitrobenzyl)(2-((tert-
butoxycarbonyl)amino)phenyl)carbamate!!

Br
||=moc
L

@E NO,

NHBoc

DIPEA (3.21 mL, 18.9 mmol) and 9-Fluorenylmethoxycarbonyl chlorid (9.77 g, 37.8 mmol) were added to a solution
of tert-butyl-(2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate (8.00 g, 18.9 mmol) in 50 mL abs. DMF under a
nitrogen atmosphere. The reaction mixture was stirred for 48 h at rt. and the solvent was evaporated subsequently.
100 mL of deionized water and 100 mL of DCM were added to the residue. The organic layer was separated and
the aqueous layer was extracted twice with 100 mL DCM. The combined organic layers were dried over MgSO4
and the solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:4, Rs = 0.34) gave
a colorless solid (5.91 g, 9.18 mmol, 49%, lit. 56%!").

melting point: 157 °C

1H-NMR (500 MHz, acetone-ds, 298 K): 6 = 8.14 (d, *J = 2.1 Hz, 1 H), 8.05-7.61 (m,5 H), 7.53-7.01 (m,10 H), 5.24-
4.92 (m, 2 H, aliph.-H), 4.56-4.00 (m, 3 H, aliph.-H), 1.45 (s, 9 H, CHs) ppm.

3C{'H}-NMR (125 MHz, acetone-ds, 298 K): & = 153.5 (C=0), 142.1, 137.0, 129.2, 128.5, 128.2, 127.8, 126.1,
124.4,120.7, 80.4, 68.4, 47.8, 28.5 (CHs) ppm.

IR (ATR): 7 = 3381 (m), 2974 (w), 2348 (w), 2253 (w), 1717 (s), 1596 (m), 1536 (m), 1518 (s), 1450 (m), 1390 (m),
1365 (w), 1292 (m), 1278 (w), 1234 (m), 1217 (w), 1152 (s), 1042 (w), 1024 (w), 976 (m), 942 (w), 884 (m), 842 (w),
756 (s), 739 (w), 634 (w), 617 (m), 543(m) cm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C33H30OsN3"°Br+H*: 644.1391; found: 644.1393 + 0.41 ppm.
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Figure SIl.5: 500 MHz 'H-NMR spectrum of (9H-fluoren-9-yl)methyl-(4-bromo-2-nitrobenzyl)(2-((tert-
butoxycarbonyl)amino)phenyl)carbamate.
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Figure SIl.6: 125MHz ™"C{'H}-NMR spectrum of (9H-fluoren-9-yl)methyl-(4-bromo-2-nitrobenzyl)(2-((tert-
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8. Appendix

1.1.3 Synthesis of (9H-fluoren-9-yl)methyl-(2-aminophenyl)(4-bromo-2-

nitrobenzyl)carbamate!!
Br
II:moc
N\/Q/
L

NH,

(9H-fluoren-9-yl)methyl-(4-bromo-2-nitrobenzyl)(2-((tert-butoxycarbonyl)amino)phenyl)carbamate (5.00 g,

7.76 mol) was dissolved in 100 mL DCM and 30 mL TFA was added. The reaction mixture was stirred at rt. for 16 h
and neutralized with saturated aqueous NaHCO3 subsequently. The organic layer was separated and the aqueous
layer was extracted twice with 100 mL. The combined organic layers were dried over MgSO4 and the solvent was
evaporated to obtain a pale yellow solid (4.22 g, 7.75 mmol, quant., lit. quant.['l) which was used without further
purification.

melting point: 156 °C

TH-NMR (600 MHz, acetone-ds, 298 K): § = 8.12 (s, 1 H), 7.92-7.63 (m,4 H), 7.50-6.52 (m,10 H), 5.60-4.02 (m, 5 H,
aliph.-H) ppm.

BC{'H}-NMR (150 MHz, acetone-ds, 298 K): 6 = 144.7, 142.1, 136.9, 133.2, 130.3, 129.0, 128.4, 127.84, 127.79,
126.1,124.4,121.5, 120.72, 120.67, 68.0, 49.66, 47.97, 47.89 ppm.

IR (ATR): v = 3425 (w), 3353 (), 2348 (w), 2185 (w), 2163 (s), 2052 (m), 1978 (m), 1712 (s), 1619 (m), 1521 (s),
1503 (w), 1451 (w), 1433 (m), 1340 (m), 1253 (s), 1189 (w), 1172 (m), 1150 (w), 1102 (m), 1063 (m), 1051 (w),
876 (m), 764 (m), 745 (s), 659 (m), 638 (w), 621(m), 568 (w), 543 (m) cm"".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C2sH2004N37°Br+H*: 544.0867; found: 544.0870 + 0.58 ppm.
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8. Appendix

I.1.4 Synthesis of (9H-fluoren-9-yl)methyl-(Z)-3-bromodibenzo|c,qg][1,2,5]triazocin-11-
(12H)-carboxylatel"

Fmoc\

SpeN

(9H-fluoren-9-yl)methyl-(2-aminophenyl)(4-bromo-2-nitrobenzyl)carbamate (4.18 g, 7.68 mmol) was suspended in
250 mL EtOH and SnClz - 2 H20 (10.4 g, 46.1 mmol) was added. The reaction mixture was heated to 75 °C with an
oil bath and zinc-powder (4.02 g, 61.4 mmol) was added. The reaction mixture was stirred at 75 °C for 1 h and
cooled to rt. afterwards. It was stirred at rt. for 16 h and neutralized with saturated aqueous NaHCOs3 solution
subsequently. The solvent was evaporated and 100 mL water and 100 mL DCM were added to the residue. The
organic layer was separated and the aqueous layer was extracted twice with 100 mL DCM. The combined organic
layers were dried over MgSO4 and the solvent was evaporated. The residue was dissolved in 300 mL of acetic acid
and mCPBA (2.66 g, 15.4 mmol) dissolved in 300 mL acetic acid was added dropwise to the reaction mixture. The
reaction mixture was stirred at rt. for 16 h and the solvent was evaporated in the following. 100 mL DCM and 100 mL
half-concentrated aqueous NaHCO3 solution were added to the residue. The organic layer was separated and the
aqueous layer was extracted twice with 100 mL DCM. The combined organic layers were dried over MgSO4 and
the solvent was evaporated. After column chromatography on silica (ethyl acetate/cyclohexane = 1:4, Rr = 0.43) the
product could be obtained as yellow solid (2.27 g, 4.45 mmol, 58%, lit. 56%!").

melting point: 175 °C

"H-NMR (600 MHz, acetone-ds, 298 K): 6 = 7.99-7.77 (s, 2 H, Ar-H), 7.50-6.95 (m, 13 H, Ar-H), 4.99-3.95 (m, 5 H,
aliph.-H) ppm.

3C{'H}-NMR (150 MHz, acetone-ds, 298 K): 6 = 154.7, 142.1, 132.7, 131.3, 130.5, 129.5, 129.1, 128.5, 127.9,
126.1, 124.2, 122.6, 120.8, 119.7, 68.5, 52.7, 47.8 ppm.

IR (ATR): ¥ = 2946 (w), 2320 (w), 2256 (w), 2178 (w), 2038 (w), 1999 (w), 1701 (s), 1591 (m), 1475 (m), 1447 (m),
1389 (s), 1316 (s), 1243 (m), 1132 (m), 1074 (w), 1042 (m), 1023 (m), 1003 (w), 976 (w), 864 (w), 843 (w), 822 (m),
755 (s), 736 (s), 698 (m), 622 (m), 547 (m), 515 (w), 503 (m) cm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C2gH2203N2"°Br+H*: 510.0812, found: 510.0817 + 0.55 ppm.
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Figure SII.13: 600 MHz "H-NMR spectrum of (9H-fluoren-9-yl)methyl-(Z)-3-bromodibenzolc,g][1,2,5]triazocin-11-
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Figure SI1.15: 600 MHz 'H-13C HSQC spectrum of (9H-fluoren-9-yl)methyl-(Z)-3-bromodibenzo[c,g][1,2,5]triazocin-
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Figure SIl.16: 600 MHz HMBC spectrum of (9H-fluoren-9-yl)methyl-(Z)-3-bromodibenzo[c,g][1,2,5]triazocin-11-

(12H)-carboxylate.
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I1.1.5 Synthesis of (Z)-bromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine!"

10 H\’\r 12 4

9 2
10a 12a

8 6a 4a 3

7 N=N 2 Br
6 5

9H-fluoren-9-yl)methyl-(Z)-3-bromodibenzolc,g][1,2,5]triazocin-11-(12H)-carboxylate (1.63 g, 3.19 mmol) was
dissolved in 50 mL of DCM and 50 mL NEts was added. The reaction mixture was stirred at rt. for 16 h. the solvent
was evaporated and column chromatography on silica (ethyl acetate/cyclohexane 1:2, Rf = 0.32) gave a red solid
(893 mg, 3.17 mmol, quant., lit. 93%").

melting point: 149 °C

1H-NMR (500 MHz, acetone-ds, 298 K): & = 7.42 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, H-2), 7.33 (d, *J= 2.1 Hz, 1 H,
H-4),7.31 (d, % = 8.1 Hz, 1 H, H-1), 6.87 (td, 3J = 7.7 Hz, *J = 1.6 Hz, 1 H, H-9), 6.74 (dd, 3J = 8.0 Hz, *J = 1.6 Hz,
1H, H-7), 6.64 (td, 3J = 7.4 Hz, *J = 1.2 Hz, 1 H, H-8), 6.56 (dd, 3J = 8.1 Hz, J = 1.1 Hz, 1 H, H-10), 5.51 (s, 1 H,
NH-), 4.04 (s, 1 H, -H-12), 3.88 (s, 1 H, -H-12’) ppm.

BC{'H}-NMR (125 MHz, acetone-ds, 298 K): &= 160.1 (C-4a), 144.5(C-6a), 137.0 (C-10a), 132.4 (C-1),
131.8 (C-2), 129.1 (C-9), 124.0 (C-3), 123.5 (C-7), 122.6 (C-4), 121.7 (C-12a), 119.9 (C-10), 118.2 (C-8), 47.0 (C-
12) ppm.

IR (ATR): v = 3317 (s), 3026 (w), 2959 (w), 2878 (w), 1601 (m), 1587 (m), 1567 (w), 1511 (m), 1481 (s), 1455 (w),
1389 (m), 1363 (w), 1321 (s), 1272 (w), 1251 (s), 1191 (w), 1161 (m), 1139 (w), 1119 (w), 1093 (m), 1072 (m),
1034 (w), 956 (w), 898 (m), 831 (m), 812 (s), 740 (s), 720 (m), 702 (w), 651 (w), 603 (w) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C13H1oN3"°Br+H*: 288.01301; found: 288.0127 + 1.44 ppm.
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Figure SII.18: 125 MHz "8C{'H}-NMR spectrum of (Z)-bromo-11,12-dihydrodibenzolc,g][1,2,5]triazocine.
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Figure SI1.20: 500 MHz HMBC spectrum of (Z)-bromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine.
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.1.6 Synthesis of (2)-1«(3-bromodibenzo|c,g][1,2,5]triazocin-11(12H)-yl)-ethan-1-
one (2)"

O

10\/(’\}1 124
9 2
10a 12a
s 6a 4a 3
= Br
7 NN
6 5

(Z)-bromo-11,12-dihydrodibenzol[c,g][1,2,5]triazocine (500 mg, 1.8 mmol) were dissolved in 50 mL anhydrous DMF
under a nitrogen atmosphere. NEts (5 mL, 36 mmol) and AcOH (1.03 mL, 18 mmol) were added. The reaction
mixture was cooled to 0 °C and T3P (10 mL, 18 mmol, 50% in ethyl acetate) was added dropwise. The reaction
mixture was stirred at rt. for 16 h. 100 mL DCM and 100 mL deionized water were added and the organic layer was
separated. The aqueous layer was extracted twice with 100 mL DCM and the combined organic layers were dried
over MgSOs4. The solvent was removed and column chromatography on silica (ethyl acetate/cyclohexane 1:1,
Rr = 0.39) gave a yellow solid (492 mg, 1.49 mmol, 83%, lit. 86%!").

melting point: 163 °C

1H-NMR (600 MHz, acetone-ds, 298 K): & = 7.40 (dd, 3J = 7.4 Hz, 4J = 1.6 Hz, 1 H, H-8/9), 7.34-7.27 (m, 3 H, H-2,
H-7/10, H-8/9), 7.18 (d, 3J = 8.2 Hz, 1 H, H-1), 7.11 (d, 4J = 2.0 Hz, 1 H, H-4), 7.06 (dd, 3J = 7.8 Hz, *J= 0.9 Hz,
1 H, H-10), 5.02 (d, 2J = 14.8 Hz, 1 H, H-12a), 4.32 (d, 2J = 14.7 Hz, 1 H, H-12b), 1.79 (s, 3 H, CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 198 K): &= 169.4 (C=0), 157.2 (C-4a), 154.1 (C-6a/10a), 132.8 (C-1),
131.3 (C-2), 130.28 (C-8/9), 130.22 (C-8/9), 129.56 (C-7/10), 129.44 (C-6a/10a), 124.7 (C-12a), 122.7 (C-4),
122.3 (C-3), 120.0 (C-7/10), 51.5 (C-12), 23.0 (CHz) ppm.

IR (ATR): 7 = 3049 (m), 2928 (m), 1658 (s), 1590 (m), 1518 (w), 1475 (m), 1380 (s), 1338 (s), 1294 (m), 1242 (w),
1161 (m), 1115 (w), 1085 (m), 1031 (m), 1007 (w), 962 (m), 925 (w), 887 (w), 872 (w), 847 (m), 815 (s), 782 (w),
762 (s), 738 (m), 689 (w), 659 (m), 629 (w), 584s (w), 532 (w), 441 (s), 405 (m) cm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH12N3O7®Br+H*: 330.0237; found: 330.0233 + 1.18 ppm.
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I1.1.7 Synthesis of tert-butyl-(2-((4-iodo-2-nitrobenzyl)amino)phenyl)carbamate!"!

Under a nitrogen atmosphere triethylamine (4.25 mL, 24.9mmol) and 1-(bromomethyl)-4-iodo-2-
nitrobenzene (7.81 g, 22.9 mmol) were added to solution of tert-butyl-(2-aminophenyl)carbamate (4.77 g,
22.9 mmol) in 100 mL abs. THF. The reaction mixture was heated to reflux with an oil bath and stirred for 16 h at
that temperature. Afterwards the solvent was evaporated and 100 mL of deionized water and 100 mL DCM were
added to the residue. The organic layer was separated and the aqueous layer was extracted twice with 50 mL of
DCM. The combined organic layers were dried over MgSO4 and the solvent was evaporated. Recrystallization from
cyclohexane/ethyl acetate (1:1) gave the product as yellow solid (7.39 g, 15.7 mmol, 69%, lit. 96%!(").

melting point: 109 °C

TH-NMR (500 MHz, CDCls, 298 K): 6 = 8.37 (d, “J = 1.7 Hz, 1 H, Ar'-H-3), 7.85 (dd, 3J = 8.3 Hz, *J= 1.6 Hz, 1 H,
Ar'-H-5), 7.38 (d, 3J = 8.2 Hz, 1 H, Ar'-H-6), 7.24 (d, 3J = 7.6 Hz, 1 H, Ar-H-6), 7.00 (td, 3J = 8.0 Hz, “J = 1.3 Hz,
1 H, Ar'-H-4),6.75 (t,3J = 7.6 Hz, 1 H, Ar'-H-5),6.43 (d,%J = 8.0 Hz, 1 H, Ar'-H-3),6.18 (br. s, 1 H, NH), 4.68 (s, 2 H,
CH-2), 1.51 (s, 9 H, tBu-H) ppm.

13C{'H}-NMR (125 MHz, CDCls, 298 K): &= 154.4 (C=0), 148.6 (Ar'-C-2), 142.7 (Ar'-C-5), 141.5 (Ar-C-2),
135.3 (Arl-C-1), 133.8 (Ar'-C-3), 131.5 (Ar'-C-6), 127.1 (Ar-C-4), 126.0 (Ar-C-6), 124.3 (Ar-C-1), 118.9 (Ar-C-5),
112.9 (Ar-C-3), 91.6 (Ar'-C-4), 81.0 (-C-(CHa)s), 45.4 (-CHz), 28.5 (-CHz), ppm.

