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“Man merkt nie, was schon getan wurde, man sieht immer nur, was noch zu tun bleibt. ”

“Czlowiek nigdy nie oglgda si¢ na to, co zrobione, ale na to patrzy, co ma przed sobg do

zrobienia.”

“One never notices what has been done; one can only see what remains to be done.”

Marie Salomea Sktodowska—Curie (physicist and chemist)
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Kurzzusammenfassung 1

Kurzzusammenfassung

Nach Angaben der Internationalen Agentur fur Krebsforschung, einer Einrichtung der
Weltgesundheitsorganisation, wurden im Jahr 2020 schatzungsweise 19,3 Millionen Menschen
Krebs diagnostiziert, von denen 9,96 Millionen den Kampf gegen diese Krankheit verlieren
werden. Krebstherapien werden haufig durch schwere Nebenwirkungen beeintrachtigt, die die
anwendbare Dosis einschranken und die Lebensqualitat der Patienten stark einschranken kénnen.
Die Entwicklung neuer, effizienter Therapeutika, die selektiv wirken und weniger
Nebenwirkungen haben, ist daher von groRer Bedeutung. Die Photopharmakologie stellt ein
vielversprechendes Forschungsgebiet dar, um diesen Anforderungen gerecht zu werden, indem
neue Medikamente entwickelt werden, die lokal und bioorthogonal mit Licht aktiviert werden

kdnnen.

In dieser Arbeit stelle ich die Identifizierung und Charakterisierung von 3-Aryliden-2,5-
diketopiperazinen (Hemipiperazine, HPIs) als eine neue Klasse von molekularen Photoschaltern
vor. Ein HPI ist in Plinabulin enthalten, einem zytotoxischen Wirkstoff, der auf Mikrotubuli abzielt
und sich derzeit in einer Phase-I11-Studie zur Krebsbehandlung befindet. Es wurde entdeckt, dass
die Bioaktivitdt von Plinabulin mit sichtbarem Licht moduliert werden kann, was eine
biorthogonale Aktivierung dieses Medikaments mit rdumlicher und zeitlicher Prazision
ermoglichen kann. AufRerdem wurden Derivate mit verbesserten photophysikalischen und

pharmakologischen Eigenschaften identifiziert.

Das photochrome Kernfragment von Plinabulin enthalt ein zyklisches Dipeptid (2,5-
Diketopiperazin, DKP), welches selbst ein wichtiges Pharmakophor darstellt und auch in
zahlreichen biokompatiblen intelligenten Materialien zu finden ist. Der Photochromismus von
HPIs und der Einfluss von elektronenziehenden und -schiebenden Gruppen auf die

photophysikalischen Eigenschaften wurde systematisch untersucht.

Darlber hinaus wurde gezeigt, dass HPI-Photoschalter in andere molekulare Geruste eingebaut
werden konnen und eine reversible Photomodulation der Fluoreszenzintensitat ermdglichen. Es
wurde festgestellt, dass fluoreszierende Derivate von Zellen aufgenommen und mittels konfokaler
Mikroskopie innerhalb dieser Zellen sichtbar gemacht werden kénnen. Diese Ergebnisse kdnnten

die Grundlage fiir die Entwicklung neuartiger photoschaltbarer Fluoreszenzmarker bilden.
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Abstract

According to the International Agency for Research of Cancer, an institution of the World Health
Organization, in 2020 an estimate of 19.3 million humans were diagnosed with cancer, of which
9.96 million will lose the fight against this disease. Cancer therapy is often impaired by severe side
effects that limit the applicable dose and can enormously diminish the patients’ quality of life. The
development of new, efficient therapeutics that act selectively and have fewer side effects is
therefore of pronounced relevance. Photopharmacology represents a promising area of research
for addressing these needs, by developing new drugs that can be activated locally and

bioorthogonally with light.

In this thesis, | present the identification and characterization of 3-arylidene-2,5-diketopiperazines
(Hemipiperazines, HPIs) as a novel class of molecular photoswitches. An HPI is found in
plinabulin, a microtubule targeting cytotoxic agent currently in the 3™ phase of clinical trials for
cancer treatment. It was discovered that the bioactivity of plinabulin can be modulated with visible
light, which can enable biorthogonal activation of this drug with spatial and temporal precision.
Furthermore, derivatives with improved photophysical and pharmacological properties have been
identified.

The core photochromic fragment of plinabulin contains a cyclic dipeptide core (2,5-
diketopiperazine, DKP), which itself is an important pharmacophore and also found in numerous
biocompatible smart materials. The photochromism of HPIs and influence of electron-
withdrawing and -donating groups on the photophysical properties was investigated

systematically.

It was additionally demonstrated that HPI photoswitches can be incorporated into other molecular
scaffolds and enable reversible photomodulation of fluorescence intensity. Fluorescent derivatives
were found to be taken up by cells and were visualized within these cells via confocal microscopy.
These results might form the basis for the development of novel photoswitchable fluorescent

labels.
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1 Introduction

1.1 Photopharmacology

To enable the study or even the control of biochemical processes, it is of great interest to develop
tools and protocols that allow precise manipulation of bioactivity in a biorthogonal and non-
invasive manner. Given the complexity of biological systems, it is not possible to selectively target
individual processes or species by altering parameters like temperature or pH without significantly
affecting or even harming the surrounding species in cells or tissue. Photopharmacology, however,
can overcome these barriers and allow external control of bioactivity with light.> Light as a trigger
of drug activity does not lead to contamination, is not influenced by diffusion, can be applied
reversibly, and can be varied by using different wavelengths. Additionally, it offers the unique
advantage that it can be tuned in three dimensions: its location, timing and its intensity.? These
properties even enable studies on systems that are not accessible to alternative methods like for

example genetic manipulation.®”

To enable light-mediated regulation of pharmacokinetic and pharmacodynamic properties, light-
triggered molecular scaffolds are being introduced into biologically active compounds. Three
approaches to light-dependent pharmacology have been investigated: photodynamic therapy
(PDT), photouncaging and photopharmacology (Figure 1). Photosensitizers developed for PDT
generate highly cytotoxic reactive oxygen species upon irradiation.? The disadvantage of this
method is the lack of specificity in the activity due to general toxicity. This is not the case with
photouncaging, where photolabile protecting groups are introduced, yielding biologically inactive
compounds. These prodrugs are then activated through light-induced cleavage of a covalent bond.®
A drawback of this method is its irreversibility, which allows for diffusion of bioactive compounds
into non-targeted tissues and can also lead to excretion of bioactive substances, causing the
emergence of resistances.*® Additional disadvantages include the formation of potentially harmful
byproducts as well as uncontrolled enzymatic hydrolysis of the photolabile bond. Another concept
of photopharmacology is based on the implementation of molecular photoswitches by covalent
attachment to or direct incorporation into a pharmacophore. The photoswitchable motif allows for
reversible changes in shape and/or polarity, which can enable the design of a pharmaceutical with
significantly different biological activities in the light-dependent structural states. ldeally, one
photoisomer does not interfere with the drug’s functionality, whereas switching to the
corresponding isomer allows deactivation of the compound to reduce systemic side effects while

maintaining specificity.°
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Especially in the past decade, interdisciplinary research including the fields of chemistry,
medicine, pharmacy, and molecular biology facilitated the rapid evolution of photopharmacology
towards clinical applications.! The efficacy at the cellular level has already been reported for
possible applications including the treatment of pain''*4 microbial infections'>'®, diabetes’%,

and cancer ®72230_In some cases, the applicability has been demonstrated in live animals.®!

a ;
O —_— radicals __g,. (@ 3 1 OUTCOME
ROS \P &
|
OUTCOME
OUTCOME

Figure 1: Principles of different approaches for light-dependent pharmacology: a) photodynamic
therapy (ROS = reactive oxygen species), b) photouncaging, c) photopharmacology. Reprinted with
permission from %2, Copyright 2020 American Chemical Society.

However, further developments are necessary to address all the limitations of the currently known
examples. One problem is the commonly observed decrease in overall bioactivity due to a
significant change in the pharmacokinetic and pharmacodynamic properties upon introduction of
the molecular photoswitch.>'% Additional properties like the polarity, solubility and metabolic

stability may be altered and have to be evaluated and optimized for both photoisomers.*°

To address these issues, the optimal position of the photoswitchable motif within the drug has to
be identified in structure-activity relationship studies. As there are various molecular
photoswitches with different photophysical properties available, it is also vital to choose one with

characteristics that suit the intended application best.
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1.2 Molecular Photoswitches

1.2.1 Characteristics of Molecular Photoswitches in the Context of Photopharmacology

Molecular photoswitches are molecules which can reversibly interconvert between two or more
photoisomers upon irradiation with light. The photoisomers differ in their geometry and
photophysical properties and, in some cases, also in their polarity.®* In most cases, the
photoconversion proceeds as E/Z-isomerization, which usually causes distinct structural
modifications, or as pericyclic reaction, which often leads to significant changes in electronic
properties and/or polarity.® A distinction is made between T- and P-type photoswitches based on
the relaxation process following photoexcitation, which can occur thermally (T) or
photochemically (P). Additional classification concerns the observed change in color triggered by
irradiation. Positive photochromism describes an increased intensity of color and negative

photochromism the reversible color fading upon light irradiation.®

When aiming at photomodulation of bioactivity, it is crucial to develop a system that responds to
light irradiation with high efficiency. Hence, a distinct difference in potency between the irradiated
and non-irradiated forms is fundamental. And for efficient photoactivation, irradiation must result
in accumulation of the bioactive species. To achieve this, it has to be ensured that the thermal
stability of the more active species is on a timescale that allows to elicit the biological effect.
Additionally, a sufficient photoswitching quantum yield is required to harness the limited amount

of light reaching the targeted tissue effectively.3?3

Introducing a molecular photoswitch does not only influence the potency of a drug, but also its
pharmacodynamic properties. Azobenzenes belong to the best studied molecular photoswitches
and widely applied in photopharmacology. However, a serious drawback of azobenzene-based
photoswitches is the metabolic instability of several derivatives. Especially electron-rich
azobenzenes were found to be degraded by glutathione-catalyzed reduction of the N=N double
bond in the cellular environment. This increases the required concentrations and — more

importantly — yields mutagenic and cancerogenic arylhydrazines.*

When developing molecular photoswitches for pharmacological applications or medicinal
research, one has to consider the wavelengths required for photoisomerization. Although highly
energetic UV-light (365 nm) is very often applied, it is not well suited in a biological context due
to its potential phototoxicity and inefficient penetration of soft tissues due to absorption by
biomolecules and optical scattering in cells or tissues.3*4° Since shortwave visible light normally

only penetrates a few millimeters into tissue, an excitation in the range of 650 — 900 nm - the so-



8 Introduction

called ‘therapeutic window’ - with the highest penetration depth of soft human tissues is aspired

in photopharmacology.?