IR (ATR): ¥ = 3374 (m), 2974 (m), 2931 (w), 2169 (w), 2051 (w), 1978 (w), 1684 (m), 1605 (m), 1509 (s), 1446 (m),
1391 (w), 1366 (w), 1342 (m), 1307 (w), 1272 (w), 1244 (m), 1152 (s), 1047 (m), 1024 (m), 934 (w), 869 (w),
823 (w), 743 (s), 715 (w), 637 (w) cm..

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH2004N3'?"I+H*: 470.0571; found: 470.0572 + 0.08 ppm.

523
266



8. Appendix

R dHARILSESRRELIILE 3 a
B e S R e U= = U SV VSV gV < —
W™= SN\
|
=5 8933 22 fIq 2z23 SoT Ig = =
o5 See e Sl S JedS AT S ° <
\VeooN T sV N N |
1 I‘M [ M\ﬂﬂ JL
I I
ppm ppm 74 ppm ppm ppm 62ppm 47ppm
Y Y WE WY ¥ W
©|
S
E
2 |
. 3
! ' [

cyclohexane

(

{ water

8.5 8.0 7.5 5.5 5.0 4.5 40 3.5 3.0

A T

1.

8

5

1
1.0 0.5 ppm
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8. Appendix

1.1.8 Synthesis of (9H-fluoren-9-yl)methyl-(4-iodo-2-nitrobenzyl)(2-((tert-
butoxycarbonyl)amino)phenyl)carbamate!"!

|
I|=moc
N
@E NO,
NHBoc

DIPEA (2.67 mL, 15.7 mmol) and 9-Fluorenylmethoxycarbonyl chlorid (8.12 g, 31.4 mmol) were added to a solution
of tert-butyl-(2-((4-iodo-2-nitrobenzyl)amino)phenyl)carbamate (7.39 g, 15.7 mmol) in 50 mL abs. DMF under a
nitrogen atmosphere. The reaction mixture was stirred for 48 h at rt. and the solvent was evaporated subsequently.
100 mL of deionized water and 100 mL of DCM were added to the residue. The organic layer was separated and
the aqueous layer was extracted twice with 100 mL DCM. The combined organic layers were dried over MgSO4
and the solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:4, Rs = 0.48) gave
a slightly yellow solid (6.66 g, 9.63 mmol, 62%, lit. 33%!").

melting point: 99 °C

1H-NMR (600 MHz, acetone-ds, 298 K): 6=8.29 (d, *J= 1.8 Hz, 1 H, Ar-H), 8.08-7.70 (m, 5 H), 7.40-7.02 (m,
10 H), 5.18-4.93 (m, 2 H), 4.53-4.01 (m, 3 H), 1.45 (s, 9 H, tBu-H) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): 6 = 153.5, 143.0, 133.9, 129.2, 128.5, 127.9, 126.1, 124.4, 120.7,
92.7,80.4,68.4, 47.8, 28.5 ppm.

IR (ATR): v = 3314 (w), 3066 (W), 2051 (w), 2024 (w), 2012 (w), 1709 (s), 1595 (m), 1525 (s), 1477 (w), 1449 (s),
1401 (m), 1345 (m), 1296 (m), 1216 (m), 1155 (m), 1043 (m), 981 (w), 940 (w), 870 (m), 838 (w), 757 (w), 749 (),
738 (s), 620 (m), 573 (w), 538 (m), 494 (w) cm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C30H3006N3'?"1+H*: 692.1252; found: 692.1259 + 1.00 ppm.
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8. Appendix

11.1.9 Synthesis of (9H-fluoren-9-yl)methyl-(2-aminophenyl)(4-iodo-2-

nitrobenzyl)carbamate!!
|
IT'moc
0y
©i NO,

NH,

(9H-fluoren-9-yl)methyl-(4-iodo-2-nitrobenzyl)(2-((tert-butoxycarbonyl)amino)phenyl)carbamate (6.66 g, 9.63 mol)
was dissolved in 100 mL DCM and 30 mL TFA was added. The reaction mixture was stirred at rt. for 16 h and
neutralized with saturated aqueous NaHCOs3 subsequently. The organic layer was separated and the aqueous layer
was extracted twice with 100 mL. The combined organic layers were dried over MgSO4 and the solvent was
evaporated to obtain a pale yellow solid (5.74 g, 9.60 mmol, quant., lit. 96%!") which was used without further
purification.

melting point: 86 °C

1H-NMR (500 MHz, CDCls, 298 K): 5 = 8.24 (d, *J = 1.5 Hz, 1 H), 7.87 (br. s, 1 H), 7.72-7.62 (m, 2 H), 7.38-7.32 (m,
3 H), 7.22-7.10 (m, 5 H), 6.78-6.72 (m, 2 H), 6.69-6.65 (m, 1 H), 5.21 (br. s, 1 H, -CHz), 5.04-3.98 (m, 4 H) ppm.

3C{'H}-NMR (125 MHz, CDCls, 298 K): 6 = 155.2, 143.6, 142.3, 141.4, 133.5, 132.4, 129.2, 128.8, 127.8, 127.1,
125.3, 120.0, 119.0, 92.16, 68.0, 47.2 ppm.

IR (ATR): v = 3370 (w), 3039 (w), 2252 (w), 2168 (w), 1978 (w), 1695 (s), 1620 (m), 1525 (s), 1503 (w), 1477 (w),
1449 (m), 1402 (w), 1339 (m), 1297 (m), 1156 (w), 1136 (w), 1043 (w), 987 (w), 870 (m), 795 (w), 756 (w), 738 (s),
692 (w), 620 (m), 534 (w), 501 (w), 480 (w) cm™".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C2sH2204N3'271+H*: 592,0729; found: 592.0732 + 0.78 ppm.
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1.1.10 Synthesis of (9H-fluoren-9-yl)methyl-(Z)-3-iododibenzo[c,qg][1,2,5]triazocin-11-
(12H)-carboxylatel"

Fmoc\

Spe

(9H-fluoren-9-yl)methyl-(2-aminophenyl)(4-iodo-2-nitrobenzyl)carbamate (5.74 g, 9.71 mmol) was suspended in
250 mL EtOH and SnClz - 2 H20 (13.2 g, 46.1 mmol) was added. The reaction mixture was heated to 75 °C with an
oil bath and zinc-powder (5.08 g, 77.7 mmol) was added. The reaction mixture was stirred at that temperature for
1 h and then cooled to rt. It was stirred at rt. for 16 h and neutralized with saturated aqueous NaHCOg3 solution
subsequently. The solvent was evaporated and 100 mL water and 100 mL DCM were added to the residue. The
organic layer was separated and the aqueous layer was extracted twice with 100 mL DCM. The combined organic
layers were dried over MgSO4 and the solvent was evaporated. The residue was dissolved in 300 mL of acetic acid
and mCPBA (3.35 g, 19.42 mmol) dissolved in 300 mL acetic acid was added dropwise to the reaction mixture. The
reaction mixture was stirred at rt. for 16 h and the solvent was evaporated in the following. 100 mL DCM and 100 mL
half-concentrated aqueous NaHCO3 solution were added to the residue. The organic layer was separated and the
aqueous layer was extracted twice with 100 mL DCM. The combined organic layers were dried over MgSO4 and
the solvent was evaporated. After column chromatography on silica (ethyl acetate/cyclohexane = 1:4, Rr= 0.38) the
product could be obtained as yellow solid (2.59 g, 4.66 mmol, 48%, lit. 56%!").

melting point: 167 °C
TH-NMR (500 MHz, CDCls, 298 K): & = 7.97-6.98 (m, 15 H, Ar-H), 4.99-3.99 (m, 5 H, aliph. H), ppm.

13C{'H}-NMR (125 MHz, CDCls, 298 K): 6 = 154.4, 152.6, 144.7, 142.1, 137.4, 132.6, 130.5, 129.5, 129.1 128.54,
128.36, 127.9, 126.1, 124.8, 120.8, 119.7, 93.4, 68.5, 52.8, 47.8 ppm.

IR (ATR): v = 3071 (W), 2945 (w), 2255 (w), 2037 (w), 1700 (s), 1585 (m), 1485 (m), 1448 (s), 1315 (s), 1130 (s),
1072 (m), 1041 (m), 1021 (m), 976 (w), 878 (w), 863 (m), 820 (m), 753 (s), 735 (s), 696 (m), 670 (w), 640 (w),
546 (s), 512 (m), 487 (w), 464 (w), 434 (m) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C2sH2002N3"?"1+H*: 558.0673; found: 558.0667 + 1.09 ppm.
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Figure SII.37: 500 MHz '"H-NMR spectrum of (9H-fluoren-9-yl)methyl-(Z)-3-iododibenzolc,g][1,2,5]triazocin-11-
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Figure SI1.39: 500 MHz "H-'3C HSQC spectrum of (9H-fluoren-9-yl)methyl-(Z)-3-iododibenzo[c,g][1,2,5]triazocin-
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I1.1.11 Synthesis of (2)-3-iodo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine!"

Ha 12

10 \ 1

10a 12a

@a 4a 3

8

7 NN

6 5
(9H-fluoren-9-yl)methyl-(Z)-3-iododibenzolc,g][1,2,5]triazocin-11-(12H)-carboxylate (2.09 g, 3.75mmol) was
dissolved in 50 mL of DCM and 50 mL NEts was added. The reaction mixture was stirred at rt. for 16 h. the solvent

was evaporated and column chromatography on silica (ethyl acetate/cyclohexane 1:3, Rf = 0.25) gave a red solid
(1.25 g, 3.72 mmol, quant., lit. 84%!").

melting point: 151 °C

1H-NMR (500 MHz, acetone-ds, 298 K): & = 7.63 (dd, 3J = 8.0 Hz, 4/ = 1.8 Hz, 1 H, H-2), 7.52 (d, *J= 1.6 Hz, 1 H,
H-4),7.16 (d, ®J = 7.8 Hz, 1 H, H-1), 6.88 (td, 3J = 8.3 Hz, *J = 1.6 Hz, 1 H, H-9), 6.75 (dd, 3J = 8.0 Hz, *J = 1.6 Hz,
1H, H-7), 6.65 (td, 3J = 7.9 Hz, *J = 1.2 Hz, 1 H, H-8), 6.56 (dd, 3J = 8.2 Hz, %J = 1.0 Hz, 1 H, H-10), 5.42 (m¢, 1 H,
-NH), 3.97 (mc, 2 H, -CHz) ppm.

13C{'H}-NMR (125 MHz, acetone-ds, 298 K): & = 160.3 (C-4a), 144.6 (C-6a), 137.9 (C-2), 137.1 (C-10a), 131.8 (C-
1), 129.0 (C-9), 128.5 (C-4), 124.5 (C-12a), 123.6 (C-7), 119.9 (C-10), 118.3 (C-8), 93.1 (C-3), 47.2 (CHz) ppm.

IR (ATR): v = 3381 (m), 3042 (w), 2255 (w), 2169 (w), 1597 (m), 1582 (m), 1514 (w), 1479 (s), 1385 (w), 1315 (m),
1246 (w), 1161 (m), 1145 (w), 1117 (w), 1066 (m), 970 (w), 938 (w), 912 (m), 875 (w), 835 (m), 810 (m), 749 (s),
721 (w), 703 (w), 650 (w), 601 (m), 543 (w), 501 (w), 466 (m), 454 (w) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C13H1oN3'?71+H*: 335.9992; found: 335.9986 + 0.57 ppm.
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Figure SIl.41: 500 MHz "H-NMR spectrum of (2)-3-iodo-11,12-dihydrodibenzol[c,g][1,2,5]triazocine.
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8. Appendix

.1.12 Synthesis of (2)-1-(3-iododibenzo|c,g][1,2,5]triazocin-11(12H)-yl)-ethan-1-
one (3)!"

o}
10\<11 12 4

9 N 2
10a 12a
a 3
8 = |
7 4

6 4a
N=N
6 5

(Z)-3-iodo-11,12-dihydrodibenzol[c,g][1,2,5]triazocine (603 mg, 1.8 mmol) were dissolved in 50 mL anhydrous DMF
under a nitrogen atmosphere. NEts (2.5 mL, 3.6 mmol) and AcOH (1.03 mL, 18 mmol) were added. The reaction
mixture was cooled to 0 °C and T3P (10 mL, 18 mmol, 50% in ethyl acetate) was added dropwise. The reaction
mixture was stirred at rt. for 16 h. 100 mL DCM and 100 mL deionized water were added and the organic layer was
separated. The aqueous layer was extracted twice with 100 mL DCM and the combined organic layers were dried
over MgSO4. The solvent was removed and column chromatography on silica (ethyl acetate/cyclohexane 1:1,
Rt = 0.39) gave a yellow solid (476 mg, 1.26 mmol, 70%, lit. 60%!").

melting point: 179 °C

TH-NMR (600 MHz, acetone-ds, 298 K): 6=7.51 (dd, 3J=8.0 Hz, *J=1.8 Hz, 1 H, H-2), 7.40 (td, 3J=7.5 Hz,
4J=1.6Hz, 1H, H-8/9), 7.32-7.26 (m, 3 H, H-4, H-7/10, H-8/9), 7.06 (dd, 3J=7.8 Hz, *J = 1.1 Hz, 1 H, H-7/10),
7.03(d, 3J=8.1Hz, 1H, H-1), 5.02 (d, 2J=14.6 Hz, 1 H, H-12), 4.29 (d, 2J=14.7 Hz, 1 H, H-12"), 1.79 (s, 3 H,
CHs), ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): & = 169.4 (C=0), 157.1 (C-4a), 154.2 (C-6a/10a), 137.4 (C-2),
132.7 (C-1), 130.28 (C-7/10), 130.18 (C-8/9), 129.54 (C-8/9), 129.45 (C-6a/10a), 128.4 (C-4), 125.2 (C-12a),
120.0 (C-7/10), 93.5 (C-3), 51.6 (C-12), 23.0 (CHs) ppm.

IR (ATR): ¥ = 3057 (w), 3010 (w), 2930 (w), 2021 (w), 1654 (s), 1582 (m), 1554 (w), 1513 (w), 1473 (m), 1432 (w),
1377 (s), 1336 (s), 1296 (m), 1250 (w), 1110 (m), 1084 (m), 1030 (m), 1009 (w), 970 (m), 917 (w), 842 (m), 823 (s),
767 (s), 735 (w), 652 (m), 598 (m), 582 (m), 514 (m), 485 (m), 470 (w), 437 (s) cm.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C15H11ON3'?7I+H*: 378.0098; found: 378.0090 + 2.03 ppm.
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Figure SI.47: 600 MHz 'H-'3C HSQC spectrum of (2)-1-(3-iododibenzo[c,g][1,2,5]triazocin-11(12H)-yl)-ethan-1-
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1.1.13 Synthesis of tert-butyl-(5-bromo-2-nitrophenyl)carbamate

A __NO,
2

Br~5 5 NHBoc

4

Under a nitrogen atmosphere NaH (444 mg, 18.5 mmol, 60% in mineral oil) was suspended in 10 mL anhydrous
DMF and 5-bromo-2nitroaniline (6, 1.00 g, 4.61 mmol) was added at 0 °C. The reaction mixture was stirred at 0 °C
for 10 min. and at rt. for 30 min. Di-tert-butyldicarbonate (1.00 g, 4.66 mmol) dissolved in 10 mL anhydrous DMF
was added dropwise and the reaction mixture was stirred at rt. for 16 h and poured on ice subsequently. The organic
layer was separated and the aqueous layer was extracted twice with 50 mL ethyl acetate. The combined organic
layers were dried over MgSO4 and the solvent was evaporated. After column chromatography on silica (ethyl
acetate/cyclohexane 1:10, Rr = 0.70) the product could be obtained as pale green solid (1.14 g, 3.60 mmol, 78%).

melting point: 83 °C

1H-NMR (500 MHz, CDCls, 298 K): 5= 9.73 (br. s, 1 H, NH), 8.85 (d, *J = 2.1 Hz, 1 H, H-6), 8.06 (d, 3J = 9.1 Hz,
1H, H-3), 7.21 (dd, 3J = 9.0 Hz, %J = 2.2 Hz, 1 H, H-4), 1.55 (s, 10 H, CHs) ppm.

13C{'H}-NMR (125 MHz, CDCls, 198 K): &= 151.9 (C=0), 137.0 (C-1), 134.6 (C-2), 131.5 (C-4), 127.1 (C-6),
125.2 (C-5), 123.4 (C-3), 82.6 (C-(CHa)3), 28.3 (CH3), ppm.

IR (ATR): v = 3356 (w), 3115 (w), 2980 (w), 1729 (m), 1605 (m), 1569 (m), 1537 (w), 1489 (m), 1470 (m), 1427 (m),
1392 (w), 1368 (w), 1327 (m), 1298 (m), 1244 (m), 1204 (w), 1144 (s), 1093 (w), 1073 (m), 1049 (w), 1027 (w),
923 (w), 837 (m), 818 (m), 773 (w), 761 (w), 750 (m), 672 (m), 603 (w), 583 (w) cm’".

MS (El, 70eV): m/z(%)=318.00 [C11H13®'BrN204]*,  316.01 [C11H13"°BrN204]*,  260.95 [CsHs"°BrN203]*,
215.95 [CoH37°BrN202]", 185.95 [CoHa®BrN101]*, 169.94 [CeHs®BrN]*, 90.03 [CeHa *BrN]*.

HR-MS (El, 70 eV, acetone): m/z [M]* calculated for C11H13N2047°Br*: 316.0057; found.: 316.0059 + 0.44 ppm.
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Figure SlI.51: 500 MHz 'H-"3C HSQC spectrum of tert-butyl-(5-bromo-2-nitrophenyl)carbamate.
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8. Appendix

1.1.14 Synthesis of tert-butyl-(2-amino-5-bromophenyl)carbamate (5)

A _NH,

4 2
.

Br7 5 . NHBoc

tert-butyl-(5-bromo-2-nitrophenyl)carbamate (1.80 g, 5.70 mmol), sodium dithionite (3.97 g, 22.7 mmol) and
sodium bicarbonate (4.79 g, 57.0 mmol) were suspended in 48 mL 1,4-dioxane/deionized water mixture (5:1),
heated to reflux with an oil bath and stirred at given temperature for 2 h. After cooling down 100 mL deionized water
were added and the reaction mixture was extracted three times with 50 mL ethyl acetate. After drying the combined
organic layers over MgSO4 and evaporation of the solvent the product could be obtained as yellow solid (1.58 g,
5.53 mmol, 97 %)

melting point: 141 °C

1H-NMR (500 MHz, CDCls, 298 K): 6= 7.52 (s, 1 H, H-6), 7.08 (dd, 3J = 2.4 Hz, *J = 8.4 Hz, 1 H, H-4), 6.67 (d,
4J=8.4 Hz, 1 H, H-3), 6.32 (s, 1 H, -NH), 3.71(s, 2 H, -NH2), 1.51 (s, 9 H, -CHs) ppm.

13C{'"H}-NMR (125 MHz, CDCls, 298 K): & = 153.5 (C=0), 137.8 (C-2), 128.6 (C-4), 126.8 (C-6), 119.3 (C-3),
111.8 (C-1), 81.2 (C-(CHa)s), 28.4 (CH3) ppm.

IR (ATR): ¥ = 3440 (w), 3359 (m), 3295 (m), 2980 (M), 2929 (w), 2163 (w), 1980 (w), 1673 (s), 1634 (m), 1589 (m),
1515 (s), 1488 (m), 1454 (w), 1416 (s), 1389 (m), 1362 (m), 1322 (m), 1282 (s), 1248 (s), 1224 (w), 1149 (s),
1049 (m), 1024 (m), 882 (m), 857 (m), 817 (w), 807 (m), 777 (m), 760 (w), 742 (m), 627 (m), 601 (m), 556 (s) cm".

MS (El, 70 eV): miz (%) = 288.02991 [C11H1579BrN202]*, 286.03176 [C11H1s7°BrN202]*, 229.97 [C7Hs"°BrN203]*,
185.98 [CoHe 9BrN?*.

HR-MS (El, 70 eV, acetone): m/z [M]* calculated for C11H15"°BrN202*: 286.0318; found: 286.0317 + 0.24 ppm.
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8. Appendix

1.1.15 Synthesis of tert-butyl-(5-bromo-2-((4-bromo-2-
nitrobenzyl)amino)phenyl)carbamate

Br”3 5 NHBoc

Under a nitrogen atmosphere triethylamine (3.06 mL, 18.0 mmol) and 1-(bromomethyl)-4-bromo-2-
nitrobenzene (5.17 g, 17.5 mmol) were added to solution of tert-butyl-(2-amino-5-bromophenyl)carbamate (5.02 g,
17.5 mmol) in 100 mL abs. THF. The reaction mixture was heated to reflux with an oil bath and stirred for 16 h at
given temperature. Afterwards the solvent was evaporated and 100 mL of deionized water and 100 mL DCM were
added to the residue. The organic layer was separated and the aqueous layer was extracted twice with 50 mL of
DCM. The combined organic layers were dried over MgSQO4 and the solvent was evaporated. Recrystallization from
cyclohexane/ethyl acetate (1:1) gave the product as yellow solid (7.39 g, 15.7 mmol, 62%).

melting point: 186 °C

H-NMR (500 MHz, CDCls, 298 K): & = 8.22 (d, “J = 2.0 Hz, 1 H, Ar'-H-3), 7.68 (dd, *J = 2.1 Hz, 3J = 8.3 Hz, 1 H,
Arl-H-4), 7.49-7 43 (m, 2 H, Af'-H-3, Ar'-H-2), 7.08 (dd, *J = 2.2 Hz, 3J = 8.6 Hz, 1 H, Ar-H-4), 6.32 (s, 1 H, Ar-H-5),
6.20 (br. s, 1 H, -CONH), 4.98 (br. S, 1 H, -NH), 4.74-4.41 (m, 3 H, -CHz, -NH), 1.51 (s, 9 H, -CHs) ppm.

3C{'"H}-NMR (125 MHz, CDCls, 198 K): &=153.9 (C=0), 148.8 (Ar'-C-1), 140.1 (Ar-C-2), 136.9 (Ar'-C-4),
133.9 (Af'-C-5),  131.4 (Af-C-3), 129.5 (Ar-C-4),  128.30 (Ar'-C-6), 128.15 (Ar-C-6),  126.1 (Ar-C-1),
121.5 (A'-C-2), 114.6 (Ar'-C-3), 110.90 (Ar'-C-5), 81.5 (-C-(CHa)s), 45.6 (-CHz), 28.4 (-CHs) ppm.

IR (ATR): 7 = 3421 (m), 2982 (m), 2211 (w), 1685 (s), 1594 (m), 1527 (s), 1497 (m), 1366 (m), 1342 (m), 1281 (m),
1243 (s), 1152 (s), 1054 (w), 875 (s), 857 (w), 831 (w), 807 (m), 790 (w), 751 (m), 627 (w), 551 (m) cm".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH19"°BraN3O4+H*: 499.9815; found: 499.9808 + 151 ppm.
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1.1.16 Synthesis of (9H-fluoren-2-yl)methyl-(4-bromo-2-((tert-
butoxycarbonyl)amino)phenyl)(4-bromo-2-nitrobenzyl)carbamate

DIPEA (820 pL, 5 mmol) and 9-Fluorenylmethoxycarbony! chlorid (2.50 g, 4.83 mmol) were added to a solution of
tert-butyl-(5-bromo-2-((4-bromo-2-nitrobenzyl)amino)phenyl)carbamate (2.42 g, 4.83 mmol) in 50 mL abs. DMF
under a nitrogen atmosphere. The reaction mixture was stirred for 48 h at rt. and the solvent was evaporated
subsequently. 100 mL of deionized water and 100 mL of DCM were added to the residue. The organic layer was
separated and the aqueous layer was extracted twice with 100 mL DCM. The combined organic layers were dried
over MgSO4 and the solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:4,
Rr = 0.34) gave a colorless solid (302 mg, 418 umol, 13%).

melting point: 88 °C

TH-NMR (500 MHz, CDCl3, 298 K): 6 = 8.16 (br. s, 1 H, -CONH), 8.06 (s, 1 H, Ar-H), 7.66 (d, 3J = 7.4 Hz, 2 H, Ar-H),
7.58 (br. s, 1 H, Ar-H), 7.38-7.33 (m, 2 H, Ar-H), 7.25-6.98 (s, 6 H, Ar-H), 6.61 (br. s, 1 H, Ar-H), 6.32 (br. s, 1 H,
Ar-H), 5.09 (br. s, 1 H, -CH-), 4.78 (br. s, 1 H, -CH>2), 4.52 (br. s, 2 H, Fmoc-CH-), 4.05 (s, 1 H, Fmoc-CH), 1.46 (s,
9 H, -CHs) ppm.

3C{'H}-NMR (125 MHz, CDCls, 298 K): & = 155.6, 143.3, 141.4, 136.5, 129.0, 128.08, 127.86, 127.1, 126.5, 124.7,
123.3, 120.1, 81.6, 68.2, 47.0, 28.4 ppm.

IR (ATR): ¥ = 2929 (w), 2166 (w), 1713 (s), 1583 (m), 1531 (s), 1512 (s), 1450 (m), 1392 (w), 1347 (w), 1276 (w),
1233 (m), 1151 (s), 1022 (w), 877 (m), 758 (s), 749 (s), 739 (s), 621 (w), 545 (w) cm".

HR-MS (ESI, CHCIs/MeOH): m/z [M+H]* calculated for CasHzsOsN3Bra+H*: 722.0496; found: 722.0490 + 0.82 ppm.
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.1.17 Synthesis of (9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-
nitrobenzyl)carbamate

(9H-fluoren-2-yl)methyl-(4-bromo-2-((tert-butoxycarbonyl)amino)phenyl)(4-bromo-2-

nitrobenzyl)carbamate (599 mg, 828 ymol) was dissolved in 25 mL DCM and 10 mL TFA was added. The reaction
mixture was stirred at rt. for 16 h and neutralized with saturated aqueous NaHCOs3 subsequently. The organic layer
was separated and the aqueous layer was extracted twice with 100 mL. The combined organic layers were dried
over MgSO4 and the solvent was evaporated to obtain a pale yellow solid (518 mg, 827 ymol, quant.) which was
used without further purification.

melting point: 185 °C

'H-NMR (600 MHz, CDCls, 298 K): & = 8.06 (d,*J = 1.9 Hz, 1 H, Ar-H), 7.73-7.61 (m, 3 H, Ar-H), 7.39-7.33 (m, 3 H,
Ar-H), 7.25-7.11 (m, 4 H, Ar-H), 6.82 (br. s, 1 H, Ar-H), 6.70 (br. s, 1 H, Ar-H), 6.47 (br. s, 1 H, Ar-H), 5.11 (br. s,
1H, -CH2), 4.88 (br. s, 1 H, -CH2), 4.49 (d, 2J = 19.9 Hz 2 H, Fmoc-CH>), 4.07 (br. s, 1 H, Fmoc-CH), 3.50 (br. s,
2 H, -NH-2) ppm.

3C{'H}-NMR (150 MHz, CDCls, 298 K): 6 = 143.2, 140.9, 135.9, 132.3, 129.8, 127.41, 127.25, 126.6, 124.4, 122.3,
119.5, 67.7, 48.3, 46.7 ppm.

IR (ATR): ¥ = 3388 (m), 2925 (m), 2850 (w), 1704 (s), 1621 (m), 1523 (s), 1496 (s), 1450 (m), 1413 (s), 1394 (w),
1351 (m), 1297 (s), 1278 (w), 1229 (m), 1198 (w), 1182 (w), 1161 (m), 1139 (m), 1101 (w), 1066 (w), 1025 (m),
992 (m), 889 (w), 877 (m), 857 (w), 792 (m), 763 (s), 738 (s), 698 (w), 620 (w), 589 (w), 538 (), 503 (w) cm"".

HR-MS (ESI, CHCI3s/MeOH): m/z [M+H]* calculated for C2sH2104NsBrz+H*: 621.9972; found: 621.9975 + 0.49 ppm.
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Figure SI.65: 600 MHz 'H-NMR spectrum of (9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-
nitrobenzyl)carbamate.
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Figure SI1.66: 150 MHz '3C{'H}-NMR spectrum of (9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-
nitrobenzyl)carbamate.
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Figure SII.67: 600 MHz 'H-'3C HSQC spectrum of (9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-
nitrobenzyl)carbamate.
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Figure SII.68: 600 MHz HMBC spectrum of (9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-
nitrobenzyl)carbamate.
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1.1.18 Synthesis of (9H-fluoren-9-yl)methyl-(2)-3,8-dibromodibenzo[c,g][1,2,5]triazocin-
11(12H)carboxylate

(9H-fluoren-9-yl)methyl-(2-amino-4-bromophenyl)(4-bromo-2-nitrobenzyl)carbamate (500 mg, 802 umol) was
suspended in 50 mL EtOH and SnClz - 2 H20 (1.09 g, 4.81 mmol) was added. The reaction mixture was heated to
75 °C with an oil bath, zinc-powder (420 mg, 6.42 mmol) was added and it was stirred at given temperature. After
cooling to rt the reaction mixture was stirred at for 16 h and neutralized with saturated aqueous NaHCO3 solution
subsequently. The solvent was evaporated and 100 mL water and 100 mL DCM were added to the residue. The
organic layer was separated and the aqueous layer was extracted twice with 100 mL DCM. The combined organic
layers were dried over MgSO4 and the solvent was evaporated. The residue was dissolved in 25 mL of acetic acid
and mCPBA (277 mg, 1.60 mmol) dissolved in 25 mL acetic acid was added dropwise to the reaction mixture. The
reaction mixture was stirred at rt. for 16 h and the solvent was evaporated in the following. 50 mL DCM and 50 mL
half-concentrated aqueous NaHCOs3 solution were added to the residue. The organic layer was separated and the
aqueous layer was extracted twice with 50 mL DCM. The combined organic layers were dried over MgSO4 and the
solvent was evaporated. After column chromatography on silica (ethyl acetate/cyclohexane = 1:4, Rs= 0.58) the
product could be obtained as yellow solid (63.6 mg, 108 pmol, 14%).

melting point: 91 °C

TH-NMR (600 MHz, CDCls, 298 K): & =7.81-6.58 (m, 14 H, Ar-H), 4.92-4.03 (m, 5H, -CH>, -CH2', Fmoc-CHz,
Fmoc-CH) ppm.

BC{'H}-NMR (150 MHz, CDCls, 298 K): & = 152.8, 143.4, 141.3, 131.23, 131.19, 130.94, 130.71, 127.7, 127.0,
124.8, 122.21, 122.00, 119.9, 67.7, 52.0, 46.9 ppm.

IR (ATR): ¥ = 2922 (s), 2853 (m), 2360 (w), 2347 (w), 2228 (w), 2169 (w), 2019 (w), 1980 (w), 1961 (w), 1705 (s),
1590 (w), 1464 (w), 1450 (m), 1390 (m), 1317 (m), 1296 (w), 1228 (m), 1176 (m), 1071 (m), 1026 (m), 870 (m),
818 (m), 757 (m), 737 (s), 655 (w), 620 (m), 590 (w), 547 (m), 521 (w), 458 (m) cm"".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C2sH1902NsBrz+H*: 587.99169; found: 587.99067 + 1.74 ppm.
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Figure SII.69: 600 MHz 'H-NMR spectrum of (9H-fluoren-9-yl)methyl-(2)-3,8-dibromodibenzol[c,g][1,2,5]triazocin-
11(12H)carboxylate.
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Figure SII.70: 150 MHz BC{'H}-NMR spectrum of (9H-fluoren-9-yl)methyl-(Z)-3,8-
dibromodibenzo[c,g][1,2,5]triazocin-11(12H)carboxylate.
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Figure  SIL.71:  600MHz  'H-®C  HSQC  spectum  of  (9H-fluoren-9-yl)methyl-(Z)-3,8-

dibromodibenzo[c,g][1,2,5]triazocin-11(12H)carboxylate.
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Figure SII.72: 600 MHz HMBC spectrum of (9H-fluoren-9-yl)methyl-(2)-3,8-dibromodibenzo|c,g][1,2,5]triazocin-

11(12H)carboxylate.
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1.1.19 Synthesis of (Z)-3,8-dibromo-11,12-dihydrodibenzo|c,g][1,2,5]triazocine

10 H\” 12 4

9 N 2
10a 12a
8 6a 4a 3
Br Br

7 NN
6 5

(9H-fluoren-9-yl)methyl-(Z)-3,8-dibromodibenzo|c,g][1,2,5]triazocin-11(12H)carboxylate (30.0 g, 50.9 ymol) was
dissolved in 50 mL of DCM and 50 mL NEts was added. The reaction mixture was stirred at rt. for 16 h. the solvent
was evaporated and column chromatography on silica (ethyl acetate/cyclohexane 1:3, R = 0.32) gave a red solid
(12.0 mg, 32.7 ymol, 64%).

melting point: 191 °C

TH-NMR (600 MHz, CDCls, 298 K): 6 = 7.38 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, H-2), 7.33 (d, *J = 1.9 Hz, 1 H, H-4),
7.10 (d,3J = 8.1 Hz, 1 H, H-1), 7.00 (dd, J = 8.6 Hz,4J = 2.3 Hz, 1 H, H-9), 6.96 (d, *J = 2.2 Hz, 1 H, H-10), 6.31 (d,
3J=8.6 Hz, 1 H, H-7), 4.08-3.81 (m, 3 H, -NH, H-12) ppm.