1.2.2 Visible Light-triggered Photoswitches

The scientific community working on organic photoswitches successfully developed a variety of

different photoswitchable compounds reversibly photoisomerizable with visible light.

The aforementioned azobenzenes reversibly undergo E-to-Z-isomerization at the N=N double
bond. Because UV-light is required for an efficient isomerization of unsubstituted azobenzenes,
several structural modifications have been investigated to tune their photophysical properties.
Numerous derivatives that allow for selective E-to-Z- and Z-to-E-photoisomerization within the
visible range of the electromagnetic spectrum with high or, in some cases, even complete

photoconversion have been identified. Selected examples are presented in Figure 2.4%°

/O R\\ b) R R’ X visible l/ght /@
|
=
N DU,
(E)
X

v or Ny A (E) R 405-460 nm
thermal equilibration ~ (Z) R’ R' or thermal equilibration
E-azobenzene Z-azobenzene R
(trans-isomer) (cis-isomer) R R' X E->Z
R R’ Mmax -F -F -H 530 nm
-C4Hg -CH3; 338 nm -OCH; -OCHjz -H 530 nm
-C4Hg -OCHj; 352 nm -Cl -Cl H 635 nm
-OCy4Hg -NO, 384 nm -F -Cl -H 530-660 nm
-N(CH3), -NO, 483 nm -F -F -CHO, -C=C-R" >630 nm

o9

6
5 Y= NR:
o N ﬁj::[ % t (E): 20 s - 74 min
GRE 7 [ S N%\ (Z) Z->E with 405 nm (50-82% E)
CN o Sy R=Ac: E->Z with 525 nm

[ Y=CHy O, S, or NR  R=Me: E->Z with 740 nm
E->Z: 720 nm, t;, = 1s

Azonium switches Azoheteroarenes Diazocines

Figure 2: Structural modifications of azobenzenes that enable reversible photoisomerization with
visible light. a) Push-pull azobenzenes and the corresponding absorption maxima (Amax) determined
in chloroform*#’  b) ortho-substituted azobenzenes and the wavelengths required for E-to-Z
switching*>444849  ¢) azonium switches®, d) azoheteroarenes®, e) diazocines®?®3, In c)-e) the
thermodynamically stable forms are depicted. Reproduced from reference .

Various examples of visible light-responsive photoswitches undergoing E/Z-photoisomerization
are derived from the dye indigo (Figure 3). Intramolecular hydrogen bonding stabilizes the E-
isomer of indigo and prevents photoisomerization.>** Consequently, indigoid photoswitches were

designed by introducing alkyl or aryl substituents that prevent hydrogen bond formation on the

nitrogen atoms of indigo.%® Other classes of indigoid photoswitches are obtained by combining
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stilbene with indigo (hemiindigo)>>®” or thioindigo (hemithioindigo)®®-1. Optimization of the

photophysical properties is feasible by installing electron-donating substituents (Figure 3b). 4

a) o & ) o Hemiindigo (X = NR; Y = CH-Ar)
N Indigo (R =H) p s s s
O — O N,N'-disubstituted =Y, Hemithioindigo (X = S; Y = CH-A1)
N indigos (R = Alk, Ar) X 7\ Immothlomdz?xyls X ='S; Y = N-Ar)
R 4 N R' = various substituents
J— R'
b) c)
R' 6-electrocyclization
hv'
_
I\ I\ -
indigo part R S S R hv" R

open form closed form

R*= NMe,, R" = OMe:
PSSs05 nm = 80% E, PSS25 nm = 89% Z; ty5 ) = 30 days

Diarylethenes (DAE)

Figure 3: Indigoid and diarylethene photoswitches. a) Structural modifications of indigo yielding
photochromic indigoids, b) By installing electron-donating substituents at both para-positions,
visible-light responsive hemithioindigos with an increased lifetime of the respective E-isomer were
obtained.®! Reproduced from reference .

Diarylethenes are an established example for bistable molecular photoswitches undergoing
reversible electrocyclization, which leads to considerable differences in the polarity of the
respective photoisomers. Since photoisomerization of unsubstituted diarylethene requires UV-
light, a variety of approaches, including extension of the conjugated n-system, have been

investigated to shift the absorption spectrum bathochromically.5%-

Besides these more common examples, several other scaffolds, including spiropyrans®’,
dihydropyrenes®, norbornadienes®®"* and donor-acceptor Stenhouse adducts’>"4, have been found

to undergo visible light induced photoismerization.
1.3 Photoswitchable Antimitotic Agents

One of the most pursued applications for photopharmacology is cancer therapy, which is often
impaired by severe side effects that limit the applicable dose and can enormously diminish the
patients’ quality of life.”® This is frequently observed with pharmaceuticals that target microtubule
dynamics, including clinically approved drugs such as vinca alkaloids, taxanes, and epothilone,

which belong to the most important drug classes for cancer treatment.”®”

1.3.1 Microtubules: Structure and Dynamics

Microtubules are a major component of the eukaryotic cytoskeleton and involved in essential
biological processes including intracellular transport, motility, and cell proliferation. These
noncovalent polymers are composed of o/B-tubulin heterodimers that first arrange head-to-tail to

form long strands called protofilaments (Figure 4). Typically, 13 protofilaments assemble into
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tube-like structures with a diameter of ~25 nm by lateral association.”®8! The cellular microtubule
network undergoes constant remodeling, required to fulfill the spatiotemporally-distinct functions
of microtubules and is described as ‘dynamic instability’.8? The equilibrium between phases of
dissociation (‘catastrophe’) and polymerization (‘rescue’) is guanosine triphosphate (GTP)-

dependent and regulated by microtubule-associated proteins (MAPs).”" 8385

Tubulin-GTP

Q?}; <§O % é?fo Tubulin-GDP

Polymerization CP GDOP W
@ /™
MSA

yepolymerizaﬁon axane site
k4 (
MDA @

Colchicine site

Catastrophe
S EE—
D
Rescue

o-tubulin

Shrinking microtubule

Growing microtubule

Figure 4: ‘Dynamic instability’ describes the GTP-dependent equilibrium of assembly and
disassembly of o/B-tubulin heterodimers. Microtubule targeting agents either stabilize (microtubule
stabilizing agents, MSAS) or destabilize microtubule polymers (microtubule destabilizing agents,
MDAS). The identified binding sites have been named after the most prominent agents of classes of
agents binding at this region. They are highlighted and assigned via color code. GTP = guanosine
triphosphate, GDP = guanosine diphosphate. Adapted with permission from the reference .
Copyrights (2018) Elsevier.

1.3.2 Targeting the Microtubule Cytoskeleton

Microtubule-targeting agents interfere with the ‘dynamic instability’ of microtubules by promoting
either microtubule polymerization (microtubule stabilizing agents, MSASs) or dissociation
(microtubule destabilizing agents, MDAS) (Figure 4). Both classes of agents can severely impair
cell viability by suppressing microtubule dynamics, which characteristically results in cell cycle
arrest in the Go/M phase.”®""#387 Six distinct ligand binding sites have been characterized by
structural biology and assigned to the respective most prominent compound class that binds to this

region, as presented in Figure 4.7

Due to their antiproliferative effect, these agents are promising candidates for cancer therapy.
However, from several hundred compounds found to be capable of inducing mitotic arrest, only a
few have been clinically approved. The suitability of these compounds as pharmaceuticals is
diminished by their nonspecific mode of action. They affect vital processes in all cells and can

cause systemic side effects and leads to a low therapeutic index of the drugs. Consequently, therapy
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suffers a compromise with limited applicable doses reducing the desired effect and severe adverse

effects including myelosuppression and neutropenia that have to be endured.”®

Spatiotemporal control of the activity of these compounds could reduce side effects and allow for
higher concentration in the targeted tissue. This goal is being pursued by developing

photoswitchable analogues of these agents.

1.3.3 Photoswitchable Microtubule-Targeting Agents

A variety of photoswitchable microtubule-targeting agents based on different molecular
photoswitches have been demonstrated as analogues of the naturally occurring alkaloid and

microtubule-destabilizing agent colchicine (Figure 5 a).

Combretastatin A-4 (CA4) is a naturally occurring stilbene that acts as a microtubule-destabilizing
agent. Whereas the thermodynamically less stable Z-isomer is structurally similar to colchicine,
can bind efficiently to the colchicine binding site in tubulin, and is a very potent microtubule
inhibitor, the corresponding E-isomer is 60-fold less potent.88#° Although E-to-Z-isomerization of
this compound is possible, the intrinsic characteristics of stilbenes prevent successful applications.
Photoactivation of this compound requires UV-light and is not entirely reversible due to

photochemical electrocyclization.®

To enable reversible photoisomerization, a photopharmacological azologue of CA4 was designed
by replacing the carbon atoms of the C=C double bond with nitrogen atoms, as independently
reported by three groups (photostatin-1, PST-1, Figure 5).”?22% The biologically less active but
thermodynamically more stable E-isomer can be efficiently and reversibly transformed into the
colchicine-like Z-isomer with light in the range of 380-410 nm. A significantly increased potency
against various cell lines and light-triggered G2/M arrest were demonstrated. In addition, light-
induced mitotic arrest in metaphase was shown in vivo with C. elegans embryos and it was found
to be possible to target only selected single cells and reverse this process by green light-triggered
Z-to-E-isomerization.” However, PST-1 was found to be unstable under reducing conditions and
it was further observed that the more active Z-isomer is degraded considerably faster by cellular
glutathione. As mentioned in chapter 1.2.1, this is a commonly observed phenomenon with

azobenzene photoswitches and severely limits their applicability in biological environments.
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Figure 5: a) Photostatin-1 (PST-1) is a photoswitchable azologue of combretastatin A-4 (CA4), b)
Viability assays demonstrate the light-tunable potency of PST-1, c) Light-dependent cell-cycle
analysis illustrates that irradiated PST-1 leads to G»/M arrest, a characteristic observation for
microtubule-targeting agents, d) PST-1 selectively causes disassembly of microtubules and nuclear
fragmentation upon irradiation with 390 nm. Treatment with the same concentration but in the dark

does not affect microtubule structure. (MDA-MB-231 cells; a-tubulin (green), DNA (blue); scale

bars, 20 mm). Adapted with permission from reference ’. Copyright 2015 Elsevier Inc.