13C{'H}-NMR (150 MHz, CDCls, 298 K): & = 158.6 (C-4a), 144.4 (C-6a), 134.3 (C-10-a), 131.8 (C-2), 131.4 (C-9),
130.8 (C-1), 125.7 (C-10), 122.8 (C-4), 122.3 (C-3), 121.6 (C-12a), 120.5 (C-7), 110.3 (C-8), 47.1 (CH2) ppm.

IR (ATR): 7 = 3307 (m), 2920 (m), 2360 (w), 2177 (w), 2020 (w), 1735 (w), 1588 (m), 1563 (w), 1520 (w), 1501 (w),
1479 (s), 1451 (w), 1378 (m), 1316 (m), 1269 (m), 1244 (m), 1192 (w), 1160 (m), 1120 (m), 1091 (m), 1056 (M),
967 (w), 904 (w), 858 (m), 831 (m), 806 (M), 775 (m), 720 (w), 696 (w), 518 (s) cm".

HR-MS (ESI, EtOAc): m/z [M+H]* calculated for C13HsN3"Br2+H*: 365.9236; found: 365.9233 + 0.89 ppm.
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Figure SIL.73: 600 MHz "H-NMR spectrum of (2)-3,8-dibromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine.
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Figure SII.74: 150 MHz "C{'H}-NMR spectrum of (Z)-3,8-dibromo-11,12-dihydrodibenzol[c,g][1,2,5]triazocine.

S60

303



8. Appendix

“ I AN A ppm

|
+ o0
) - 20
. - 40
- 60
’ - 80
-100
.. - -120
T -140
-160
I T
9 8

T T T T T T T
7 6 5 4 3 2 1 ppm

Figure SI1.75: 600 MHz "H-13C HSQC spectrum of (2)-3,8-dibromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine.
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Figure SII.76: 600 MHz HMBC spectrum of (Z)-3,8-dibromo-11,12-dihydrodibenzo[c,g][1,2,5]triazocine.
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1.1.20 Synthesis of (Z)-(3,8-dibromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (4)

O

10 E” 12 4

10a 12a

e 30
Br 5 N=N . Br

6 5
(Z)-3,8-dibromo-11,12-dihydrodibenzolc,g][1,2,5]triazocine (12.0 mg, 32.7 umol) were dissolved in 1 mL anhydrous
DMF under a nitrogen atmosphere. NEts (36.4 pL, 261 ymol) and AcOH (19.0 uL, 32.7 ymol) were added. The
reaction mixture was cooled to 0 °C and T3P (167 pL, 327 pymol, 50% in ethyl acetate) was added dropwise. The
reaction mixture was stirred at rt. for 16 h. 10 mL DCM and 10 mL deionized water were added and the organic
layer was separated. The aqueous layer was extracted twice with 10 mL DCM and the combined organic layers
were dried over MgSQO4. The solvent was removed and column chromatography on silica (ethyl acetate/cyclohexane

1:1, Rf = 0.37) gave a yellow solid (11.5 mg, 28.1 umol, 86%).
melting point: 222 °C

TH-NMR (500 MHz, CDCls, 298 K): 6=7.32(dd, 3J=8.4Hz, 4/=22Hz, 1H, H-9), 7.25(dd, 3J=8.2 Hz,
4J=2.0Hz 1H,H-2),7.12(d,*J=2.1 Hz, 1 H, H-7), 7.07 (d,*J = 1.8 Hz, 1 H, H-4), 6.95 (d, 3J = 8.2 Hz, 1 H, H-1),
6.92 (d, 3J=8.4Hz, 1H, H-10), 5.01 (d, 2J=15.2 Hz, 1 H, H-12), 4.28 (d, 2J=14.5Hz, 1 H, H-12'), 1.91 (s,
3 H, -CHs) ppm.

3C{'H}-NMR (125 MHz, CDCls, 198 K): & = 169.8 (C=0), 155.8 (C-4a), 153.5 (C-6a), 131.9 (C-9), 131.44 (C-1),
131.17 (C-2), 130.3 (C-10), 127.6 (C-10a), 122.93 (C-8), 122.68 (C-7), 122.59 (C-12a), 122.44 (C-4), 51.4 (C-12),
23.2 (CHs) ppm.

IR (ATR): 7 = 2920 (m), 2851 (w), 1654 (s), 1589 (m), 1557 (w), 1523 (w), 1469 (m), 1372 (s), 1332 (m), 1291 (m),
1268 (w), 1241 (w), 1159 (m), 1112 (m), 1075 (m), 1034 (w), 968 (M), 940 (w), 925 (w), 882 (m), 858 (M), 844 (s),
807 (s), 760 (m), 731 (m), 689 (w), 657 (m), 601 (m), 572 (s), 465 (s) cm"".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH1101NsBrz+H*: 407.9342; found: 407.9335 + 1.62 ppm.
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Figure SIL77: 500 MHz '"H-NMR spectrum of (Z)-(3,8-dibromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (4).
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Figure SI1.78: 125 MHz "3C{'H}-NMR spectrum of (Z)-(3,8-dibromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (4).
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I1.2 Syntheses of diazocine derivatives via cross-coupling reactions

11.2.1 Synthesis of (Z)-1-(3-phenyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (7)

Preparation via Stille-coupling:

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 ymol) and Pd(PtBus)2 (3.1 mg,
6.06 pmol) were dissolved in 2 mL anhydrous THF and stirred at rt. for 10 min. PhsSnClI (23.4 mg, 60.6 ymol) was
added and the reaction mixture was heated to 65 °C with an oil bath and stirred for 16 h at given temperature. After
cooling to rt. deionized water and DCM were added and the reaction mixture was extracted with 10 mL DCM twice.
The combined organic layers were dried over MgSO4 and the solvent was evaporated. Column chromatography on
silica (ethyl acetate/cyclohexane 1:1, Rr= 0.39) gave a mixture of starting material and product. The yield was
determined via NMR (from bromide 2: 1.9 mg, 5.67 uymol, 10%; from iodide 3: 1.9 mg, 5.67 pmol, 10%).

Preparation via Suzuki-coupling:

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 ypmol, 3: 23.0 mg, 60.6 umol), phenylboronic acid (14.8 mg,
121 pmol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 ymol) were dissolved in
2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with an oil bath
and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with 10 mL of DCM
twice, dried over MgSOs and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rr=0.39) gave the product as yellow solid (from bromide 2: 14.7 mg, 44.8 pmol, 74%;
from iodide 3: 16.5 mg, 50.3 pmol, 83%).

melting point: 187 °C

TH-NMR (600 MHz, acetone-ds, 298 K): 6 = 7.61 (d, 3J = 8.4 Hz, 2 H, H-14), 7.46-7.42 (m, 3 H, H-2, H-15), 7.38-
7.23 (m, 5H, H-16, H-7/8/9/10, H-7/8/9/10, H-1, H-8/9), 7.18 (d, *J=1.8 Hz, 1 H, H-4), 7.04 (dd, 3J=7.8 Hz,
4J=12Hz, 1H, H-7110), 511(d, 2J=146Hz, 1H, H-12), 435(d, 2J=14.6Hz, 1H, H-12), 1.82(s,
3 H, -CHs) ppm.

BC{'H}-NMR (150 MHz, acetone-ds, 298 K): &=169.4 (C=0), 156.8 (C-4a), 154.4 (C-6a), 142.1(C-3),
140.0 (C-13), 131.5(C-1), 130.13 (C-7/8/9/10), 130.08 (C-7/8/9/10), 129.84 (C-15), 129.69 (C-10a),
129.26 (C-8/9), 128.9 (C-16), 127.7 (C-14), 126.6 (C-2), 124.1 (C-12a), 120.0 (C-7/10), 118.0 (C-4), 51.8 (C-12),
23.1 (CHs), ppm.

IR (ATR): v = 2925 (m), 1656 (s), 1612 (w), 1590 (w), 1478 (m), 1448 (w), 1373 (s), 1335 (m), 1287 (w), 1157 (w),
1106 (w), 1076 (w), 1035 (w), 967 (w), 950 (w), 922 (w), 891 (w), 873 (w), 835 (m), 759 (s), 702 (m), 633 (m),
600 (w), 570 (m), 542 (w), 514 (m), 491 (m), 451 (w), 439 (w), 405 (m) cm".

HR-MS (ESI, acetone): m/z [M+H]* calculated for C21H17ONs+H*: 328.1444; found: 328.1440 + 1.35 ppm.
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Figure SI.81: 600 MHz 'H-NMR spectrum of (Z)-1-(3-phenyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (7).
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Figure SI1.82: 150 MHz "3C{'H}-NMR spectrum of (Z)-1-(3-phenyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (7).
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Figure SI1.83: 600 MHz 'H-"3C HSQC spectrum of (2)-1-(3-phenyldibenzol[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (7).
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Figure Sl1.84: 600 MHz HMBC spectrum of (Z)-1-(3-phenyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (7).
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11.2.2 Synthesis of (Z)-1-(3-vinyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (8)

O

—_—<? 1

11
10 N 12
9 2
10a 12a
6 4, 3 4
8 a_ a /

Y N=N" 13
6 5

Preparation via Stille-coupling:

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 ymol), Pd(OAc)2 and PPhs (12.7 mg,
48.5 ymol) were dissolved in 2 mL anhydrous DMF and stirred at rt. for 15 min. vinyltributyltin (57.7 mg, 181 ymol)
was added and the reaction mixture was heated to 100 °C with an oil bath and stirred for 16 h at given temperature.
After cooling to rt. brine and ethyl acetate were added and the organic layer was separated. The aqueous layer was
extracted with 10 mL ethyl acetate twice. The combined organic layers were dried over MgSO4 and the solvent was
evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:1, Rt = 0.41) gave the product as yellow
solid (from bromide 2: 10.9 mg, 39.4 umol, 65%; from iodide 3: 11.8 mg, 43.0 ymol, 71%).

Tin-free preparation following the DENMARK-procedure[3]:

PdBr2 (1.60 mg, 6.06 umol) and JohnPhos (1.8 mg, 6.06 umol) were suspended in 2 mL anhydrous THF, 1,3,5,7-
tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane (D4V, 13.4 pL, 38.8 umol) and TBAF (1 M in THF, 242 uL, 242 ymol)
were added and the reaction mixture was stirred for 10 min. at rt. The halogenated N-acetyl diazocine (2: 20.0 mg,
60.6 ymol, 3: 23.0 mg, 60.6 ymol) was added, the reaction mixture was heated to 50 °C with an oil bath, stirred for
16 h at given temperature and the solvent was evaporated subsequently. After column chromatography on silica
(ethyl acetate/cyclohexane, Rr= 0.39) the product could be obtained as yellow solid (from bromide 2: 12.4 mg,
44.8 ymol, 74%; from iodide 3: 13.0 mg, 46.9 pymol, 78%).

melting point: 144 °C

1H-NMR (500 MHz, acetone-ds, 298 K): & =7.35 (td, 3J=7.6 Hz, *J=1.4 Hz, 1H, H-8), 7.29 (dd, 3J=7.9 Hz,
4J=1.7 Hz, 1 H, H-10), 7.25 (dd, 3J = 7.3 Hz,*J = 1.4 Hz, 1 H, H-7), 7.22 (dd, 3J = 7.9 Hz, *J = 1.8 Hz, 1 H, H-2),
7.47(d, 3J=7.9 Hz, 1 H, H-1), 7.02-6.97 (m, 2 H, H-4, H-9), 6.68 (dd, 2J=17.6 Hz, 3J=10.9 Hz, 1 H, H-13),
5.81(dd, 2J=17.6Hz, *J=0.7Hz, 1H, H-14), 527 (dd, 3J=109Hz, “J=0.7Hz, 1H, H-14’), 5.04 (d,
2J=14.5Hz, 1 H, H-12), 4.30 (d, 2J = 14.7 Hz, 1 H, H-12’), 1.80 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (125 MHz, acetone-ds, 298 K): &=169.3 (C=0), 156.5(C-4a), 154.3 (C-6a), 139.0 (C-3),
136.3 (C-13), 131.1 (C-1), 130.11 (C-10), 130.04 (C-8), 129.7 (C-10a), 129.2 (C-7), 126.0 (C-2), 124.5 (C-12a),
120.0 (C-9), 117.4 (C-4), 116.0 (C-14), 51.8 (C-12), 23.1 (CH3), ppm.

IR (ATR): ¥ = 2956 (w), 2922 (m), 1651 (s), 1591 (w), 1513 (w), 1479 (m), 1450 (w), 1431 (w), 1378 (s), 1339 (s),
1303 (m), 1252 (w), 1147 (w), 1109 (w), 1077 (w), 1031 (w), 995 (m), 962 (w), 926 (w), 911 (m), 885 (w), 845 (m),
766 (m), 742 (m), 665 (M), 630 (w), 601 (w), 585 (m), 570 (w), 529 (w) cm.

HR-MS (ESI, acetone): m/z [M+H]* calculated for C17H1sONs+H*: 278.1288 found: 278.1287 + 0.49 ppm.
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Figure SI1.85: 500 MHz "H-NMR spectrum of (Z)-1-(3-vinyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (8).
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I.2.3 Synthesis of (Z)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (9)

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 ymol), phenylboronic acid (18.2 mg,
121 pmol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 ymol) were dissolved in
2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with an oil bath
and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with 10 mL of DCM
twice, dried over MgSOs and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rr= 0.40) gave the product as yellow solid (from bromide 2: 14.6 mg, 41.1 umol, 68%;
from iodide 3: 15.9 mg, 44.8 ymol, 74%).

melting point: 203 °C

TH-NMR (600 MHz, acetone-ds, 298 K): 6 =7.35 (td, 3J=7.5 Hz,4J = 1.5 Hz, 1 H, H-8), 7.29-7.24 (m, 3 H, H-1,
H-9, H-10), 7.12(t, 3J=7.3 Hz, 1 H, H-14), 710 (d, 3J=7.2 Hz, 1 H, H-15), 7.01 (d, 3J=6.6 Hz, 1 H, H-15’),
6.99 (dd, 3J=7.9 Hz,*J = 1.1 Hz, 1 H, H-7), 6.88 (dd, 3J = 7.7 Hz,%J = 1.7 Hz, 1 H, H-2), 6.60 (d, *J = 1.6 Hz,1 H,
H-4), 5.01 (d, 2J = 14.2 Hz, 1 H, H-12), 4.38 (d, 2J = 14.3 Hz, 1 H, H-12’), 2.08 (s, 3 H, H-17), 1.80 (s, 3 H, -CHs),
1.55 (s, 3 H,-17’) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): &=169.3 (C=0), 157.1(C-4a), 154.7 (C-6a), 142.6 (C-3),
141.0 (C-13), 136.5 (C-14’), 136.1 (C-14), 131.3 (C-1), 130.3 (C-10), 130.0 (C-10a), 129.8 (C-8), 129.0 (C-9),
128.8 (C-2), 128.30 (C-16), 128.21 (C-17), 128.17 (C-17), 123.6 (C-12a), 119.72 (C-4), 119.64 (C-7), 52.0 (C-12),
23.2 (CHs), 20.8 (C-17), 20.4 (C-17’) ppm.

IR (ATR): ¥ = 3751 (w), 2922 (m), 2300 (w), 1728 (w), 1651 (s), 1613 (w), 1589 (w), 1509 (w), 1482 (m), 1464 (w),
1380 (s), 1339 (s), 1297 (w), 1244 (w), 1169 (w), 1104 (w), 1069 (m), 1033 (m), 987 (w), 966 (m), 928 (w), 877 (M),
856 (w), 833 (s), 777 (s), 742 (m), 663 (w), 637 (m), 599 (m), 581 (m) cm"".