The limitations of azobenzene photoswitches motivated scientists to expand the variety of
photoswitchable colchicine-inspired designs, including alternative molecular photoswitches such
as spiropyrans®, benzodiazo  N-substituted pyrrole®?, hemithioindigos®?®, pyrrole

hemithioindigos®® and heterostilbenes?®,

Photoswitchable pyrrole hemithioindigos reported by Sailer et al. (e.g. PHTub-7, Figure 6)
overcome two factors that limit the photoswitchability of azobenzenes in biological assays. In
contrast to the previously reported azobenzenes, these photoswitches can be photoisomerized
nearly quantitatively in both directions within the biologically compatible light spectrum.
Moreover, high photostationary states (PSSs) can be reached by applying fixed-wavelength lasers
available in confocal microscopes.? Complementary to this, another series of photoswitchable
microtubule-destabilizing agents based on the heterostilbene styrylbenzothiazole was delevoped,
specifically designed to be orthogonal to common light frequencies applied for imaging with
confocal microscopes. These compounds can be employed for photocontrol of microtubules in
biological assays in combination with multichannel imaging. Fluorescence imaging of for example
green fluorescent protein (GFP) labelled species is possible without affecting these
photopharmacological agents. Further favorable characteristics of these compounds include their

stability against degradation by cytoplasmic glutathione and the enhanced lifetime of the more
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active species.®® Two lead compounds, SBTub2M and SBTubA4 (Figure 6), with potencies in the
mid-nanomolar range and 30- to 200-fold enhanced antimitotic activity in the lit state have been
identified.?® Unfortunately, photomodulation of styrylbenzothiazole-based photoswitches is
limited due to the low band separation between the two respective photoisomers in combination
with the high thermal stability of the Z-isomers. These characteristics prevent photoactivation from
being reversed thermally or by irradiation with another wavelength. However, it was found that
diffusion of the photoactivated species enables recovery of microtubule dynamics after
photoactivation with half-lives of ca. 20 s in 2D cell culture and ca. 10 min in organoids and in
vivo. It was further demonstrated that reversible and spatiotemporal control of mitotic progression
in zebrafish D. rerio is possible in repeatable cycles with the water-soluble prodrug SBTubA4P
(Figure 6).%°
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Figure 6: Examples of photoswitchable microtubule-destabilizing agents. a) Examples for active
photoisomers of agents with photoswitchable antimitotic activity, b) Heterostilbene SBTubA4P
(1 or 25 uM) causes morphological abnormalities in the development of D. rerio selectively in the
lit state. hpf = hours post-fertilization. Reproduced and adapted with permission from reference .

Further possible applications were realized by designing photoswitchable analogues of the

microtubule-stabilizing agents paclitaxel and epothilone B and D, which provide access to a further
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spectrum of biological effects. Compared to microtubule-destabilizing agents, they differ in their

pharmacological properties and stoichiometry.?

Muiller-Deku et al. synthesized a library of 3’-azobenzamide-taxanes and identified AzTax3MP as
the lead compound for which the structural alterations resulted in the smallest loss of overall
potency and which was found to reach the highest dark/lit ratio of ECsg values. In contrast to the
previously described compounds, like for example PST-1, this compound does not inhibit but

promotes tubulin polymerization with an enhanced potency in the lit state (Figure 7).2°
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Figure 7: a) AzTax3MP was designed by installing a methoxy-substituted azobenzene on the
microtubule stabilizing agent paclitaxel (marked in blue), b) UV-Vis absorption spectra of
AzTax3MP in the photostationary states (PSSs) reached upon irradiation with selected wavelengths,
¢) Light-enhanced promotion of tubulin polymerization by Z-AzTax3MP was demonstrated in cell-
free assays and compares to docetaxel. Panels b) and c) were reprinted under the terms of the Creative
Commons CC BY license from reference 2.

In another study Gao et al. installed a photoswitchable styrylthiazole (ST) moiety on epothilone D
by either expanding the molecular scaffold or connecting the ST to the macrolactone via the phenyl
ring (Figure 8). Interestingly, they obtained light-activated derivatives (Figure 8 a) as well as an
agent that loses potency upon irradiation (Figure 8 b). Because the absorption spectra of both
photoisomers do not overlap with the commonly applied laser lines 488 nm and 561 nm, it was

possible to monitor the disorganized microtubule networks caused by photoactivated STEpo2 in

situ.%0
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Figure 8: a) STEpos are photoswitchable microtubule-targeting agents derived from epothilone D
(highlighted in blue) by either expanding the molecular scaffold (STEpo2) or inverting the
introduced ST photoswitch (STEpo4), b) Photomodulation of the antiproliferative activity of
STEpo2 and STEpo4 was investigated in cell viability assays. While STEpo2 is activated under lit
conditions, STEpo4 loses potency upon irradiation, c) HelLa cells were treated with STEpo2
(20 hours incubation) and imaged via fluorescence microscopy (a-tubulin: green, DNA stained with
DAPI: blue). Generation of a high population of the Z-isomer via 360 nm pulsing results in
disorganized microtubule networks: spindle defects (asterisks) and bundled MTs (arrowheads).
EpoB = epothilone B, DMSO = dimethyl sulfoxide, co-solvent control. Panels b) and c) were adapted
from reference *.

1.3.4 Plinabulin

Plinabulin is a microtubule-destabilizing agent with low-nanomolar activity and it is currently
being investigated in a global phase 3 clinical trial as an agent for the treatment of non-small cell
lung cancer®* ¢ and chemotherapy-induced neutropenia.®’ It is a synthetic analogue of the natural
product phenylahistin, discovered in cultures of the marine fungus Aspergillus ustus in 1997,
which was found to induce cell cycle arrest in the GoM phase with a significantly higher potency
of the (S)-enantiomer.®>%-1% |n systematic and extensive structure-activity relationship studies,
plinabulin (also referred to as NPI-2358) was identified as a synthetically readily accessible
derivative with optimized bioactivity.2°%! Plinabulin binds to the colchicine binding site of B-
tubulin but differs in the nature of binding compared to colchicine and CA4. This is a possible
explanation for its effect against chemotherapy-induced neutropenia, which has not been observed

for the other two compounds.*®?
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Figure 9: a) Plinabulin is a synthetic analogue of phenylahistin, which was isolated from the marine
fungus Aspergillus ustus, b) An overlay of the X-ray crystal structure analyses revealed the different
nature of binding of plinabulin (green sticks) compared to colchicine (cyan sticks) and CA4 (purple
sticks). Panel b) was adapted from reference 1%,

Plinabulin can be described as a cyclic dipeptide and consists of a 2,5-diketopiperazine (DKP) ring
with two arylidene substituents. The pseudo-tricyclic structure of the DKP ring and the imidazole
moiety highlighted in Figure 10 are essential for its biological activity and should not be altered
when designing new derivatives of plinabulin. However, the installation of functional groups on
the phenyl ring is tolerated in some cases and the two derivatives depicted in Figure 10 b were

found to be even more potent than plinabulin. 1%
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Figure 10: a) Structural features of plinabulin that are essential for its biological activity, b)
Derivatives with an enhanced potency compared to plinabulin. Reproduced from. Panel a) was
reprinted with permission from reference 1. Copyright 2012 American Chemical Society.

Adverse effects of plinabulin include fever, tumor pain, transient hypertension, fever, fatigue, and
nausea/vomiting.% To enable light-triggered release of this drug, plinabulin was encapsulated into
DKP-based hydrogels and efficiently released upon irradiation with green light.'°® While working
on this project, it was discovered that plinabulin itself can be reversibly photoisomerized with

visible light.
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2 Objective

The newly discovered photoswitchability of plinabulin constitutes a previously unexplored
characteristic of a potent agent currently in the 3" phase of clinical trials. This sets the basis for
the qualification of plinabulin as an alternative to previously described photoswitchable antimitotic
agents that suffer a dramatic loss in potency caused by the structural modifications made when

introducing the respective molecular photoswitch.

This research work aims to gain an understanding on the nature of photoswitching of plinabulin
and to introduce plinabulin and its derivatives as a new class of photopharmacological agents. For
this purpose, first, the photoswitchable structural motif is identified by isolating and studying the
respective photoisomers. To investigate possibilities for optimization of these agents, a series of
derivatives is synthesized and investigated strategically with respect to their photophysical and

photopharmacological properties.

The photochromism of plinabulin was never reported before. It also does not contain any
established photoswitch within its structure. Therefore, the unexpected discovery in our group,
that plinabulin can reversibly photoisomerize, opens up new interesting perspectives both in
photopharmacology and in basic photochromism research. Consequently, the identified
photoisomerizable structural motif — arylidene-2,5-dietopiperazine, abbreviated below as
“hemipiperazine” or “HPI” - is studied systematically by installing electron-withdrawing and
electron-donating substituents on a model compound. The photophysical properties are assessed
and correlated with computational quantum mechanical modeling (applying the density-functional

theory, DFT) calculations.

Finally, the new photoswitch — HPI - is introduced into another core structure to demonstrate the

broader applicability and expand the scope of possible applications.
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3 Results and Discussion

3.1 Plinabulin Derivatives

This work introduces plinabulin as a novel photoswitchable antimitotic agent that comprises a
previously unidentified molecular photoswitch suitable for photopharmacological applications. A
library of plinabulin derivatives was synthesized in order to identify the scope of photochromism
and the optimization potential of the photophysical and photopharmacological properties - for

future human therapeutic applications.

3.1.1 Synthesis

The syntheses of plinabulin (6) and the investigated derivatives were achieved according to
literature procedures in eight reaction steps, starting with the formation of the molecular building
blocks N,N’-diacetyl-2,5-piperazinedione (2) and aldehyde 4 (Scheme 1). These two compounds
are synthetically accessible starting from the commercially available substrates glycine (1) and
ethyl isocyanoacetate (3) in two and four synthetic steps, respectively. In a subsequent
condensation reaction, they are coupled, yielding arylidenepiperazinedione 5,100.104-106
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Scheme 1: The synthetic intermediate diketopiperazine (DKP) 5 is accessible via a seven-step
synthesis route, starting from the commercially available substrates glycine (1) and ethyl
isocyanoacetate (3).