HR-MS (ESI, acetone): m/z [M+H]* calculated for C23H21ONs+H*: 356.1757; found: 356.1755 + 0.75 ppm.
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Figure SII.89: 600 MHz 'H-NMR spectrum of (2)-1-(3-(2,6-dimethylphenyl)dibenzolc,g][1,2,5]triazocin-11(12H)-
yhethan-1-one (9).
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Figure SIL.90: 150 MHz "C{'H}-NMR spectrum of (Z)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g][1,2,5]triazocin-
11(12H)-yl)ethan-1-one (9).
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.24 Synthesis of (2)-1-(3-(2-bromophenyl)dibenzo|c,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (10)

Halogenated N-acetyl-diazocine (3: 23.0 mg, 60.6 umol), (2-bromophenyl)boronic acid (24.3 mg, 121 ymol),
Pd(PPhs)4 (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 ymol) were dissolved in 2.4 mL of
toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with an oil bath and stirred
for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with 10 mL of DCM twice, dried
over MgSO4 and the solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:1,
R = 0.45) gave the product as yellow solid (from iodide 3: 20.2 mg, 49.7 ymol, 82%).

melting point: 119 °C

H-NMR (600 MHz, acetone-ds, 298 K): & = 7.69 (d, 3J = 9.5 Hz, 1 H, Ar-H), 7.43 (td, 3J = 7.5 Hz,%J = 1.2 Hz, 1 H,
Ar-H), 7.38 (td, 3J = 7.7 Hz,*J = 1.3 Hz, 1 H, Ar-H), 7.33-7.25 (m, 5 H), 7.16 (dd, 3J = 7.9 Hz,*J = 1.8 Hz, 1 H, H-2),
7.04 (dd, 3J=7.8 Hz, *J=1.2Hz, 1 H, Ar-H), 6.94 (d, “J = 1.7 Hz, 1H, H-4), 5.11 (d, 2J = 14.4 Hz, 1 H, H-12),
4.37 (d,2J = 14.6 Hz, 1 H, H-12), 1.83 (s, 3 H, -CHs) ppm.

3C{'H}-NMR (150 MHz, acetone-ds, 298 K): & =169.4 (C=0), 156.0 (C-4a), 154.5(C-6a), 142.2 (C-Ar),
141.7 (C-3), 134.1 (C-Ar), 1320 (C-Ar), 130.7 (C-1), 130.5(C-Ar), 130.15 (C-Ar), 130.06 (C-8), 129.7 (C-Ar),
129.3 (C-Ar), 128.8 (C-Ar), 124.6 (C-12a), 122.7 (C-Ar), 120.7 (C-4), 120.0 (C-Ar), 116.6 (C-Ar), 51.9 (C-12),
23.1 (CHs) ppm.

IR (ATR): ¥ = 2922 (m), 2852 (w), 1654 (s), 1592 (w), 1485 (m), 1464 (m), 1433 (w), 1369 (s), 1334 (s), 1288 (w),
1242 (w), 1066 (w), 1023 (m), 971 (w), 933 (w), 879 (w), 842 (m), 752 (s), 729 (w), 699 (w), 659 (m), 603 (w),
569 (m), 533 (m), 430 (m) cm"™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C21H1sON3"°Br+H*: 406.0550 found: 406.0547 + 0.54 ppm.
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Figure SI1.95: 600 MHz "H-'3C HSQC spectrum of (Z)-1-(3-(2-bromophenyl)dibenzol[c,g][1,2,5]triazocin-11(12H)-
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Il Jlklll \ J‘ y TN ppm

] -e . - 20
—— 900 ? ;
° - 40
. - 60
- 80
-100
i i - . -120
= B e ©o-
- o Wgooo 140
hs ZX N “ .-
160
. "
-180
T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm

Figure SI1.96: 600 MHz HMBC spectrum of (2)-1-(3-(2-bromophenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-
1-one (10).
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11.2.5 Synthesis of (Z)-1-(3-(4-fluorophenyl)dibenzo|c,g][1,2,5]triazocin-11(12H)-yl)ethan-
1-one (11)

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 ymol, 3: 23.0 mg, 60.6 pmol), (2,6-dimethylphenyl)boronic
acid (17.0 mg, 121 ymol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 pmol) were
dissolved in 2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with
an oil bath and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with
10 mL of DCM twice, dried over MgSO4 and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rr=0.38) gave the product as yellow solid (from bromide 2: 16.9 mg, 49.1 pmol, 81%;
from iodide 3: 18.4 mg, 53.3 ymol, 88%).

melting point: 203 °C

TH-NMR (600 MHz, acetone-ds, 298 K): 6 =7.67 (dd, 3J=8.9 Hz, 3J=5.3 Hz, 2 H, H-14), 7.41 (dd, 3J=7.9 Hz,
4J=19Hz, 1H, H-2), 7.36 (id, 3J=7.6 Hz,*J = 1.3 Hz, 1 H, H-8), 7.32 (dd, 3J=7.9 Hz,*J = 1.1 Hz, 1 H, H-10),
7.29 (d,%J=79Hz,1H, H-1),7.26 (td, 3 =7.5Hz,J =14 Hz, 1 H, H-9), 7.21 (t, 3J = 8.8 Hz, 2 H, H-15), 7.17 (d,
4J=18Hz, 1 H, H4), 7.03(dd, 3J=7.8 Hz, 3J=1.3Hz, 1H, H-7), 5.11(d, 2J=14.6 Hz, 1 H, H-12), 4.35 (d,
2J = 14.6 Hz, 1 H, H-12), 1.81 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): & =169.4 (C=0), 163.7 (\J=247.3Hz, C-16) 156.8 (C-4a),
154.4 (C-6a), 141.1 (C-3), 136.4 (C-13), 131.5 (C-1), 130.14 (C-10), 130.09 (C-8), 129.7 (3J= 8.2 Hz, C-14),
129.3 (C-9), 126.5(C-2), 124.2 (C-12a), 120.0 (C-7), 118.0 (C-4), 116.6 (3J=21.7Hz, C-15), 51.8(C-12),
23.1 (CH3) ppm.

IR (ATR): v = 3065 (w), 2924 (m), 2852 (w), 2254 (w), 2038 (w), 1654 (s), 1606 (w), 1518 (m), 1475 (m), 1382 (s),
1290 (m), 1222 (s), 1164 (m), 1107 (w), 1034 (w), 1016 (m), 974 (m), 914 (w), 878 (w), 843 (m), 809 (s), 783 (w),
759 (s), 739 (s), 703 (w), 635 (m), 593 (s), 536 (m) cm™.

HR-MS (ESI, acetone): m/z [M+H]" calculated for C21H1sFONs+H*: 346.1350; found: 346.1347 + 0.33 ppm.
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Figure SI.97: 600 MHz 'H-NMR spectrum of (Z)-1-(3-(4-fluorophenyl)dibenzolc,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (11).
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Figure SI1.98: 150 MHz "3C{'H}-NMR spectrum of (Z)-1-(3-(4-fluorophenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-
ylhethan-1-one (11).
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Figure SI.100: 600 MHz HMBC spectrum of (Z)-1-(3-(4-fluorophenyl)dibenzolc,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (11).
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.2.6 Synthesis of (2)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzaldehyde (12)

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 ymol), (2-formylphenyl)boronic
acid (18.1 mg, 121 pymol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 ymol) were
dissolved in 2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with
an oil bath and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with
10 mL of DCM twice, dried over MgSO4 and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rr=0.26) gave the product as yellow solid (from bromide 2: 15.1 mg, 42.4 pmol, 70%;
from iodide 3: 16.6 mg, 46.7 ymol, 77%).

melting point: 160 °C

TH-NMR (600 MHz, acetone-ds, 298 K): 6 = 9.71 (s,3J = 5.3 Hz, 1 H, CHO), 7.93 (dd, 3J =7.8 Hz,4J = 1.9 Hz, 1 H,
H-15),7.71 (td, 3J = 7.6 Hz,*J = 1.4 Hz, 1 H, H-17), 7.58 (td, 3J = 7.7 Hz,*%J = 2.0 Hz, 1 H, H-16), 7.44-7.38 (m,2 H,
H-8, H-18), 7.37-7.33 (m, 2 H, H-1, H-10), 7.29 (td, 3J=7.3 Hz, *J=1.5Hz, 1H, H-9), 7.22 (dd, 3J=7.8 Hz,
44=19Hz, 1H, H-2), 7.05(dd, 3J=7.8Hz, 3J=15Hz, 1H, H-7), 6.99(d, /=17 Hz, 1 H, H-4), 5.14 (d,
2J=14.6 Hz, 1 H, H-12), 4.41 (d, 2J = 14.7 Hz, 1 H, H-12"), 1.83 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): 5= 191.4 (CHO), 169.4 (C=0), 156.3 (C-4a), 154.4 (C-6a),
144.7 (C-13), 139.29 (C-3), 134.62 (C-14), 134.57 (C-17), 131.6 (C-18), 131.1 (C-1), 130.26 (C-10), 130.10 (C-8),
129.85 (C-2), 129.66 (C-10a), 129.39 (C-9), 129.26 (C-16), 128.34 (C-15), 125.1 (C-12a), 121.2 (C-4), 119.9 (C-7),
51.8 (C-12), 23.1 (CHs) ppm.

IR (ATR): 7 = 3751 (w), 3038 (), 2924 (m), 2855 (w), 2753 (w), 2255 (w), 1688 (s), 1661 (s), 1600 (m), 1511 (w),
1474 (m), 1456 (w), 1430 (w), 1381 (s), 1337 (s), 1295 (w), 1253 (m), 1194 (m), 1163 (w), 1107 (m), 1074 (w),
1042 (w), 1005 (w), 928 (w), 839 (m), 768 (s), 741 (m), 630 (m), 576 (m), 439 (m) cm-".

HR-MS (ESI, acetone): m/z [M+H]" calculated for C22H1s02Ns+H"*: 356.1394 found: 356.1387 + 1.76 ppm.
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600 MHz 'H-NMR spectrum of (Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-

yl)benzaldehyde (12).
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Figure SII.103: 600 MHz 'H-'3C HSQC spectrum of (Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzaldehyde (12).
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Figure SIL.104: 600 MHz HMBC spectrum of (Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzaldehyde (12).
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8. Appendix

.2.7 Synthesis of (2)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzoic acid (13)

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 pmol), 2-boronobenzoic acid (20.1 mg,
121 pmol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 ymol) were dissolved in
2.4 mL of dry DMF under a nitrogen atmosphere, heated to 100 °C with an oil bath and stirred for 16 h at given
temperature. After cooling to rt. the reaction mixture was extracted with 10 mL of DCM twice, dried over MgSOa4 and
the solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:1 + 1% AcOH,
Rr=0.33) gave the product as yellow solid (from bromide 2: 17.1 mg, 46.1 pmol, 76%; from iodide 3: 17.6 mg,
47.3 ymol, 79%).

melting point: 190 °C

1H-NMR (600 MHz, acetone-ds, 298 K): & = 7.84 (dd, 3J = 7.7 Hz, *J = 1.0 Hz, 1 H, H-15/17), 7.56 (td, 3J = 7.6 Hz,
4J=1.4 Hz, 1 H, H-15/17), 7.47 (td,3J = 7.6 Hz,%J = 1.2 Hz, 1 H, H-16), 7.36 (td, 3J = 7.7 Hz,%J = 1.3 Hz, 1 H, H-8),
7.31(dd, 3J=7.9Hz, 4J=1.1Hz, 1H, H-10), 7.29-7.24 (m, 2 H, H-9, H-18), 7.21(d, 3J=7.9Hz, 1H, H-1),
7.12(dd, 3J = 7.8 Hz,%J = 1.2 Hz, 1 H, H-2), 7.02 (dd, 3J = 7.8 Hz,3J = 1.2 Hz, 1 H, H-7), 6.89 (d, 4/ = 1.6 Hz, 1 H,
H-4), 511 (d, 2J = 14.5 Hz, 1 H, H-12), 4.33 (d, 2J = 14.5 Hz, 1 H, H-12), 1.82 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): 5 = 169.4 (C=0, COOH), 155.9 (C-4a), 154.4 (C-6a), 142.8 (C-3),
141.3 (C-13), 132.6 (C-14), 132.0 (C-15/17), 131.5(C-18), 130.76 (C-15/17), 130.55 (C-1), 130.10 (C-10),
130.02 (C-8), 129.6 (C-10a), 129.2 (C-9), 128.6 (C-16), 128.5 (C-2), 123.9 (C-12a), 120.08 (C-7), 120.01 (C-4),
51.9 (C-12), 23.1 (CHs) ppm.

IR (ATR): ¥ = 2921 (s), 2852 (m), 2022 (w), 1713 (m), 1613 (s), 1591 (w), 1516 (w), 1477 (s), 1448 (w), 1377 (s),
1235 (s), 1135 (m), 1078 (m), 1014 (w), 977 (w), 922 (w), 877 (w), 834 (m), 756 (s), 739 (w), 720 (w), 691 (w),
628 (m), 603 (w), 575 (m), 533 (w), 488 (w), 439 (m), 409 (m) cm"".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C22H170O3Ns+H*: 372.1343 found: 372.1337 + 1.64 ppm.
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Figure SII.107: 600 MHz 'H-'3C HSQC spectrum of (Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzoic acid (13).
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Figure SIL.108: 600 MHz HMBC spectrum of (Z)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-
yl)benzoic acid (13).
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1.2.8 Synthesis of (Z)-1-(3-(pyridine-4-yl)dibenzo|[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (14)

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 pymol, 3: 23.0 mg, 60.6 umol), pyridine-4-boronic acid (14.8 mg,
121 pmol), Pd(PPhs)s (2.45 mg, 2.12 pmol) and potassium carbonate (33.4 mg, 212 pmol) were dissolved in
2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C with an oil bath
and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with 10 mL of DCM
twice, dried over MgSOs and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rf = 0.07) gave the product as yellow solid (from bromide 2: 1.4 mg, 4.26 umol, 7%; from
iodide 3: 3.8 mg, 11.6 ymol, 19%).

melting point: 223 °C

H-NMR (600 MHz, acetone-ds, 298 K): & = 8.62 (dd, 3J = 6.1 Hz, J = 1.6 Hz, 2 H, H-15), 7.61 (dd, 3J = 6.1 Hz,
4J=1.6 Hz, 2 H, H-14), 7.56 (dd, 3J = 8.0 Hz,%J = 1.9 Hz, 1 H, H-2), 7.38-7.32 (4 H, H-1, H-4, H-8, H-9), 7.27 (dd,
3J=7.8Hz,%J=1.4Hz, 1 H, H-7), 7.05 (dd, 3J = 7.8 Hz, “J = 1.2 Hz, 1 H, H-10), 5.15 (d, 2J = 14.6 Hz, 1 H, H-12),
4.38 (d, 2J = 14.4 Hz, 1 H, H-12"), 1.81 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): 5 = 169.4 (C=0), 156.8 (C-4a), 154.3 (C-6a), 151.4 (C-15),
146.7 (C-13), 139.2 (C-3), 131.8 (C-1), 130.21 (C-8/9), 130.16 (C-8/9), 129.57 (C-10a), 129.41 (C-7), 126.7 (C-2),
126.1 (C-12a), 122.0 (C-14), 120.1 (C-10), 118.3 (C-4), 51.8 (C-12), 23.0 (CH3) ppm.

IR (ATR): ¥ = 2922 (m), 2851 (w), 1726 (m), 1655 (s), 1599 (m), 1543 (w), 1513 (w), 1478 (m), 1451 (w), 1420 (w),
1379 (s), 1336 (s), 1291 (w), 1246 (w), 1074 (m), 1045 (w), 995 (w), 964 (w), 922 (w), 876 (m), 846 (w), 817 (s),
767 (m), 738 (m), 711 (m), 624 (s), 602 (w), 573 (m), 547 (m), 512 (m) cm-".