In the final reaction step, a series of carbocyclic aromatic and heteroaromatic aldehydes were
coupled with intermediate 5 in a second condensation reaction. This aldol-type condensation is a
common reaction for introducing arylidene substituents on diketopiperazines (DKPS)

(Figure 11) 107112
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Figure 11: A library of plinabulin derivatives was synthesized by coupling carbocyclic aromatic and
heteroaromatic aldehydes with intermediate 5 in an aldol condensation reaction.

The respective aldehydes were usually obtained commercially and only in a few cases synthesized
in preparation for the respective condensation reaction (details in chapter 5.4.2). The aldehyde
subjected to the reaction towards compound 23 (Figure 11) contained a tert-butyloxycarbonyl

(Boc) protecting group which was removed in an additional, ninth reaction step.

As shown in Scheme 1, the condensation reactions were preceded by an activation of the
diketopiperazine by an N-acetylation of the DKP. The acylated DKP can subsequently be subjected
to aldol-type condensation reactions with aromatic and aliphatic aldehydes in the presence of a
suitable base (e.g. triethylamine (EtsN), caesium carbonate (Cs2CO3) or potassium tert-butoxide
(KO'Bu)). The enhanced reactivity of the acylated derivative was rationalized by a greater acidity

of the vicinal methylene proton, which is cleaved off by a base and leads to the enolate formation
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in the first step of the proposed mechanism (Scheme 2).1%7112 yet, computational studies did not
show a significant distance in the acidity of these protons in unsubstituted DKP (pKa = 24.0) and
the acetylated analogue (pKa=24.1).1'%® However, the acetylation additionally supports the
condensation reaction by enabling a kinetically favored intramolecular N-O shift of the acyl group

(step 3, Scheme 2).107:112

Oy O i o° o) y

’,N\k XN HJ\N@/\\éH
WNW)\(O@ YNWH\(O\[( WN OT( IS
O O R i O O R O o O R 0] 1

(0] O

Q
WN NH|_I ,O:(_\ B \W@R + BH + CHscOP
A

O O R O O O

Scheme 2: General reaction mechanism of the aldol-type condensation of acylated DKP 2 and
aromatic or aliphatic aldehydes proposed by Gallina and Liberatori in 1973.1%

In the last step, the double bond is formed by elimination of acetate. The reaction is typically
diastereoselective in favor of the respective Z-isomers, which may be explained by applying the
Zimmermann-Traxler model to the second step of the mechanism, the aldol addition.'**!? The
two competing transition states proposed by Balducci et al. are shown in Figure 12. The reaction
proceeds via the transition state in which the relative orientation of the aldehyde to the acetyl group

causes less steric hindrance.!4
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Figure 12: The diastereoselectivity of the aldol condensation can be rationalized by applying the
Zimmermann-Traxler model to the aldol addition following the enolization of the DKP 2. The
reaction proceeds via the transition state depicted on the left with less steric hindrance. R = aliphatic

or aromatic residue, M = Metal of the base applied in the reaction.**

When performing the aldol condensation with carbocyclic aromatic aldehydes the yield and/or the
required reaction time is highly dependent on the substituents. In general, the reaction is
significantly faster when coupling aldehydes bearing electron-withdrawing groups, which promote
a nucleophilic attack of the intermediate enolate on the aldehyde group. The reaction conditions
can be optimized by choosing a suitable combination of base and solvent.''? During this work, it
was studied whether the speed of the reaction with electron-rich aldehydes can be enhanced by
raising the reaction temperature from room temperature to 50 °C when performing reactions.
When monitoring these reactions via analytical HPLC, it was observed that an increased
temperature lead to the formation of undesired side products which thus resulted in lower yields.
Satisfactory yields were achieved when stirring at room temperature and prolonging the reaction

up to several days.

For nine of the synthesized derivatives single crystals were grown successfully and subjected to
single-crystal X-ray diffraction studies. The corresponding structures are shown in Figure 13. As
expected, the Z-conformation of both C=C double bonds was confirmed for all these compounds,

respectively.
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Figure 13: Single crystals of Z-8, Z-10, Z-12-17 and Z-27 were analyzed in single-crystal X-ray
diffraction studies. The results were visualized with Mercury 2020.1 (CCDC). Additional atoms in

the results of Z-8, Z-13, Z-27 (H;0), Z-14 (disordered 3-methoxybenzylidene moiety) and Z-17
(disordered tert-butyl and julolidine moieties) were removed in this visual presentation. Atoms of
carbon are depicted in grey, hydrogen in white, oxygen in red, nitrogen in blue, sulfur in deep yellow,
fluorine in bright yellow and chlorine in green.

Also, the pseudo-tricyclic structure described by Yamazaki et al. (see also chapter 1.3.3)% was
confirmed. The imidazole ring was found to be in plane with the diketopiperazine ring, which is
presumably supported by an intramolecular hydrogen bond between the lone electron pair of the
nitrogen atom on the imidazole ring and the amide proton on the DKP ring. It was additionally
observed that the introduction of substituents in ortho position on the phenyl ring leads to a twist

of the aromatic ring out of plane, which can be rationalized by steric repulsion.

3.1.2 Investigation of the Photoswitching

In course of our research on encapsulation and light-induced plinabulin (6) release as a bioactive
cargo from photoswitchable supramolecular hydrogels based on azobenzenel®®, our group
discovered that in absence of the azobenzene-containing hydrogelator the cargo molecule itself
also exhibited reversible photochromic behavior. Because plinabulin (6) does not contain any
previously investigated photoswitchable structural motifs, the first major goal was to determine
the conformation of the less stable photoisomer of plinabulin (6) that is being formed upon
irradiation. When assuming that photoconversion proceeds as E/Z-isomerization, there are two

double bonds that could hypothetically isomerize, leading to four possible photoisomers in total,
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which are depicted in Figure 14. However, all collected results of NMR and HPLC measurements

suggest that only one additional photoisomer is formed during photoisomerization.
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Figure 14: In theory, the thermally most stable Z,Z-isomer can be photoisomerized into the three

other isomers when undergoing E/Z-isomerization.

To identify this photoisomer a method to separate the respective photoisomers via preparative
HPLC was developed. It was found that both photoisomers are sufficiently stable to be analyzed
via NMR spectroscopy. Sections of the respective *H NMR spectra are presented in Figure 15 and
selected signals were assigned to the corresponding protons via color code. One of the two signals
assigned to the two vinylic protons (blue) is shifted significantly more into the high field than the
other one (green). This allows the conclusion that the proton on the side of the phenyl residue is
subjected to a greater change in its electronic surroundings, than the proton on the side of the

heterocycle. This is a first indication that the depicted E,Z-isomer is formed.
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Figure 15: Comparison of sections of *H NMR spectra (400 MHz) in deuterated dimethyl sulfoxide
(DMSO-ds) of the photoisomers of plinabulin (6). Selected signals are assigned to the respective
proton via color code.
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Additionally, NOESY NMR spectra of both photoisomers of plinabulin (6), 3-methoxyplinabulin

14 and 3,5-dimethoxyplinabulin 15 were measured and analyzed. Sections of these spectra are

presented in Figure 16 and important signals are assigned to the respective protons via color code.

It is evident that after photoisomerization the signal, assigned to interactions of the NH proton with

aromatic protons (highlighted in yellow, not detected for Z-6) is replaced by a signal that indicates

close proximity of the NH proton to the vinylic proton. These results also support the light-

triggered formation of the respective E,Z-isomers.
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Figure 16: Sections NOESY NMR spectra in deuterated dimethyl sulfoxide (DMSO-dg) of the two
respective photoisomers of a) 6, b) 14 and c) 15. Selected signals are assigned to the respective

protons via color code.

Furthermore, single crystals of both photoisomers of 2,6-dichloroplinabulin 10 were obtained and

analyzed via X-ray diffraction analysis to determine their respective conformations. As depicted

in Figure 17, the formation of the E,Z-isomer could be confirmed.
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Figure 17: The conformations of the two photoisomers of 2,6-dichloroplinabulin 10 were
determined via single-crystal X-ray diffraction analysis.

Based on the combined data it was concluded that the synthesized plinabulin derivatives undergo
light-induced E/Z-isomerization of the carbocyclic arylidene group attached to the cyclic
dipeptide. This E/Z-photoisomerization is analogous to the isomerization of arylidene substituents
adjacent to heterocyclic five-membered-ring scaffolds of the previously described classes of
molecular photoswitches indigoids®®, hydantoins‘®, and isoindolinones!!’. The photosensitivity
of arylidene groups attached to heterocyclic six-membered-rings has been mentioned in 19708
and 1982™° and was also shortly described for an isolated natural product in a report that was
published over the course of this work!?, Although these studies do not include any
characterization of photochromism, they support the hypothesis of an E/Z-isomerization of the
proposed C=C double bond. This novel molecular photoswitch is a combination of a hemistilbene

and a 2,5-diketopiperazine and was thus named hemipiperazine (HPI).

Under the investigated conditions, no Z/E-photoisomerization of the C=C bond on the heterocyclic
arylidene substituent of plinabulin (6), nor its derivatives, has been observed. Therefore, it was
decided to split the original system on two halves — each with one arylidene-substituted DKP — in
order to separately check if there is any inherent structural reason for such a behavior. The
photochromism of two alternative monoarylidene synthetic intermediates of plinabulin (6) — the
benzylidene-N-monoacetyl-DKP 29 and the imidazole-substituted N-monoacetyl-DKP 5 shown in
Figure 18 were investigated. They both contain the rudimentary HPI motif. For compound 29, the
Z-configuration could be confirmed via single-crystal X-ray diffraction analysis (see

chapter 5.5.11). Interestingly, both compounds were found to be reversibly photoswitchable with
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UV- and violet light and the respective photoisomers were isolated successfully and analyzed via
NMR spectroscopy. Sections of the respective NOESY NMR spectra are shown in Figure 18 and
important signals are assigned to the respective protons via color code. In both cases, a signal that
indicates close proximity of the NH proton on the DKP ring to the vinylic proton was identified in

the spectrum of the respective thermodynamically less stable photoisomer formed upon irradiation.
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Figure 18: Sections NOESY NMR spectra in deuterated dimethyl sulfoxide (DMSO-ds) of the two
respective photoisomers of a) HPI 29 and b) HPI 5. Selected signals are assigned to the respective
protons via color code.

The collected data suggests that both intermediates — the carbocyclic aromatic 29 and the
heteroaromatic 5 — are functional HPI photoswitches that separately undergo light-triggered Z/E-
photoisomerization. This speaks against a preliminary working hypothesis, that it is the hydrogen
bonding between the DKP amide bond and the imidazole nitrogen atom which stabilizes the Z-
configuration of the heteroarylidene and prevents it from photoisomerization. Yet, in
plinabulin (6), which comprises both a carbocyclic aromatic and a heteroaromatic HP1 motif, the
heterocyclic arylidene substituent is inert to light. Possible explanation for the stabilized Z-
configuration is the particular relative geometric configuration of the two chromophores. A similar

effect has been observed elsewhere for multiphotochromic azobenzenes.!?



Results and Discussion 29

3.1.3 Photophysical and Photopharmacological Properties of Plinabulin (6)

When studying the photophysical properties of plinabulin (6), a minor solvatochromic effect was
observed for both photoisomers. The absorption maxima of spectra measured in different solvents
fluctuate between 355 and 371 nm (Figure 19). However, no direct correlation on the solvents’

dipole moment and the shift of the absorption maxima was observed.
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Figure 19: Solvatochromism and acidochromism was observed for both photoisomers Z-6 (top) and
E-6 (bottom). Absorption spectra were measured (¢ = 80 uM, d = 2 mm) and spectra are assigned to
the respective solvents via color code.

Additionally, absorption spectra measured in acetonitrile without any additive were compared with
those of solutions with the same concentration but with 1% (v/v) of an acid (trifluoroacetic acid,
TFA) and a base (triethylamine, EtsN), respectively (Figure 19). While the addition of EtsN had
no significant influence on the absorption spectra, TFA addition was found to lead to a
hypsochromic shift of the absorption maximum of 35 nm (Z-6) and 41 nm (E-6), respectively. The
shift in the absorption spectra is assumed to be caused by protonation and can be tuned by adding
different amounts of TFA whereby saturation is reached at 2.0 equivalents TFA (Figure 20). When
investigating the two HPIs and synthetic intermediates of plinabulin 5 and 29, no acidochromism
was observed for the carbocyclic aromatic HPI 29 but TFA addition lead to a hypsochromic shift
in the absorption maximum of 45 nm in the spectra of compound 5. These results suggest that

plinabulin (6) is protonated on the imidazole moiety when TFA (pKa in MeCN = 12.65)'% is
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added, which is in accordance with a pKa value of 15.07 for unsubstituted imidazole in MeCN.!23
In consequence of these findings, work-up after purification via preparative HPLC was adjusted:
Because TFA was added to the mobile phase during purification all collected fractions were

washed with saturated aqueous solution of sodium hydrogen carbonate to remove all TFA.
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Figure 20: Results of investigations of the acidochromism of plinabulin (6) suggest a protonation on
the imidazole ring. a) Absorption spectra of Z-6 with different amounts of TFA, b) Compounds 29
(left) and 5 (right) were dissolved in pure MeCN and in mixtures of 1% (v/v) TFA in MeCN and 1%
(v/v) EtsN in MeCN, respectively. Acidochromism was not observed for Z-29 but for Z-5. Absorption
spectra (¢ = 80 uM, d = 2 mm) are assigned to the respective solvents and mixtures via color code.

After having assessed the photophysical properties of the isolated photoisomers the changes upon
irradiation with selected wavelengths were investigated. The compositions of the photostationary

states (PSSs) were determined via NMR spectroscopy in deuterated dimethyl sulfoxide (DMSO-
de) (Figure 21).
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Figure 21: The compositions of the photostationary states (PSSs) of plinabulin (6) were determined

via 'H NMR spectroscopy. Samples in deuterated dimethyl sulfoxide (DMSO-ds) were irradiated

with selected wavelengths and photoisomerization was monitored until prolonged irradiation did not

lead to further changes in the relative integrals of the signals assigned to the two photoisomers. a)
Sections of NMR spectra obtained after irradiation with selected wavelengths and the PSS was
reached. The spectra are assigned to the respective wavelengths via color code, b) Compositions of

the respective PSSs for all applied wavelengths.

A PSS is reached once further irradiation does no longer induce a change in the ratio of E- and Z-
isomer. It was found that the thermodynamically more stable Z-isomer can be photoisomerized to
up to 62% of the corresponding E-isomer with UV-light (365 nm) and efficient back-isomerization

to 87% Z-isomer is achieved upon irradiation with cyan light (490 nm).

In diluted samples, slight photodegradation was noticed upon irradiation at and below 430 nm. In
presence of blue or cyan light (450-490 nm) however, plinabulin (6) was found to be stable. To
investigate the photostability of plinabulin (6) in details, ten subsequent switching cycles in DMSO
were performed by first irradiating the sample with violet light (407 nm, 2 min per cycle), then
with cyan light (490 nm, 35 min per cycle). The resulting mixtures were analyzed after every

irradiation step via analytical HPLC (Figure 22).
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Figure 22: Photodegradation of plinabulin (6) in ten subsequent switching cycles. a) A solution of
pure Z-6 (1.0 mM) in DMSO was analyzed via analytical HPLC. The sample was first irradiated with
407 nm for 2 min, followed by with 490 nm for 35 min, respectively. The irradiation cycles were
performed ten times and after every irradiation step the solution was analyzed via analytical HPLC,
b) Two of the corresponding HPLC traces - before irradiation (top right) and after completing ten

switching cycles (bottom right) - are depicted.

It was observed that the integrals of the signals assigned to both, the E- and the Z-isomer of

plinabulin (6), continuously decrease with progressing irradiation time. After 20 irradiation steps,

over ten additional signals besides those assigned to the photoisomers of plinabulin (6) were

detected in the HPLC trace. This indicates a formation of multiple degradation products in

reactions with low specificity and prevents the identification of a predominant degradation

pathway. To investigate the influence of oxygen on the degradation, a 40 uM solution of

plinabulin (6) in DMSO was split into three separate samples: Whereas one sample was kept under

ambient atmosphere, the other two were purged for five minutes with gases, one sample with

oxygen and the other with argon. Subsequently, absorption spectra of these samples were

measured before and after irradiation with first 490 nm, followed by 407 nm (Figure 23).
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Figure 23: The photodegradation is promoted by oxygen and can be significantly reduced by the
addition of the reactive oxygen species (ROS) quenchers, like sodium ascorbate. a)-c) A 40 uM
solution of 6 in DMSO was prepared and split up into three samples. One sample a) was kept under
ambient atmosphere, the other samples were purged for 5 min with b) oxygen or c¢) argon,
respectively. Afterwards, the samples were first irradiated twice for 15 min with 490 nm and
subsequently five times for 1 min with 407 nm. Absorption spectra were first recorded in the dark
and then after each irradiation step. d) A solution of pure Z-6 (1.0 mM) in a saturated solution of
sodium ascorbate in DMSO was analyzed via analytical HPLC. The sample was irradiated with
407 nm for 2 min and with 490 nm for 35 min, respectively. The irradiation cycles were repeated
ten times and after every irradiation step the solution was analyzed via analytical HPLC.

It was observed that irradiation with cyan light (490 nm) leads to a change in the absorption
spectra, while doubling the irradiation time from 15 min to 30 min does not lead to further
significant changes. Two isosbestic points are visible and it can be concluded that the PSS is
reached after 15 min irradiation time and no photodegradation is detected. Subsequent irradiation
with violet light (407 nm) induces changes in the absorption spectra of all three samples. Notably,
already after 1 min irradiation time the spectra do not intersect at the isosbestic point anymore and
further irradiation leads to a continuous decrease in the absorption maxima. This decrease in
absorbance presumably correlates with progressing photodegradation. The enrichment of oxygen
accelerates this process, while the degradation of the sample purged with argon is decelerated,

which clearly indicates that the photoinduced degradation of plinabulin (6) is promoted by oxygen.
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Therefore, it was concluded that the degradation products result from unspecific reactions with
reactive oxygen species (ROS) formed upon irradiation. Consequently, sodium ascorbate — a
known quencher of ROS'?* — was added to a sample to suppress the degradation process. It was
found that this additive significantly slows down the decrease of the integrals of the signals
assigned to both, the E- and the Z-isomer, when performing photoswitching cycles with indicates

that it successfully reduces the amount of degradation (Figure 23).

The hypothesis of photodegradation caused by reaction with ROS is also supported by the known
instability of natural products like guanosine or histidine against singlet oxygen. It has been
reported by several groups that singlet oxygen attacks these compounds on the imidazole moiety
and it is presumed that photooxidation of histidine is caused by singlet oxygen attacking the
imidazole ring.1?>12® Furthermore, in this work it was observed that irradiation of the carbocyclic
HPI 29 — a synthetic intermediate of plinabulin (6) without the imidazole substituent — does not
lead to photodegradation. Ten switching cycles were performed without any additive, monitored
via analytical HPLC and no decrease of the areas of the signals assigned to the two photoisomers

and no formation of any additional signals was observed (Figure 24).
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Figure 24: Switching stability of the carbocyclic HPI 29. A solution of pure Z-29 in DMSO (1.0
mM) were alternately irradiated with 365 nm for 2 min, followed by 407 nm for 10 min. a) After
every irradiation step the solutions were analyzed via analytical HPLC. The corresponding HPLC
traces b) before irradiation, c) after irradiation with 365 nm, and d) after irradiation with 407 nm are
depicted.
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Absorption spectra of PSSs of plinabulin (6) were recorded in presence of the ROS quencher
sodium ascorbate (Figure 25 a), or alternatively in presence of the reducing agents glutathione and
tris(2-carboxyethyl)phospine (TCEP) (Figure 25 Db). The observed photoswitchablility of
plinabulin (6) in presence of these reducing agents is an enormous benefit compared to
azobenzene-based photopharmacophores known to be prone to degradation under intracellular
reducing conditions.® Plinabulin (6) however, is stable in presence of a mixture of reduced

glutathione (10 mM) with TCEP (5 mM) without any detectable degradation for 14 hours at 37 °C
(see chapter 5.4.11).
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Figure 25: Absorption spectra of plinabulin (6) before and after irradiation in a) saturated solution
of sodium ascorbate in DMSO and b) in 25% PBS in DMSO with 10 mM glutathione and 5.0 mM

tris(2-carboxyethyl)phospine (TCEP).

The relatively small differences between the absorption spectra of plinabulin (6) before and after
irradiation reveal a comparably low band separation between the two photoisomers. The spectrum
obtained after irradiation with 407 nm corresponds to over 50% E-isomer, yet there is no

noticeable shift in the absorption maximum. The observed differences in the extinction coefficients
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in the absorption spectra caused by photoisomerization correlate with the composition of the
photostationary states determined via NMR spectroscopy. The spectra intersect in an isosbestic
point at 401 nm. At wavelengths in the range of 365 nm to 410 nm, a higher extinction coefficient
was determined for the Z-isomer whereas above 401 nm the absorption coefficient of the E-isomer
was found to be higher. This is a possible explanation for the effective E-to-Z-isomerization upon

irradiation with cyan light.