HR-MS (ESI, DCM): m/z [M+H]* calculated for CaoH160N4+H*: 329.1397; found: 329.1393 + 1.07 ppm.
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Figure SI1.109: 600 MHz '"H-NMR spectrum of (2)-1-(3-(pyridine-4-yl)dibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (14).
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Figure SI.110: 150 MHz "SC{'H}-NMR spectrum of (Z)-1-(3-(pyridine-4-yl)dibenzo[c,g][1,2,5]triazocin-11(12H)-
ethan-1-one (14).
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Figure SlIl.111: 600 MHz 'H-'3C HSQC spectrum of (Z)-1-(3-(pyridine-4-yl)dibenzo[c,g][1,2,5]triazocin-11(12H)-
ethan-1-one (14).
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Figure SII.112: 600 MHz HMBC spectrum of (Z)-1-(3-(pyridine-4-yl)dibenzol[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (14).
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11.2.9 Synthesis of (Z)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (17)

O

\(

11
N 12

10 1
9
10a 12a 2 O ”
6a 4a 3
8 _ ) 16
7 =N 4 15
6 5

N

Halogenated N-acetyl-diazocine (2, 20.0 mg, 60.6 ymol, 3: 23.0 mg, 60.6 ymol) 2-benzyl-4,4,5,5-tetramethyl-1,3,2-
dioxoborolan (26.4 mg, 121 ymol), Pd(PPhs)s (2.45 mg, 2.12 ymol) and potassium carbonate (33.4 mg, 212 pmol)
were dissolved in 2.4 mL of toluene/MeOH/deionized H20 (5 : 1 : 2) under a nitrogen atmosphere, heated to 85 °C
with an oil bath and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was extracted with
10 mL of DCM twice, dried over MgSOs4 and the solvent was evaporated. Column chromatography on silica (ethyl
acetate/cyclohexane 1:1, Rr = 0.33) gave the product as yellow solid (from bromide 2: 9.4 mg, 27.5 pmol, 45%; from
iodide 3: no product could be obtained).

melting point: 147 °C

1H-NMR (600 MHz, CDCls, 298 K): & = 7.29-7.23 (m, 3 H, H-10, H-16), 7.19 (t, 3/ = 7.1 Hz, 1 H, H-17), 7.15 (td,
3J=7.7Hz, 4J=15Hz, 1H, H-8), 7.04-7.00 (m, 3H, H-9, H-15), 6.95(d, 3/ =8.1 Hz, 1H, H-1), 6.88 (dd,
3J=7.9Hz % =14 Hz, 1H, H-7), 6.86 (dd, 3J= 8.0 Hz, 4J= 1.7 Hz, 1H, H-2), 6.68 (d, *J= 1.3 Hz, 1H, H-4),
5.02 (d, 2J = 14.6 Hz, 1 H, H-12), 4.31 (d, 2/ = 14.4 Hz, 1 H, H-12"), 3.88 (s, 2 H, H-13), 1.91 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, CDCls, 298 K): 5 = 170.2 (C=0), 155.6 (C-4a), 153.2 (C-6a), 142.3 (C-3), 140.0 (C-14),
130.2 (C-1), 129.05 (C-10/16), 128.96 (C-15), 128.91 (C-9), 128.69 (C-10/16), 128.3 (C-2), 128.14 (C-8),
126.5 (C-17), 121.6 (C-12a), 119.57 (C-4), 119.46 (C-7), 51.8 (C-12), 41.4 (C-13) 23.4 (CHs) ppm.

IR (ATR): ¥ = 2924 (m), 2853 (w), 2256 (m), 1654 (s), 1611 (w), 1593 (w), 1513 (w), 1482 (m), 1453 (m), 1437 (w),
1386 (s), 1337 (s), 1286 (w), 1245 (w), 1200 (m), 1147 (w), 1074 (m), 1040 (m), 974 (w), 914 (m), 902 (w), 772 (s),
739 (m), 723 (s), 703 (m), 644 (w), 623 (w), 607 (s), 591 (s), 462 (m) cm-".

HR-MS (ESI, EtOAc): m/z [M+Na]* calculated for C22H19ONs+Na*: 364.1420; found: 364.1418 + 0.75 ppm.
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Figure SIl.113: 600 MHz 'H-NMR spectrum of (Z)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (17).
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Figure Sll.114: 150 MHz "3C{'H}-NMR spectrum of (Z)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (17).
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Figure SIl.115: 600 MHz 'H-'3C HSQC spectrum of (Z)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-
one (17).
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Figure SII.116: 600 MHz HMBC spectrum of (Z)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (17).
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1.2.11 Synthesis of tert-butyl-(Z)-(11-acetyl-11,12-dihydrodiebenzo[c,g][1,2,5]triazocin-
3-yl)carbamate (19)

O

%1

10 N1 12 1
9
10a 12a 2 0
6a 4a 3 L
8
N=N N (6)
7 4 H
6 5

Halogenated N-acetyl-diazocine (2, 20.0 mg, 60.6 pmol, 3: 23.0 mg, 60.6 umol), tert-butyl carbamate (10.6 mg,
90.9 umol), Xantphos Pd G3 (2.90 mg, 3.03 ymol) and caesium carbonate (19.7 mg, 60.6 umol) were dissolved in
2.4 mL of dry 1,4-dioxane under a nitrogen atmosphere, heated to 100 °C with an oil bath and stirred for 16 h at
given temperature. After cooling to rt. deionized H20 and 5 mL ethyl acetate were added and the reaction mixture
was extracted with 10 mL of ethyl acetate twice, dried over MgSO4 and the solvent was evaporated. Column
chromatography on silica (ethyl acetate/cyclohexane 1:1, Rf=0.30) gave the product as yellow solid (from
bromide 2: no product could be obtained; from iodide 3: 15.8 mg, 43.1 ymol, 72%).

melting point: 217°C

1H-NMR (600 MHz, acetone-ds, 298 K): & = 8.56 (s, 1 H, -NH), 7.36 (td, 3J = 7.6 Hz, *J = 1.7 Hz, 1 H, H-8), 7.28-
7.20 (m, 4 H, H-2, H-4, H-9, H-10), 7.08 (d, 3J = 8.2 Hz, 1 H, H-1), 7.00 (dd, 3J = 7.7 Hz, *J = 1.3 Hz, 1 H, H-7),
4.93 (d,2J = 14.4 Hz, 1 H, H-12), 4.25 (d, 2J = 14.5 Hz, 1 H, H-12’), 1.80 (s, 3 H, -CHs), 1.45 (s, 9 H, -C(CHs)3) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): &= 170.9 (NHC=0), 169.3 (C=0), 156.8 (C-4a), 154.2 (C-6a),
141.1 (C-3), 131.3(C-1), 130.1 (C-10), 129.9 (C-8), 129.1(C-9), 119.9 (C-7), 118.3 (C-12a), 117.5 (C-2/4),
108.9 (C-2/4), 80.5 (C(CHa)s), 51.7 (C-12), 28.4 (C(CHa)s) 23.2 (CH3) ppm.

IR (ATR): ¥ = 3304 (m), 2976 (w), 2923 (m), 2164 (s), 1722 (s), 1638 (s), 1615 (m), 1590 (m), 1528 (s), 1479 (m),
1394 (s), 1367 (w), 1310 (m), 1239 (s), 1159 (s), 1075 (m), 1059 (m), 1034 (w), 974 (w), 953 (w), 917 (w), 881 (m),
856 (w), 829 (m), 796 (m), 763 (m), 694 (w), 618 (m), 570 (m), 449 (m) cm".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C20H2203Na+H*: 367.1765; found: 367.1761 + 1.02 ppm.
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Figure SI1.117: 600 MHz "H-NMR spectrum of tert-butyl-(Z)-(11-acetyl-11,12-dihydrodiebenzolc,g][1,2,5]triazocin-
3-yl)carbamate (19).
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Figure Sl1.118: 150 MHz BC{'H}-NMR spectrum of tert-butyl-(Z)-(11-acetyl-11,12-
dihydrodiebenzo|c,g][1,2,5]triazocin-3-yl)carbamate (19).
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.2.12 Synthesis of (Z)-1-(3-(diphenylamino)dibenzo[c,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (20)

11
10 N 12 1

9 16
10a 12a 2
6a 4a 3 13
8 _ N 15
7 N=N 4 14
6 5 f

Halogenated N-acetyl-diazocine (2, 20.0 mg, 60.6 ymol, 3: 23.0 mg, 60.6 yumol), diphenylamine (15.4 mg,
90.9 umol), Xantphos Pd G3 (2.90 mg, 3.03 umol) and caesium carbonate (19.7 mg, 60.6 umol) were dissolved in
2.4 mL of dry 1,4-dioxane under a nitrogen atmosphere, heated to 100 °C with an oil bath and stirred for 16 h at
given temperature. After cooling to rt. deionized H20 and 5 mL ethyl acetate were added and the reaction mixture
was extracted with 10 mL of ethyl acetate twice, dried over MgSO4 and the solvent was evaporated. Column
chromatography on silica (ethyl acetate/cyclohexane 1:1, Rr=0.30) gave the product as yellow solid (from
bromide 2: 6.30 mg, 15.1 pmol, 25%, 3: 11.8 mg, 28.2 ymol, 47%).

melting point: 160 °C

H-NMR (500 MHz, acetone-ds, 298 K): 5 = 7.46 (td, 3J = 7.9 Hz, *J = 1.9 Hz, 1 H, H-9), 7.32-7.27 (m, 6 H, H-7,
H-8, H-14/15), 7.10-7.06 (m, 2 H, H-16), 7.04 (d, 3J = 8.3 Hz, 1 H, H-1), 6.98-6.93 (5 H, H-10, H-14/15), 6.66 (dd,
3J=83Hz, 4U=24Hz, 1H, H-2), 6.44 (d, *J=24Hz, 1H, H-4), 477 (d, 2J =143 Hz, 1H, H-12), 4.26 (d,
2J=14.3 Hz, 1 H, H-12), 1.81 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (125 MHz, acetone-ds, 298 K): &=169.3 (C=0), 157.4 (C-4a), 154.5(C-6a), 149.2 (C-3),
147.9 (C-13), 131.9(C-1), 130.42 (C-14/15), 130.34 (C-7), 130.04 (C-10a), 129.8 (C-9), 129.1 (C-8),
125.6 (C-14/15), 124.7 (C-16), 121.5 (C-2), 119.8 (C-10), 118.2 (C-12a), 112.8 (C-4), 51.6 (C-12) 23.2 (CH3) ppm.

IR (ATR): 7 = 2921 (w), 2228 (w), 2185 (w), 2084 (w), 2021 (w), 1659 (s), 1610 (w), 1592 (s), 1481 (s), 1384 (s),
1333 (s), 1304 (w), 1290 (m), 1265 (s), 1221 (w), 1171 (w), 1095 (w), 1075 (w), 1029 (w), 977 (w), 901 (w), 840 (w),
811 (m), 758 (m), 745 (m), 697 (s), 631 (m), 586 (m), 508 (s), 483 (m) cm".

HR-MS (ESI, DCM): m/z [M+H]* calculated for C27H220N4+H*: 419.1866; found: 419.1863 + 0.85 ppm.
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Figure SIl.121: 500 MHz 'H-NMR spectrum of (Z)-1-(3-(diphenylamino)dibenzol[c,g][1,2,5]triazocin-11(12H)-
yl)ethan-1-one (20).
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Figure SI1.123: 500 MHz 'H-"3C HSQC spectrum of (Z)-1-(3-(diphenylamino)dibenzol[c,g][1,2,5]triazocin-11(12H)-

I

yl)ethan-1-one (20).
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1.2.13 Synthesis of (Z)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (21)

O

\(

11
10 N—2 !

10a 12a 2
6a 4a 3

8 -
Y N=N" ) NH2
6 5

Tert-butyl-(Z)-(11-acetyl-11,12-dihydrodiebenzo[c,g][1,2,5]triazocin-3-yl)carbamate (21, 17.3 mg, 47.2 ymol) was
dissolved in 25 mL dichloromethane and 5 mL of trifluoroacetic acid were added. The reaction mixture was stirred
at room temperature for 16 h and then neutralized with saturated aqueous NaHCO3 solution. The organic layer was
separated and the aqueous layer was extracted twice with 10 mL dichloromethane, dried over MgSO4 and the

solvent was evaporated. Column chromatography on silica (ethyl acetate/cyclohexane 1:1, Rr=0.15) gave the
product as yellow solid (7.50 mg, 28.2 pmol, 60%).

melting point: 178 °C

"H-NMR (600 MHz, CDCls, 298 K): 0 =7.27-7.24 (m, 1H, H-8), 7.14 (td, 3J=7.7Hz, */=1.4Hz, 1H, H-9),
6.99 (dd, 3J=7.9 Hz,4J=0.9 Hz, 1 H, H-10), 6.87 (dd, %J=7.8 Hz, *J = 1.2 Hz, 1 H, H-7), 6.80 (d, 3J=8.2 Hz,
1H, H-1), 6.33 (dd, 3J=8.1 Hz,4J =24 Hz, 1 H, H-2), 6.16 (d,*J=2.4 Hz, 1 H, H-4), 4.86 (d, 2J=14.3Hz, 1 H,
H-12), 4.27 (d, 2J = 14.3 Hz, 1 H, H-12"), 3.72 (br. s, 2 H, -NH2), 1.92 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, CDCls, 298 K): 5 = 170.0 (C=0), 156.6 (C-4a), 152.9 (C-6a), 146.8 (C-3), 131.0 (C-1),
129.0 (C-10a), 128.82 (C-10), 128.67 (C-8), 127.9 (C-9), 119.3 (C-7), 113.9 (C-2), 113.2 (C-12a), 104.9 (C-4),
51.5 (C-12) 23.3 (CHs) ppm.

IR (ATR): v = 3346 (m), 2922 (m), 2852 (w), 1653 (s), 1608 (s), 1504 (w), 1480 (s), 1389 (s), 1372 (w), 1349 (s),
1326 (w), 1283 (m), 1241 (w), 1209 (w), 1148 (w), 1091 (w), 1071 (w), 975 (w), 907 (w), 867 (w), 827 (m), 802 (w),
760 (m), 742 (m), 718 (w), 696 (w), 605 (m), 585 (w), 541 (w), 515 (m) cm™.

HR-MS (ESI, EtOAc): m/z [M+Na]* calculated for C1sH14ON4+Na*: 289.1060; found: 289.1057 + 0.98 ppm.
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Figure SI.125: 600 MHz 'H-NMR spectrum of (Z)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (21).

) v ®© <+~~~ VO O
o oo o~ SCOXON N ©— 0 I3}
.. oo .o . < 3
= NS \N-) — NV OO~ O cnen S o - -
o~ vy NN — —— o H — e
— —— o~ A 2 e} ~
N2 :
<

grease

] - i

T T T T T T T \ \ \ \ \ T \ T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure SI1.126: 150 MHz 3C{'H}-NMR spectrum of (Z)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (21).
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Figure SI1.127: 600 MHz "H-"3C HSQC spectrum of (Z)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (21).
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Figure SI.128: 600 MHz HMBC spectrum of (Z)-1-(3-aminodibenzol[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-
one (21).
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.2.14  Synthesis of (Z)-11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocine-3-
carbonitrile (23)

O

12 1

~
10 N
8 6a 4a 3
6 5

Halogenated N-acetyl-diazocine (2: 20.0 mg, 60.6 umol, 3: 23.0 mg, 60.6 pmol),
1,1’-bis(diphenylphosphino)ferrocene (1.00 mg, 1.81 ymol), Pd(dba)2 (1.00 mg, 1.21 ymol) and zinc
cyanide (3.55 mg, 30.3 ymol) were dissolved in 2.4 mL of dry DMAC under a nitrogen atmosphere, heated to
130 °C with an oil bath and stirred for 16 h at given temperature. After cooling to rt. the reaction mixture was
extracted with 10 mL of DCM twice, dried over MgSO4 and the solvent was evaporated. Column chromatography
on silica (ethyl acetate/cyclohexane 1:1, Rr=0.23) gave the product as yellow solid (from bromide 2: 10.2 mg,

36.9 ymol, 61%; from iodide 3: 13.6 mg, 49.1 ymol, 81%).
melting point: 194 °C

'H-NMR (600 MHz, acetone-ds, 298 K): 6 = 7.56 (dd, 3J = 7.9 Hz,4J = 1.7 Hz, 1 H, H-2), 7.47 (d, 3 =8.0 Hz, 1 H,
H-1),7.42 (td, 3J = 7.9 Hz,*J = 1.4 Hz, 1 H, H-8), 7.37 (d, “*J = 1.5 Hz, 1 H, H-4), 7.35 (dd, 3J = 8.0 Hz,*J = 1.1 Hz,
1H, H-10), 7.31 (td, 3J=7.4Hz, 4J=14Hz, 1H, H-9), 7.09 (dd, 3J=7.9Hz, 4J=1.1Hz, 1H, H-7), 5.21(d,
2J=15.1Hz, 1 H, H-12), 4.41 (d, 2J = 15.0 Hz, 1 H, H-12"), 1.80 (s, 3 H, -CHs) ppm.