It was additionally observed that solutions of plinabulin (6) exhibited isomer-dependent moderate
yellow fluorescence emission. Compared to the Z-isomer (Z-6) the emission spectrum of E-
plinabulin (E-6) is shifted bathochromically by 21 nm and the fluorescence quantum vyield is
lowered ( @r(Z-6) = 4.5%, Pr(E-6) = 2.0%).

During the characterization of both photoisomers of plinabulin (6) under ambient conditions no
significant thermal E-to-Z-isomerization was observed for at least one day. Therefore, the thermal
stability was first investigated at 60 °C in MeCN (Figure 26) by monitoring a solution of E-
plinabulin (E-6) via analytical HPLC. It was found that even at this elevated temperature less than

5% E-plinabulin (E-6) had been thermally relaxed after 25 hours.
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Figure 26: The thermal relaxation of E-plinabulin (E-6) in MeCN at 60 °C in absence and presence
of TFA was monitored via analytical HPLC, respectively. The integrals of the signals assigned to the
respective E-isomer were determined at 330 nm: lo = initial integral area, | = integral area at given
point in time. A comparison of the overlays of the HPLC traces collected for the sample with TFA
(bottom right) and without (top right) clearly demonstrate an accelerated backisomerization in an
acidic medium.
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Additionally, the thermal relaxation of the protonated species was followed by repeating the
experiment with an acidified sample (1% (v/v) of TFA in MeCN). It was found that protonation
significantly reduces the lifetime of E-plinabulin (6) and almost 15% of E-6 was thermally
isomerized to the Z-isomer after 25 hours. In preparation for biological assays, samples were
dissolved in DMSO and — if needed — irradiated. It was found that these samples could be stored

in a freezer for over two months without significant changes in the photoisomer composition.

After the photophysical properties had been successfully assessed, the cytotoxicity of both
photoisomers was investigated by performing cell viability MTT assays against HT-29 human
colon cancer cells with the isolated photoisomers in the dark. The results shown in Figure 27
clearly demonstrate that the geometry changes upon photoisomerization affect bioactivity and an
>300-fold enhanced potency of the Z-isomer was determined
(ICs0(Z-6) = 0.3 nM, vs. ICs(E-6) = 92 nM). In summary, these results demonstrate the successful
photomodulation of bioactivity by applying plinabulin (6) as a photopharmacological agent. The
high thermal stability of the less active E-isomer allows for isolation and storage. It can be
considered as a prodrug and photoactivation of E-plinabulin (E-6) by irradiation with cyan light
(490 nm) gives a mixture with 87% Z-plinabulin (Z-6) with a 20-fold higher cytotoxicity against
HT-29 cells.
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Figure 27: Photomodulation of the bioactivity of plinabulin (6). a) Viability of HT-29 cells after
treatment with the HPLC-purified Z- and E-isomers of plinabulin (6) and with the respective
mixtures of the isomers generated upon equilibration under 490 nm irradiation (cyan light), 407 nm
(violet light) or 365 nm (UV-light) for 48 hours, b) Light-dependent 1Cso values for plinabulin (6)

were determined via viability assays with HT-29 cells after treatment with the respective pure
photoisomers and mixtures that resulted from irradiation with the listed wavelengths, ¢) HT-29 cells

were treated for six hours with E- (left) or Z-plinabulin (right) at 2 nM concentrations, then fixed,

and stained for a-tubulin (green) and DNA (blue). Scale bars, 20 um.

Photoisomer dependent inhibition of microtubule dynamics was confirmed by
immunofluorescence imaging of endogenous tubulin. HT-29 cells were treated separately with the
same concentration of E- and Z-plinabulin (6) (2nM) and incubated for 6 hours. After six hours
incubation time the microtubule networks were visualized via immunostaining. As expected,
significant differences were observed because the applied concentration lies in between the
respective 1Cso values of the two photoisomers. No cell proliferation was detected after treatment
with Z-plinabulin (Z-6) whereas mitosis was proceeding in the sample treated with the same
concentration of E-plinabulin (E-6) (Figure 27 c). This difference in activity supports that the
potency of plinabulin (6) as an inhibitor of tubulin polymerization can be tuned by

photoisomerization.



Results and Discussion 39

It was noticed that there was a reproducible discrepancy between the ICso value obtained for Z-
plinabulin (6) (0.30 nM) and the ICso reported in literature (15 nM)*% for the same cell type. To
investigate this, a sample of the more active Z-isomer was — contrary to the usual procedure — not
protected from daylight exposure one day before as well as during the viability assay. It was found
that during this time 15% of the less active E-isomer had been formed and that this led to a decrease
in activity (ICso = 1.08 nM, see also chapter 5.4.12). It was additionally observed that prolonged
exposure to daylight resulted in an equilibrium containing 32% E-isomer in the sample mixture.
These results support the assumption that the higher values reported in literature resulted from

unintentional exposure to daylight before or while performing viability assays.

In summary, it was discovered that plinabulin (6) was a novel photoswitchable microtubule
targeting agent. In contrast to previously reported compounds presented in chapter 1.3.3, it has not
been synthetically modified, which in turn preserves its’ potency completely. It can be reversibly
photoisomerized within the visible light spectrum (by alternating 407 nm and 490 nm irradiation)
and contrary to many azobenzene-based photopharmacological agents it is stable under reducing
conditions. The photophysical properties are compatible with fixed wavelengths of lasers
commonly applied in confocal microscopy. Violet (405 nm) and cyan (488 nm) light are expected
to enable in situ photomodulation while light frequencies of the green (561 nm) and the red
(642 nm) channel are not absorbed and can be applied for parallel imaging without affecting the

photoswitchable compound.
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3.1.4 Investigation of Plinabulin Derivatives 7-28

After having thoroughly investigated the characteristics of plinabulin (6), the identification of
structural features that enable tuning the photophysical and/or the photopharmacological
properties was pursued. Three main characteristics were aspired for enhancing applicability of the
plinabulin (6) photopharmacophore: a bathochromic shift in the absorption spectrum — to enable
photoswitching with green or even red light that enable deeper penetration of soft human tissues,
a larger band separation between the two photoisomers to enable better photoconversions, and an
increased difference in potency between the two photoisomers that would enlarge the therapeutic

window.

A library of plinabulin analogues bearing various functional groups on the phenyl ring or
heteroaromatic substituents instead of the phenyl ring were synthesized and characterized (see
chapter 0, Figure 11).

First, various substituents were introduced in ortho position of the phenyl ring. This position was
chosen for two reasons: many ortho-modifications are not detrimental for plinabulin (6) activity%,
and ortho-modifications of azobenzenes are known for substantial bathochromic shift combined
with high thermal stability. Yet, the absorption spectra of ortho-substituted plinabulin derivatives
are very similar to the original plinabulin (6). In that instance, they resemble much closer
hemithioindigo switches.?” The absorption maxima in MeCN are presented in Table 1 and differ
only by a few nanometers, compared to plinabulin (6) and neither of them absorbs green light
(> 500 nm). Thus, no substantial bathochromic shift in the absorption spectra was observed.

Table 1: Comparison of the absorption maximum of plinabulin (6) with those of derivatives 7-13
bearing functional groups in ortho position of the phenyl ring.
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The bioactivities of the respective photoisomers were — analogous to plinabulin (6) — evaluated in
cell viability assays against HT-29 cells. For all ortho substituted derivatives a similar or lower
potency of the E-isomers compared to the corresponding Z-isomers was assessed. A significant
loss in potency of both photoisomers was observed for compounds bearing more bulky substituents

(see chapter 5.4.12). It can be assumed that these substituents lead to steric repulsion in the
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colchicine binding pocket and prevent efficient binding.1%° Z-2,6-Difluoroplinabulin 8, however,
showed an activity similar to that of Z-plinabulin (ICso(Z-8) = 0.27 nM) and a 1555-fold difference
in potency between the two photoisomers, which is considerably higher than for plinabulin
(306-fold). As shown in Figure 28, irradiation of the isolated metastable E-8 with cyan light
(490 nm) gives a mixture containing 44% of Z-8 and leads to a 107-fold enhanced potency.
Unfortunately, a very low band separation between the two photoisomers of 8 results in negligible
E/Z-isomer ratio differences upon irradiation with different wavelengths (maximal difference
between 64% E-8 at 380 nm and 56% E-8 at 490 nm). Hence, efficient therapeutically conceivable
photoactivation of E-2,6-difluoroplinabulin 8 is possible with cyan light, but practically

irreversible.
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Figure 28: Photomodulation of bioactivity of Z-2,6-difluoroplinabulin 8. a) After synthesis in the
dark the thermodynamically more stable Z-8 is obtained, b) Cell viability assays against HT-29 cells
showed a 1555-fold higher potency of Z-8 compared to E-8 and a 107-fold enhanced potency after
irradiation of E-8 with cyan light (490 nm), ¢) The compositions of the photostationary states were
determined by NMR spectroscopy and revealed a low difference between the applied wavelengths,
d) The low band separation between the two photoisomers of 8 becomes apparent when comparing
the corresponding absorption spectra.

An alternative substitution pattern was investigated by synthesizing and characterizing Z-2,5-

difluoroplinabulin 8. It was found that moving one fluorine substituent from ortho to meta position
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leads to an overall loss in potency (ICso(Z-9) = 5.47 nM) and a lower difference between the two
photoisomers (13.8-fold). Consequently, even quantitative photoisomerization would not allow
for improved photomodulation of bioactivity. In that case, significant reversible
photoisomerization has been observed with alternating 407 and 490 nm irradiation with UV-Vis
spectroscopy, but the exact composition of the respective photostationary states remains to be

determined.

In contrast to its fluorinated analogue, 2,6-dichloroplinabulin 10 can be reversibly
photoisomerized with significant differences in the E/Z-isomer ratios (62% E-10 at 365 nm; 13%
E-10 at 490 nm). However, it is significantly less potent overall and a much lower difference in

potency (27.5-fold) between the isolated photoisomers was determined.

As mentioned before, for the derivatives 11-13, bearing more bulky substituents, the potency loss
was even more significant (ICso>1 uM) and therefore they were not considered for further

investigations as candidates for optimized plinabulin (6) analogues.

Considerable bathochromic shifts of the absorption spectra up to 62 nm were determined when
electron-donating amino substituents (compounds 16, 17 and 18; Figure 29 and Figure 30) were
introduced in para position of the phenyl ring. This effect was even more pronounced for the
julolidine-bearing derivative 18. The latter substituent was also embedded into the structure of
hemithioindigo photoswitches with similar consequences (see Figure 29 a) and Table 2).45% In
contrast to plinabulin (6), all three compounds absorb green light (> 500 nm) and in case of para-
(N,N-dimethylamino)-plinabulin (p-NMez-plinabulin) 16 irradiation with 523 nm yields 90 %

Z-isomer. The corresponding NMR and absorbance spectra are shown in Figure 29.
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Figure 29: a) Electron-donating substituents in para position of plinabulin (6) lead to a distinctive
bathochromic shift in the absorption spectra in DMSO visible with the bare eye, b) The bathochromic
shift in the absorbance of 16 enables efficient photoisomerization with green light (523 nm).
Photostationary states were characterized via *H NMR spectroscopy in DMSO-ds (61% E-16 at
365 nm; 55% E-16 at 407 nm; 10% E-16 at 523 nm), ¢) Absorption spectra of 16 a saturated solution
of sodium ascorbate in DMSO (80 uM) reveal an enhanced band separation when compared to
plinabulin (6). Irradiation of pure Z-16 (dark) with violet light (407 nm) is accompanied by a visible
change in color from yellow to orange.

It was furthermore observed that these electron-donating substituents lead to a bigger band
separation, which is clearly visible in the absorption spectra as well as the pictures of p-NMe;-
plinabulin 16 in Figure 29 c and explains the efficient E-to-Z-isomerization with green light. While
p-NMez-plinabulin 16 proved to be superior to plinabulin (6) in the aforementioned photophysical
properties it does not meet requirements of an optimized photopharmacological agent due to a
significantly shorter thermal half-life of the metastable stable E-isomer and — more importantly —
an undesired pronounced loss in activity (also observed for compound 17). The ICso values of E-
16 and E-17 were not determined because the limited solubility in aqueous media prevented the

application of the necessary, higher concentrations.

The derivatives bearing electron-donating amino substituents also include compound 18, which

comprises a planarized triphenylamine. The dimethylmethylene-bridges lead to an enhanced =-
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conjugation and prevent twisting of the phenyl rings around the C-N bonds.!?® Besides the
bathochromic shift, a significantly enhanced fluorescence quantum yield of 23.6% has been
observed (Table 2).

Table 2: Electron-donating amino substituents lead to significant bathochromic shifts in absorption
and emission spectra of the respective plinabulin (6) derivatives. Planarized triarylamine 18
additionally showed a strongly enhanced fluorescence intensity.

Compound 6 16 18 17
Jabsmax (MeCN) 362 nm 400 nm 413 nm 424 nm
Jemmax (MeCN) 512 nm 534 nm 554 nm -

@r (MeCN) 4.5% 2.7% 23.6% -

Compared to plinabulin (6), the solvatochromism of 18 is slightly more pronounced with a
maximal difference of 25 nm between the absorbance maxima (for plinabulin (6) 16 nm). A
solvatochromic effect was additionally found to influence the fluorescence spectra considerably,
causing a bathochromic shift in the emission maximum of 77 nm in MeOH when compared to the

spectrum measured in tetrahydrofuran (THF) (Figure 30).
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Figure 30: Photochromism of plinabulin derivative 18. Compound Z-18 was dissolved in different
solvents (80 uM) and in mixtures of 1% (v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN,
respectively. a) Absorption and b) emission spectra were measured (d =2 mm). The spectra are
assigned to the respective solvents via color code.

Eventually, two derivatives — 3-methoxyplinabulin 14 and 3,5-dimethoxyplinabulin 15 — with
superior pharmacological properties were identified. The potencies of respective Z-isomers are
similar but those of the E-isomers are significantly reduced compared to E-plinabulin (E-6). Since

absorption spectra and band separation are also comparable to those of plinabulin (6) reversible
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photoswitching is possible within the visible light spectrum. Consequently, the achievable

photomodulation of bioactivity is considerably enhanced.

For 3,5-dimethoxyplinabulin 15 an over 2900-fold difference in potency between the two
photoisomers was determined (Figure 31). The less active, metastable E-15 was found to be stable
in aqueous medium at 37°C for at least 32 hours without any detectable thermal
backisomerization. Photoactivation of cytotoxicity was demonstrated in cell viability assays.
Irradiation of the less active E-15 (ICso = 618 nm) with cyan light (490 nm) yields an over 1800-
fold more potent mixture that contains 89% Z-15. It was additionally confirmed that irradiation

with violet light generates a mixture with over 50% E-15 and an over 100-fold lower potency.
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Figure 31: Characterization of 3,5-dimethoxyplinabulin 15 a) Compound 15 was dissolved in a
saturated solution of sodium ascorbate in DMSO (80 uM). An absorption spectrum (d = 2 mm) was
first measured in the dark. The sample was then first irradiated with 407 nm (2 min), then with
490 nm (15 min) and an absorption spectrum was measured after each irradiation step, b) Solutions
of compounds E-15 in PBS/DMSO (1:1) with a concentration of 33 uM were incubated at 37 °C for
32 hours. Samples were taken after certain time intervals and analyzed via analytical HPLC at 330
nm, c¢) Viability of HT-29 cells after treatment with the HPLC-purified Z- and E-isomers of 15 or
with the respective mixtures of the E- and Z-isomers generated upon equilibration under 490 nm
irradiation (cyan light) or 407 nm (violet light) for 48 hours, d) Light-dependent 1Cso values for 15
were determined via viability assays with HT-29 cells after treatment with the respective pure
photoisomers or mixtures that resulted from irradiation with the listed wavelengths.
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Further studies focused on design strategies towards plinabulin derivatives with bathochromically
shifted absorption spectra with sufficient potency for photopharmacological applications. Because
electron-donating groups in para position on the phenyl ring were found to lead to an almost
complete loss in bioactivity, two alternative strategies were investigated: 1) Expanding the m-
system, 2) replacing the phenyl ring with five-membered heterocycles. To ensure sufficient
bioactivity the investigated compounds were selected from a previously reported library of

compounds subjected to structure-activity-relationship studies by Yamazaki et al..1%

Three derivatives with an expanded n-system were synthesized and characterized (Figure 32).
However, the pursued bathochromic shift in the absorption spectra was not observed. The
absorbance maxima of these compounds vary only by 3 nm and all three compounds were not
photoisomerizable with wavelengths above 500 nm. A stronger bathochromic shift of 14-36 nm
was observed in the corresponding fluorescence spectra shown in Figure 32 (&r of plinabulin (6)
in DMSO =521 nm).
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Figure 32: Characterization of plinabulin derivatives 20-22 with an expanded z-system. a), b) The
emission maxima of the investigated compounds are shifted bathochromically compared to that of
plinabulin (6) (@ (DMSO) =521 nm) with a slightly lower fluorescence quantum yield, c)
Compound 22 was dissolved in a saturated solution of sodium ascorbate in DMSO (80 uM). An
absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then first irradiated
with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was measured after
each irradiation step, d) Viability of HT-29 cells after treatment with the HPLC-purified Z- and E-
isomers of compound 22 for 48 hours.
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When evaluating the cytotoxicity of both respective compounds via cell viability assays against
HT-29 cells the best results were obtained for the benzophenone derivative 22. In accordance with
the literature, it was found to be highly potent in the Z-configuration (ICso = 0.68 nM) and a 108-

fold difference in cytotoxicity between the two photoisomers was determined.

Following the second design strategy towards bathochromically shifted plinabulin derivatives,
seven heterocyclic plinabulin derivatives were synthesized and investigated regarding their
photophysical behavior. For five derivatives, bathochromically shifted absorbance maxima were
determined with a maximal shift of 28 nm. However, the bathocromic shifts were lower than that
of p-NMez-plinabulin 16 (Aabsmax (DMSO) = 410 nm) and none of these plinabulin analogues were
photoswitchable with light above 500 nm (Table 3).

Table 3: Comparison of the absorption maximum of plinabulin (6) with those of analogues bearing
a five-membered heterocyclic substituent.

H \
N 74 N N i S S
compound ©}< » ﬁ | S {DT{ \ | \ |

N
6 19 23 24 25 26 27 28
Aabs,max
(DMSO) 371 nm | 369 nm | 374 nm | 398 nm | 399 nm | 368 nm | 387 nm | 387 nm

When then phenyl ring in plinabulin (6) was replaced by 2-pyrrole or 2-thiophene substituents the
most pronounced bathochromic shifts were determined. Additionally, the absorption spectra
showed a larger band separation between the two respective photoisomers with the most
pronounced separation for N-methyl-2-pyrrole-plinabulin 25 (Figure 33 a). This was found to

enable almost quantitative E-to-Z-isomerization upon irradiation with cyan light (490 nm).
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Figure 33: Absorption spectra of two plinabulin derivatives that contain a second five-membered
heterocycle. a) N-Methyl-2-pyrrole-HP1 25 was dissolved in a saturated solution of sodium ascorbate
in DMSO (81 uM) and purged with argon. An absorption spectrum (d = 10 mm) was first measured
in the dark. The sample was then irradiated with 490 nm (15 min), 407 nm (2 min) and 365 nm
(2 min) in succession and an absorption spectrum was measured after each irradiation step, b) 5-
Methyl-2-thiophene-HPI 28 was dissolved in a saturated solution of sodium ascorbate in DMSO
(160 uM). An absorption spectrum (d = 10 mm) was first measured in the dark. The sample was then
first irradiated with 523 nm, then with 365 nm and an absorption spectrum was measured after each
irradiation step. To demonstrate the photoinduced consumption of sodium ascorbate the spectra were
not blanked to the solution of ascorbate.