13C{'H}-NMR (150 MHz, acetone-ds, 298 K): 5= 169.4 (C=0), 156.3 (C-4a), 154.1(C-6a), 132.1 (C-1),
131.9 (C-2), 130.9 (C-12a), 130.6 (C-8), 130.2 (C-10), 129.8 (C-9), 129.1 (C-10a), 123.7 (C-4), 120.1 (C-7),
118.1 (-CN), 113.2 (C-3), 51.8 (C-12) 22.9 (CHz) ppm.

IR (ATR): v = 3058 (w), 2923 (m), 2853 (w), 2233 (m), 1662 (s), 1589 (w), 1556 (w), 1521 (w), 1475 (m), 1448 (w),
1377 (s), 1340 (w), 1299 (m), 1228 (w), 1148 (w), 1109 (w), 1078 (w), 1032 (w), 1019 (w), 973 (w), 930 (w),
884 (w), 844 (w), 832 (w), 813 (w), 770 (m), 741 (m), 693 (w), 634 (w), 596 (m) cm™.

HR-MS (ESI, DCM): m/z [M+H]* calculated for C1sH120N4+H*: 277.1084; found: 277.1080 + 1.40 ppm.
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Figure SI1.129: 600 MHz 'H-NMR spectrum of (Z)-11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocine-3-
carbonitrile (23).
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lll. UV-vis switching experiments

All samples were irradiated to the photostationary state (PSS) with 405 nm in acetonitrile or water. The UV-vis
spectra were measured at 250 yM concentrations at 25 °C, except pyridine-substituted N-acetyl-diazocine 14
(2.55 mM due to low synthesis yield).

.1 (Z)-(3,8-dibromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (4)

0,4 -

—— 4 unexposed
—— 4 PSS 405
—— Z-4 530 nm

absorption [a. u.]

T T T 1
300 400 500 600 700
wavelength [nm]

Figure Slll.1: UV-vis spectra of 4 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of the
PSS between Z-4 and E-4 after irradiation with 405 nm in red and the spectra of Z-4 after irradiation with 530 nm in
blue.
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A = Absorption at 519 nm
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Figure SlIl.2: UV-vis spectra of the half-life determination of 4 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).
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lll.2 (2)-1-(3-phenyldibenzol[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (7)

0,4 1
—— 7 unexposed
—— 7 PSS 405 nm
—— Z-7 530 nm
0,3 4
5
S,
5021
s
o
123
Q
@
0,1
0,0 4
T T T 1
300 400 500 600 700

wavelength [nm]

Figure SIIl.3: UV-vis spectra of 7 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of the
PSS between Z-7 and E-7 after irradiation with 405 nm in red and the spectra of Z-7 after irradiation with 530 nm in
blue.

0,3 7
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Figure Slil.4: UV-vis spectra of the half-life determination of 7 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).

1.3 (2)-1-(3-vinyldibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (8)

0,4 1
—— 8 unexposed
—— 8 PSS 405 nm
—— 7-8 530 nm
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Figure SII.5: UV-vis spectra of 8 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of the
PSS between Z-8 and E-8 after irradiation with 405 nm in red and the spectra of Z-8 after irradiation with 530 nm in
blue.
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Figure SlIl.6: UV-vis spectra of the half-life determination of 8 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).

lll.4 (2)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (9)

0.4+

absorption [a. u.]

—— 9 unexposed
—— 9 PSS 405 nm
—— 7-9 530 nm

300

T
400

T T 1
500 600 700
wavelength [nm]

Figure SIIl.7: UV-vis spectra of 9 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of the
PSS between Z-9 and E-9 after irradiation with 405 nm in red and the spectra of Z-9 after irradiation with 530 nm in

blue.
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Figure Slll.8: UV-vis spectra of the half-life determination of 9 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).
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1.5 (Z2)-1-(3-(2-bromophenyl)dibenzol[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (10)
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Figure SII1.9: UV-vis spectra of 10 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of the
PSS between Z-10 and E-10 after irradiation with 405 nm in red and the spectra of Z-10 after irradiation with 530 nm
in blue.
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Figure SllII.10: UV-vis spectra of the half-life determination of 10 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).

1.6 (Z2)-1-(3-(4-fluorophenyl)dibenzo|c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (11)
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Figure Slll.11: UV-vis spectra of 11 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-11 and E-11 after irradiation with 405 nm in red and the spectra of Z-11 after irradiation with
530 nm in blue.
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Figure Slll.12: UV-vis spectra of the half-life determination of 11 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).

.7 (2)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-yl)benzaldehyde (12)
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Figure SlIl.13: UV-vis spectra of 12 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-12 and E-12 after irradiation with 405 nm in red and the spectra of Z-12 after irradiation with

530 nm in blue.
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Figure Slll.14: UV-vis spectra of the half-life determination of 12 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).
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11l.8 (Z2)-2-(11-acetyl-11,12-dihydrodibenzo|c,g][1,2,5]triazocin-3-yl)benzoic acid (13)

0,4 1
—— 13 unexposed
—— 13 PSS 405 nm
—— Z-13 530 nm
0,3
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0,14
0,0 4
T T T 1
300 400 500 600 700

wavelength [nm]

Figure SIIl.15: UV-vis spectra of 13 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-13 and E-13 after irradiation with 405 nm in red and the spectra of Z-13 after irradiation with
530 nm in blue.
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Figure Slll.16: UV-vis spectra of the half-life determination of 13 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).
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Figure SlIl.17: UV-vis spectra of 13 in deionized water pH 9 at 25 °C. The unexposed sample is plotted in black,
the spectra of the PSS between Z-13 and E-13 after irradiation with 405 nm in red and the spectra of Z-13 after
irradiation with 530 nm in blue.
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Figure SlIl.18: UV-vis spectra of the half-life determination of 13 in deionized water pH 9 at 25 °C (left) with the
corresponding first order kinetics plot (right).
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Figure SlIl.19: UV-vis spectra of 13 in aqueous PBS buffer solution pH 7.4 at 25 °C. The unexposed sample is
plotted in black, the spectra of the PSS between Z-13 and E-13 after irradiation with 405 nm in red and the spectra
of Z-13 after irradiation with 530 nm in blue.
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Figure SllII.20: UV-vis spectra of the half-life determination of 13 in aqueous PBS buffer solution pH 7.4 at 25 °C

(left) with the corresponding first order kinetics plot (right).
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1.9 (2)-1-(3-(pyridine-4-yl)dibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (14)
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Figure SllIl.21: UV-vis spectra of 14 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-14 and E-14 after irradiation with 405 nm in red and the spectra of Z-14 after irradiation with
530 nm in blue.
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Figure SllIl.22: UV-vis spectra of the half-life determination of 14 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).

11.10 (2)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (17)
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Figure SllIl.23: UV-vis spectra of 17 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-17 and E-17 after irradiation with 405 nm in red and the spectra of Z-17 after irradiation with
530 nm in blue.
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Figure SllIl.24: UV-vis spectra of the half-life determination of 17 in MeCN at 25 °C (left) with the corresponding first

order kinetics plot (right).

.11 tert-butyl-(2)-(11-acetyl-11,12-dihydrodiebenzo[c,g][1,2,5]triazocin-3-

yl)carbamate (19)
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Figure SllIl.25: UV-vis spectra of 19 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-19 and E-19 after irradiation with 405 nm in red and the spectra of Z-19 after irradiation with

530 nm in blue.
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Figure SllI.26: UV-vis spectra of the half-life determination of 19 in MeCN at 25 °C (left) with the corresponding first

order kinetics plot (right).
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.12 (Z2)-1-(3-(diphenylamino)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (20)
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Figure SlIl.27: UV-vis spectra of 20 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-20 and E-20 after irradiation with 405 nm in red and the spectra of Z-20 after irradiation with

530 nm in blue.
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Figure Sll1.28: UV-vis spectra of the half-life determination of 20 in MeCN at 25 °C (left) with the corresponding first

order kinetics plot (right).

.13 (Z2)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (21)
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Figure SllII.29: UV-vis spectra of 21 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-21 and E-21 after irradiation with 405 nm in red and the spectra of Z-21 after irradiation with

530 nm in blue.
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Figure SlI1.30: UV-vis spectra of the half-life determination of 21 in MeCN at 25 °C (left) with the corresponding first

order kinetics plot (right).
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Figure SlII.31: UV-vis spectra of 21 in deionized water at 25 °C. The unexposed sample is plotted in black, the
spectra of the PSS between Z-21 and E-21 after irradiation with 405 nm in red and the spectra of Z-21 after

irradiation with 530 nm in blue.
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Figure SlIl.32: UV-vis spectra of the half-life determination of 21 in deionized water at 25 °C (left) with the

corresponding first order kinetics plot (right).
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Figure SIlII.33: UV-vis spectra of 21 in deionized water pH 3.5 at 25 °C. The unexposed sample is plotted in black,
the spectra of the PSS between Z-21 and E-21 after irradiation with 405 nm in red and the spectra of Z-21 after
irradiation with 530 nm in blue.
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Figure SllIl.34: UV-vis spectra of the half-life determination of 21 in deionized water pH 3.5 at 25 °C (left) with the
corresponding first order kinetics plot (right).
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Figure SlII.35: UV-vis spectra of 21 in aqueous PBS buffer solution pH 7.4 at 25 °C. The unexposed sample is
plotted in black, the spectra of the PSS between Z-21 and E-21 after irradiation with 405 nm in red and the spectra
of Z-21 after irradiation with 530 nm in blue.
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Figure Slll.36: UV-vis spectra of the half-life determination of 21 in aqueous PBS buffer solution pH 7.4 at 25 °C
(left) with the corresponding first order kinetics plot (right).

.14 (2)-11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocine-3-carbonitrile (23)
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Figure SllI1.37: UV-vis spectra of 23 in MeCN at 25 °C. The unexposed sample is plotted in black, the spectra of
the PSS between Z-23 and E-23 after irradiation with 405 nm in red and the spectra of Z-23 after irradiation with

530 nm in blue.
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Figure SllI1.38: UV-vis spectra of the half-life determination of 23 in MeCN at 25 °C (left) with the corresponding first
order kinetics plot (right).
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IV. 'TH-NMR switching experiments

Photostationary states (PSS) of compounds 4,7-14,17,19-21 and 23 were measured via 'H-NMR by integration of
the different species after irradiation with 405 nm, whereby no distinction was made between E-twist- and E-chair-
conformations. The value of the integrals and the extrapolated values are given in Table SlIl.1. "H-NMR spectra
were measured at 5 mM concentrations, except pyridine-substituted N-acetyl-diazocine 14 (2.55 mM due to low
synthesis yield). The following equation (1) was used for extrapolation of the photostationary states:

PSSextrapol. = PSSmeasured -ekt (1)

k is the rate constant at 25 °C (see table 6 and 7) and t the measuring time (330 s): 120 s preparation (transfer into
the spectrometer and shimming after excitation with light) and 210 s measuring time for 32 scans. All spectra were
measured at a Bruker AV600 spectrometer.

Table SIV.1: Measured and extrapolated photostationary states of compounds 4,7-14,17,19-21 and 23 in
acetonitrile.

measured PSS extrapolated PSS

% %
4 68 85
7 69 79
8 67 76
9 69 77
10 73 82
11 70 78
12 71 80
13 8 77
14 72 79
17 72 82
19 54 61
20 43 49
21 37 41
23 76 83

Table SIV.2: Measured and extrapolated photostationary states of compounds 13 and 23 in water.

measured PSS extrapolated PSS
% %
13pH74 51 53
13pH9 46 48
21pH74 35 37
21pH3.5 62 62

IV.1 (2)-(3,8-dibromodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (4)

\.(O
N—\ :
Br/@N:N Br
4

) . A

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5  ppm

Figure SIV.1: '"H-NMR-spectra of Z-4 in CD3CN at 298 K.
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Figure SIV.2: "H-NMR-spectra of 4 in CD3CN at 298 K after irradiation with 405 nm.
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Figure SIV.3: "H-NMR-spectra of Z-7 in CD3CN at 298 K.
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Figure SIV.4: "H-NMR-spectra of 7 in CD3CN at 298 K after irradiation with 405 nm.
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IV.3 (2)-1-(3-vinyldibenzol[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (8)
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Figure SIV.5: "H-NMR-spectra of Z-8 in CD3CN at 298 K.
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Figure SIV.6: "H-NMR-spectra of 8 in CDsCN at 298 K after irradiation with 405 nm.
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IV.4 (2)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (9)

O
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Figure SIV.7: '"H-NMR-spectra of Z-9 in CD3CN at 298 K.
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Figure SIV.8: 'H-NMR-spectra of 9 in CD3CN at 298 K after irradiation with 405 nm.

IV.5 (2)-1-(3-(2-bromophenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (10)
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Figure SIV.9: '"H-NMR-spectra of Z-10 in CD3CN at 298 K.

$120
363



8. Appendix

Figure SIV.10: "H-NMR-spectra of 10 in CD3CN at 298 K after irradiation with 405 nm.

IV.6 (2)-1-(3-(4-fluorophenyl)dibenzo|c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (11)
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Figure SIV.12: "H-NMR-spectra of 11 in CD3CN at 298 K after irradiation with 405 nm.
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IV.7 (2)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-yl)benzaldehyde (12)
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Figure SIV.14: '"H-NMR-spectra of 12 in CD3CN at 298 K after irradiation with 405 nm.
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IV.8 (2)-2-(11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocin-3-yl)benzoic acid (13)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5  ppm

Figure SIV.15: "H-NMR-spectra of Z-13 in CD3CN at 298 K.
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.IO 4.l5 4.0 3.5 ppm
Figure SIV.16: "H-NMR-spectra of 13 in CD3CN at 298 K after irradiation with 405 nm.
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Figure SIV.17: "H-NMR-spectra of Z-13 in D20 pH 9 at 298 K (top) and the "H-NMR-Spektrum of 13 in D20 pH 9
at 298 K with baseline correction and water suppression performed with MestReNova 14.3.1 NMR analysis
Software by Mestrelab (bottom).
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Figure SIV.18: '"H-NMR-spectra of 13 in D20 pH 9 at 298 K after irradiation with 405 nm (top) and the 'H-NMR-
Spektrum of 13 in D20 pH 9 at 298 K after irradiation with 405 nm with baseline correction and water suppression
performed with MestReNova 14.3.1 NMR analysis Software by Mestrelab (bottom)..
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Figure SIV.19: '"H-NMR-spectra of 13 in D20 PBS buffer solution pH 7.4 at 298 K (top) and the 'H-NMR-Spektrum
of 13 in D20 PBS buffer solution pH 7.4 at 298 K with baseline correction and water suppression performed with
MestReNova 14.3.1 NMR analysis Software by Mestrelab (bottom).
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Figure SIV.20: 'H-NMR-spectra of 13 in D20 PBS buffer solution pH 7.4 at 298 K after irradiation with 405 nm (top)
and the '"H-NMR-Spektrum of 13 in D20 PBS buffer solution pH 7.4 at 298 K after irradiation with 405 nm with
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baseline correction and water suppression performed with MestReNova 14.3.1 NMR analysis Software by
Mestrelab (bottom).

IV.9 (2)-1-(3-(pyridine-4-yl)dibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (14)
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Figure SIV.21: "H-NMR-spectra of 14 in CD3CN at 298 K.
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Figure SIV.22: 'H-NMR-spectra of 14 in CDsCN at 298 K after irradiation with 405 nm.

IV.10 (2)-1-(3-benzyldibenzo[c,g][1,2,5]triazocin-11(12H)-ethan-1-one (17)
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Figure SIV.23: 'H-NMR-spectra of 17 in CDsCN at 298 K.
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Figure SIV.24: "H-NMR-spectra of 17 in CD3CN at 298 K after irradiation with 405 nm.
V.11 tert-butyl-(Z)-(11-acetyl-11,12-dihydrodiebenzo|c,g][1,2,5]triazocin-3-
yl)carbamate (19)
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Figure SIV.25: "H-NMR-spectra of 19 in CD3CN at 298 K.
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Figure SIV.26: "H-NMR-spectra of 19 in CD3CN at 298 K after irradiation with 405 nm.
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V.12 (2)-1-(3-(diphenylamino)dibenzo|c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (20)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 ppm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.0 3.5  ppm

Figure SIV.28: '"H-NMR-spectra of 20 in CD3CN at 298 K after irradiation with 405 nm.

IV.13 (2)-1-(3-aminodibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (21)
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Figure SIV.29: '"H-NMR-spectra of 21 in CDsCN at 298 K.
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Figure SIV.30: "H-NMR-spectra of 21 in CD3CN at 298 K after irradiation with 405 nm.
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Figure SIV.33: "H-NMR-spectra of 21 in D20 pH 3.5 at 298 K (top) and the 'H-NMR-Spektrum of 23 in D20 pH 3.5
at 298 K with baseline correction and water suppression performed with MestReNova 14.3.1 NMR analysis
Software by Mestrelab (bottom).
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Figure SIV.34: '"H-NMR-spectra of 21 in D20 pH 3.5 at 298 K after irradiation with 405 nm (top) and the '"H-NMR-
Spektrum of 23 in D20 pH 3.5 at 298 K after irradiation with 405 nm with baseline correction and water suppression
performed with MestReNova 14.3.1 NMR analysis Software by Mestrelab (bottom)
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Figure SIV.35: '"H-NMR-spectra of 21 in D20 PBS buffer solution pH 7.4 at 298 K (top) and the "H-NMR-Spektrum
of 23 in D20 PBS buffer solution pH 7.4 at 298 K with baseline correction and water suppression performed with
MestReNova 14.3.1 NMR analysis Software by Mestrelab (bottom).
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Figure SIV.36: '"H-NMR-spectra of 21 in D20 PBS buffer solution pH 7.4 at 298 K after irradiation with 405 nm (top)
and the '"H-NMR-Spektrum of 23 in D20 PBS buffer solution pH 7.4 at 298 K after irradiation with 405 nm with
baseline correction and water suppression performed with MestReNova 14.3.1 NMR analysis Software by
Mestrelab (bottom).

IV.14 (2)-11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocine-3-carbonitrile (23)
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Figure SIV.37: 'H-NMR-spectra of 23 in CD3CN at 298 K.
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Figure SIV.38: "H-NMR-spectra of 23 in CD3CN at 298 K after irradiation with 405 nm.
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V. X-ray crystallographic data

Preparation of crystal samples

For crystal growth 10 mg of the given compound were dissolved in 0.2 ml acetone in a small glass vial and a drop
of water was added. The vial was closed with a perforated cap and was stored in the dark for 3 weeks for slow
evaporation of the solvent. Suitable crystals were selected subsequently.

General

The data collections were performed with a XtaLAB Synergy, Dualflex, HyPix diffractometer with a micro focus tube
using Cu-Ka radiation (A = 1.54184 A). The structures were solved with SHELXT [1] and refined with SHELXL-
2016 [2] using Least Squares minimisation. All non-hydrogen atoms were refined anisotropic. The C-H H atoms
were positioned with idealized geometry, methyl H atoms allowed to rotate but not to tip, and were refined isotropic
with Uiso(H) = 1.2 Ueq(C) (1.5 for methyl H atoms) using a riding model. In compound 1, the hydrogen atoms of the
methyl group are disordered and were refined in two orientations, each rotated by 60 ° (AFIX 127).

ORTERP plots of all compounds can be found in figure SV.1, SV.2 and SV.3.

CCDC-2329263 (1), CCDC-2329261 (2), and CCDC- 2329262 (7) contain the supplementary crystallographic data
for this paper. These data can be obtained free charge from the Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif.

1. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.
2. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Table SV.1: Selected crystal data and details of the structure determinations for the diazocine compounds 1, 2
and 7.

1 2 7
Formula C1sH13N3O C15H12BrNsO C21H17N3O
MW /g mol-* 251.28 330.19 327.38
Crystal system monoclinic triclinic monoclinic
Space group P24/n P-1 P24/n
alA 8.7563(1) 7.4471(2) 11.1465(1)
b /A 8.7647(1) 9.2088(2) 13.0070(1)
c/A 16.8947(1) 10.8243(2) 11.8469(1)
aldeg 90 84.031(2) 90
Sldeg 101.974(1) 77.293(2) 91.709(1)
y/deg 90 81.905(2) 90
VA3 1268.40(2) 714.87(3) 1716.83(2)
T/K 293 293 293
V4 4 2 4
Dealcd /g cm™3 1.316 1.534 1.267
u /mm-! 0.687 3.911 0.634
2 6max /deg 159.062 160.064 159.654
Refl. collected 21811 12222 18993
Refl. unique 2704 3001 3685

5133
376



8. Appendix

Rint
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Figure SV.1: Crystal structure of N-acetyl diazocine 1 with labeling and displacement ellipsoids drawn at the 50%

probability level.

Figure SV.2: Crystal structure of bromo-N-acetyl diazocine 2 with labeling and displacement ellipsoids drawn at

the 50% probability level.
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Figure SV.3: Crystal structure of phenyl-N-acetyl diazocine 7.
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8.2.5 Light-Switchable Diazocines as Potential Inhibitors of Testosterone-Synthesizing
17B-Hydroxysteroid Dehydrogenase 3

Supplementary material to the manuscript

“Light-switchable diazocines as potential inhibitors of testosterone-synthesizing 17p-
hydroxysteroid dehydrogenase 3”
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BrunswikerStr. 10, 24105 Kiel, Germany
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Table of contents

Figure S1: Results of the 3-hour MTT cytotoxicity assay.

Figure S2: Lamp used for irradiation.

Figure S3: UHPLC-chromatograms of control.

Figure S4: Produced testosterone (AUC) after 2 and 24 hours.

Figure S5: UHPLC-chromatograms of samples incubated with different amounts of microsome

Figure S6.1: Mass spectrometric analysis of sample treated with irradiated diazocine.

Figure S6.2: Mass spectrometric analysis of sample treated with non-irradiated diazocine.

Table S7: Absorption maxima and thermal half-life of N-acetyl diazocine derivatives in aqueous

solution with 2% DMSO at 25 °C.

Figure S8: Emission spectra of all LED units used.

Figure S9.1: UV-vis spectra of 250 uM DA aqueous solution with 2 % DMSO at 25 °C.

Figure S9.2: UV-vis spectra of the half-life determination of DA in aqueous solution with 2 % DMSO at

25 °C with the corresponding first order kinetics plot.

Figure S10.1: UV-vis spectra of 25 uM pDA 25 in aqueous solution with 2 % DMSO at 25 °C.
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Figure S10.2: UV-vis spectra of the half-life determination of pDA in aqueous solution with 2% DMSO

at 25 °C with the corresponding first order kinetics plot.

Figure S11.1: UV-vis spectra of 50 uM dmpDA in aqueous solution with 2 % DMSO at 25 °C.

Figure S11.2: UV-vis spectra of the half-life determination of dmpDA in aqueous solution with 2 %

DMSO at 25 °C with the corresponding first order kinetics plot.

Figure S12.1: UV-vis spectra of 25 uM fpDA in aqueous solution with 2 % DMSO at 25 °C.

Figure S12.2: UV-vis spectra of the half-life determination of fpDA in aqueous solution with 2 %

DMSO at 25 °C with the corresponding first order kinetics plot.

Figure S13.1: UV-vis spectra of 100 uM iDA in aqueous solution with 2 % DMSO at 25 °C.

Figure S13.2: UV-vis spectra of the half-life determination of iDA in aqueous solution with 2 % DMSO

at 25 °C with the corresponding first order kinetics plot.

Figure S14.1: UV-vis spectra of 250 uM baDA in aqueous solution with 2 % DMSO at 25 °C.

Figure S14.2: UV-vis spectra of the half-life determination of baDA in aqueous solution with 2 %

DMSO at 25 °C with the corresponding first order kinetics plot.

Figure S15.1: UV-vis spectra of 250 uM cnDA in aqueous solution with 2 % DMSO at 25 °C.

Figure S15.2: UV-vis spectra of the half-life determination of cnDA in aqueous solution with 2 %

DMSO at 25 °C with the corresponding first order kinetics plot.
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Fig. S1. Results of the 3-hour MTT cytotoxicity assay after treatment with seven different diazocines: phenyl N-acetyl
diazocine (pDA), dimethylphenyl N-acetyl diazocine (dmpDA), fluorophenyl N-acetyl diazocine (fpDA), bromophenyl N-acetyl
diazocine (bpDA), iodinated N-acetyl diazocine (iDA), benzoic acid N-acetyl diazocine (baDA) and cyano N-acetyl diazocine
(cnDA). The colorimetricmethodis based on the reduction of the yellow tetrazolium dye (MTT = 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) by cellular enzymes and allows to assess metabolic activity and thus cell viability. The
formation of the purple formazan by living cells was determined by spectrophotometer (595 nm). The different treatment
groups are presented in percentage of the untreated control. Data are shown from n > 3 independent experiments foreach

diazocine.
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Fig. S2. Lamp used for irradiation of the diazocines with blue lightat a wavelength of 400 nm placed on a 96-well plate (half
covered with aluminum foil = non-irradiated samples) for microsome inhibition assay. Approximate distance to the light
source (five light-emitting diodes (LEDs); 15t test series: VL400-5050, peak wavelenghttyp. =400 nm (Roithner LaserTechnik
GmbH, Vienna, Austria); 2" test series: NCSU275(T), peak wavelenghttyp. =405 nm (Nichia Corporation, Anan, Japan) was 6
cm.
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Fig. S3. UHPLC-chromatograms of untransfected (A), 17BHSD3-transfected, non-irradiated (B) and 17BHSD3-transfected,

irradiated HEK-293 cells treated with 20 uM androstenedione and incubated for 3 h (retention times 12.7 min
androstenedione and 13.2 min testosterone, respectively).
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Fig. S4. Produced testosterone in 17BHSD3-transfected HEK-293 cells after 3-hour incubation with 20 uM androstenedione,
with (irr.; 3 h at 20 % lamp intensity) and without (non-irr.) irradiation. Data are expressed as peak area of determined
testosterone. Valuesare given as means = SD of n = 46 biological replicates from 16 independent cell experiments.

B0

P00

Fig. S5. UHPLC-chromatograms of samplesincubated 5 h with 100 uM androstenedione, without microsome (A), with 120 ug
microsome (B), with 150 pug microsome (C) and with 200 pug microsome (D) isolated from 17BHSD3-transfected HEK-293 cells
(retention times 13.0 min androstenedione and 13.4 min testosterone, respectively). The small testosterone peak in the

control without microsome resulted most likely from a substrate impurity (298% pure), since it occurred also when
androstenedione standard solution was measured.
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Fig. $6.1. UHPLC-chromatograms of 173HSD3-transfected HEK-293 cells treated with 20 uM androstenedione and 10 uM
cnDA. Inthe non-irradiated sample (A) only one peak of the test compound was detected (10.9 min); whereasin the irradiated
sample (B) two additional peaks (11.3 minand 11.6 min, marked by {,) emerged and the original peak was smaller(10.9 min).
The third chromatogram shows 100 uM cnDA standard in methanol for comparison (C).
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Fig. S6.2. UHPLC-chromatograms of 17BHSD3-transfected HEK-293 cells treated with 20 uM androstenedione and 10 uM iDA.
In the non-irradiated sample (A) no iDA peak is seen, because it is hidden behind the androstenedione peak (13.2 min);
whereasin the irradiated sample (B) a new peak (12.9 min, marked by {,) emerged. The third chromatogram shows 100 uM
iDA standard in methanol for comparison (C).
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Tab. S7. Absorption maxima and thermal half-life of N-acetyl diazocine derivatives in aqueous solution with 2 % DMSO at
25 °C. Compounds pDA, dmpDA, fpDA and iDA were measured with lower concentrations due to poor solubility while for
bpDA UV-vis absorption was too low to obtain reliable spectra or thermal half-life.

compound concentration Amax (2) Amax (E) t1/2(25 °C)
umol/L nm nm min.

DA 250 392 502 98.20
pDA 25 395 510 45.10
dmpDA 50 391 501 129.04
fpDA 25 397 511 155.10
iDA 100 395 501 258.34
baDA 250 392 502 98.02
cnDA 250 392 505 99.04

UV-vis spectroscopy

UV-vis spectra were measured with a Shimadzu UV-2600i UV-vis spectrometer. Quartz cuvettes of 10 mm optical path length
were used.

Light sources

For irradiation different custom-built light sources with a wavelength of 405 nm and 530 nm were used (Sahlmann
Photochemistry Solutions & in-house built). Irradiation wavelengths for all (405 nm and 530 nm) LED units were measured
via a mobile UV-vis spectrometer (USB4000-UV-VIS, Ocean Optics, Largo, FL, USA). All emission spectra were normalized.
Fig. S8 shows the normalized emission spectra of all LED units used.
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Fig. S8. Emission spectra of all LED units used. For better comparison all datasets were normalized to its maximum.

The full width at half maximum (FWHM) amounts to 19 nm (401-420 nm, maximum at 410 nm) for the 405 nm LED unit and
to 38 nm (509-547 nm, maximum at 525 nm) for the 530 nm LED unit.
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I. UV-vis switching experiments

All samples were irradiated to the photostationary state (PSS) with 405 nm in aqueous solution containing 2 % of DMSO. The
UV-vis spectra were measured with compound concentrations of 250 uM and at 25 °C, except pDA, fpDA (both 25 uM),
dmpDA (50 uM) and iDA (100 uM) due to poor solubility. Spectra of bpDA (25 uM) were measured, but poor UV-vis

absorption gave no reliable data.

1.1 (Z2)-11-acetyl-11,12-dihydrodibenzo[c,g][1,2,5]triazocine (DA)

0,6 -
—— DA unexposed
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—— DA 530 nm
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Fig. $9.1. UV-visspectraof 250 uM DA inaqueous solution with 2 % DMSO at 25 °C. The unexposed sample is plottedin black,
the spectra of the PSS between Z-DA and E-DA after irradiation with 405 nm in red and the spectra of Z-DA after irradiation

with 530 nmin blue.
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Fig. $9.2. UV-vis spectra of the half-life determination of DA in aqueous solution with 2% DMSO at 25 °C (left) with the

corresponding first order kinetics plot (right).

389



8. Appendix

1.2 (Z)-1-(3-phenyldibenzolc,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (pDA)
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Fig. S10.1. UV-vis spectra of 25 uM pDA in aqueous solution with 2 % DMSO at 25 °C. The unexposed sample is plotted in

black, the spectra of the PSS between Z-pDA and E-pDA after irradiation with 405 nm in red and the spectra of Z-pDA after
irradiation with 530 nm in blue.
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Fig. S10.2. UV-vis spectra of the half-life determination of pDA in aqueous solution with 2 % DMSO at 25 °C (left) with the
correspondingfirst order kinetics plot (right).

1.3 (2)-1-(3-(2,6-dimethylphenyl)dibenzo[c,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (dmpDA)
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Fig. S11.1. UV-vis spectra of 50 uM dmpDA in agueoussolution with 2 % DMSO at 25 °C. The unexposed sampleis plottedin
black, the spectra of the PSS between Z-dmpDA and E-dmpDA afterirradiation with 405 nminred and the spectra of Z-dmpDA
afterirradiation with 530 nmin blue.
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Fig. $11.2. UV-visspectra of the half-life determination of dmpDA in aqueous solution with 2 % DMSO at 25 °C (left) with the

correspondingfirst order kinetics plot (right).

1.4 (Z)-1-(3-(4-fluorophenyl)dibenzolc,g][1,2,5]triazocin-11(12H)-yl)ethan-1-one (fpDA)
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Fig. S12.1. UV-vis spectra of 25 uM fpDA in aqueous solution with 2 % DMSO at 25 °C. The unexposed sample is plotted in
black, the spectra of the PSS between Z-fpDA and E-fpDA after irradiation with 405 nm inred and the spectra of Z-fpDA after

irradiation with 530 nm in blue.
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Fig. $12.2. UV-vis spectra of the half-life determination of fpDA in aqueous solution with 2 % DMSO at 25 °C (left) with the
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black, the spectra of the PSS between Z-iDA and E-iDA after irradiation with 405 nm in red and the spectra of Z-iDA after
irradiation with 530 nm in blue.
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Fig. S13.2. UV-vis spectra of the half-life determination of iDA in aqueous solution with 2 % DMSO at 25 °C (left) with the
correspondingfirst order kinetics plot (right).
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black, the spectra of the PSS between Z-baDA and E-baDA afterirradiation with 405 nm inred and the spectra of Z-baDA after
irradiation with 530 nmin blue.
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