However, an acceleration of the consumption of the added ROS quencher sodium ascorbate was
observed when performing light-dependent absorption spectroscopy. This is clearly visible in the
spectra of 5-methyl-2-thiophen 28 shown in the right panel in Figure 33. To demonstrate the
continuous decrease of the absorption band of sodium ascorbate these spectra were not blanked to
the solution of ascorbate. To obtain satisfactory spectra it was necessary to additionally purge the
samples with argon before starting irradiation. It was concluded that the second heterocycle leads
to an enhanced formation of singlet oxygen which is presumed to be the cause for
photodegradation of plinabulin derivatives. Consequently, plinabulin derivatives bearing a second
heterocycle were not considered for further investigations as candidates for optimized plinabulin
analogues. Future studies should be started with investigations of the formation of singlet oxygen
via colorimetric singlet oxygen detection assays, by monitoring the bicyclic ozonide formation

from 2,5-diphenylfuran,2%13
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After having investigated the whole library of compounds it was found that the thermal half-life,
the composition of the photostationary states and the absorption spectra can be tuned by installing
different substituents on the phenyl ring of plinabulin (6). 3,5-Dimethoxyplinabulin 15 was
identified as a derivative with optimized photopharmacological characteristics allowing for

efficient photomodulation of bioactivity.
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3.2 Hemipiperazines: Model Compounds

3-Arylidene-2,5-diketopiperazines — abbreviated as hemipiperazines (HPIs) — are novel
photoswitchable motifs first identified within the microtubule targeting compound plinabulin (6).
To characterize this molecular photoswitch, the core photochromic fragment of plinabulin (6),
which contains only one double bond and no heterocycle, was chosen to serve as a model system.
A panel of derivatives were synthesized and characterized systematically to investigate the

influence of electron-withdrawing and -donating groups on their photophysical properties.

3.2.1 Synthesis

A series of carbocyclic benzaldehyde derivatives were coupled with acetylated DKP 2 in aldol
condensation reactions under basic conditions (Figure 34), also applied for the synthesis of the
plinabulin derivatives discussed in the previous chapter. Usually, mild conditions were preferred
and the reaction was performed with Cs>COs in DMF at room temperature. For the synthesis of
compounds 36 and 38, where electron-rich aldehydes are used, Cs,COz was replaced by the
stronger base KO'Bu in THF. In case of compound 38, a Boc-protected aldehyde was subjected to
the reaction and the protecting group was removed in a subsequent, additional reaction step (see
chapter 5.5.1).
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Figure 34: A library of HPIs was synthesized by coupling carbocyclic aldehydes with acetylated
DKP 2 in a base aldol condensation reaction under basic conditions.
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All compounds were isolated in the respective thermodynamically more stable Z-configuration,
which was verified via NMR spectroscopy and for five derivatives additionally in single-crystal

X-ray diffraction studies (Figure 35).

Figure 35: Single crystals of Z-29, Z-30, Z-33, Z-35, and Z-36 were analyzed in single-crystal X-ray
diffraction studies. The results were visualized with Mercury 2020.1 (CCDC). Additional atoms in
the results of Z-35 (H20) and Z-29 (three additional crystallographic independent molecules, also in
Z-configuration) were removed in this visual presentation. Atoms of carbon are depicted in grey,
hydrogen in white, oxygen in red and nitrogen in blue.

3.2.2 Photophysical Properties

First, the absorption spectra of the respective Z-isomers in DMSO were compared. In general, most
of the absorption spectra are shifted hypsochromically compared to those of the previously
discussed plinabulin derivatives, which might be explained by a smaller expansion of the n-system
due to the missing conjugation with the imidazole substituent. It was found that both, electron-
withdrawing and electron-donating substituents in para position, cause a bathochromic shift
relative to unsubstituted HPI 29 in the respective absorption spectra. The conjugated ortho-
methoxy substituent (compound 32, see resonance structures in Figure 36 b) also leads to a
significantly bathochromically shifted absorbance maximum while the non-conjugated meta-

substituted 31 only showed a slight bathochromic shift (Figure 36).
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Figure 36: Installation of electron-withdrawing (compound 35) and electron-donating

(compounds 30-32) substituents on the phenyl ring of carbocyclic aromatic HPI photoswitches
causes a bathochromic shift in the absorbance spectra relative to unsubstituted HP1 29. The respective
Z-isomers were dissolved in DMSO (80 — 160 uM) and absorption spectra were measured in the
dark. a) Absorbance maxima of compounds 29-32 and 35 on DMSO, b) A comparison of the
resonance structures of HPIs 31 and 32 demonstrates that ortho-substituted 32 is additionally
mesomerically stabilized, ¢) When comparing the same substitution pattern, the bathochromic shift
of the absorbance maximum is generally more pronounced for electron-donating substituents
(HPI 30) than electron-donating substituents (HPI 35), d) Comparison of the absorbance spectra in
different substitution patterns of methoxy-substituted HPIs. The bathochromic shift is very low for
non-conjugated meta-substituted 31 and most pronounced conjugated para-methoxy substituted 32.

All the synthesized HPIs showed reversible photochromic behavior and for three compounds (29,

30 and 36) the respective photoisomers were separated via flash column chromatography. Sections

of the corresponding NOESY NMR spectra of 30 and 36 are shown in Figure 37 and important

signals are assigned to the respective protons via color code. Analogous to the observations made

for plinabulin derivatives, after Z-to-E-isomerization, the signals assigned to interactions of the

NH proton with aromatic protons (highlighted in green) are replaced by signals that indicate close

proximity of the NH proton to the vinylic proton. These results support again the light-triggered

formation of the respective E-isomers.
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Figure 37: Sections of NOESY NMR spectra in DMSO-ds of the two respective photoisomers of a)

30 and b) 36. Selected signals are assigned to the respective protons via color code.

All compounds were found to be photoswitchable and reversible photoisomerization without
significant fatigue upon ten isomerization cycles was demonstrated (see e.g. Figure 38 and
chapter 5.5.9). However, the photochromism of unsubstituted HPI 29 and the electron-poor cyano-
substituted HPI 35 was low and irradiation with UV-light (365 nm) produced only 12% of E-29
(in CD2Cl) and 19% of E-35 (in DMSO-ds), respectively (Figure 38). However, it has to be noted
that the absorbance maxima of these compounds could not be addressed with the available light-
emitting diodes (LEDs) used for photoisomerization. Conceivably, irradiation with wavelengths

in the range of 320 nm could result in the formation of higher amounts of the respective Z-isomers.
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Figure 38: Reversible photoisomerization of electron-poor HPI 35. a) PSS composition in CD.Cl;
determined by measuring 'H NMR spectra of the respective compounds after irradiation. b) A
solution of pure Z-35 in DMSO (1.0 mM) was alternately irradiated with 365 nm for 4 min and with
430 nm for 45 min. After every irradiation step the solution was analyzed via analytical HPLC. c),d)
Compound 35 was dissolved in CH:Cl> (80 pM, c)) and DMSO (160 pM, d)), respectively.
Absorption spectra (d = 10 mm) were first measured in the dark. The samples were then irradiated
with 365 nm, 380 nm and 407 nm. An absorption spectrum was measured after each irradiation step
until the PSS was reached, respectively.

Photoisomerization of para-methoxy substituted HPI 30 was investigated via absorption
spectroscopy in CH2Cl, and the compositions of the PSSs were determined via *H NMR
spectroscopy in CD2Cl> (Figure 39). Irradiation of this derivative with UV-light (365 nm) gave
29% of the corresponding E-isomer and irradiation with indigo light (430 nm) enabled quantitative
backisomerization (<1% E-isomer). An interesting observation has been made when performing
these measurements in DMSO. Here, a new isosbestic point at 410 nm occurred and the extinction
coefficient of Z-30 was found to be higher than that of E-30 at wavelengths above this point.
Whereas irradiation with light above 400 nm induced E-to-Z-isomerization in CH2Cly, the reversed

process was triggered when the compound was irradiated in DMSO. The progressing Z-to-E-
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isomerization upon irradiation with blue light (470 nm) was followed by absorption spectroscopy
(Figure 39). The photoisomerization process was relatively slow — presumably because of the low

extinction coefficient at this wavelength — and the PSS was reached after one hour irradiation time.
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Figure 39: Photophysical properties of para-methoxy substituted HPI 30. a) Compound 30 was
dissolved in CH,CI; (80 uM) and an absorption spectrum (d = 10 mm) was measured. The sample
was then irradiated with 365 nm, 407 nm and 430 nm and an absorption spectrum was measured after
each irradiation step until the PSS was reached, respectively, b) Sections of *H NMR spectra of
compound 30 in CD,Cl.in the dark (top) and after reaching the PSS upon irradiation with 365 nm,
407 nm and 430 nm. The spectra are assigned to the corresponding irradiation wavelength via color
code, c) Compound 30 was dissolved DMSO (80 uM) and an absorption spectrum (d = 10 mm) was
first measured in the dark. The sample was then irradiated with 470 nm and photoisomerization over
time was followed via absorption spectroscopy.

Unexpectedly, the shoulder in the absorption spectrum did not recover upon back-isomerization
with shorter wavelengths and the isosbestic point at 410 nm was not retained. In consequence, a

repetition of the switching cycle was not possible. With lower wavelengths however,

photoisomerization was found to be repeatable over ten cycles and no photodegradation was
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observed. The origin of this phenomenon has not yet been identified. DMSO and CHCl, are both
non-protic solvents that differ significantly in their respective dielectric constant (er)
(er(DMSO) = 47 versus e(CH2Cl) =9.1%3). It is conceivable that in DMSO a tautomer of Z-30
with a higher dipole moment or even charge separation is stabilized (Scheme 3). Excitation with
light might diminish this tautomer, which is not recovered within the timescale of subsequent
backisomerization. However, further investigations are needed before reliable explanations for this

phenomenon can be found.
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Scheme 3: A possible explanation for the solvent-dependent shoulder observed in the absorbance
spectrum of 30 is the stabilization of a zwitterionic tautomer of HP1 30 in DMSO.

The highest bathochromic shifts in combination with high PSSs were achieved by introducing the
strongly electron-donating dimethylamino (NMez) group in para-position on the phenyl ring
(compound 36, Figure 40). HPI 36 can be efficiently photoisomerized in DMSO within the range
of 365-523 nm with PSSs up to 71% of E-36 with UV light (365 nm), and as much as 97% Z-36
with green light (523 nm). The results of ten subsequent switching cycles suggest that the presence
of the NMe, group enables or promotes photodegradation, which was not observed for the
unsubstituted compound (Figure 40). When dissolved in CH2Cl>, both para-amino-substituted
HPIs 36 and 37 were found to be less photostable and degradation was observed upon irradiation
with wavelengths below 450 nm (see chapter 5.5.4). However, an enhanced solubility in aqueous
media — more of relevance for potential photopharmacological applications — allowed for
reversible photoisomerization in phosphate-buffered saline (PBS, pH 7.4) doped with 25% DMSO
without any detectable degradation (Figure 40).
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Figure 40: Reversible photoisomerization of electron-rich p-NMe, HPI 36 in different media. a)
Sections of *H NMR spectra (DMSO-ds) of compound 36 in the dark (top) and after reaching the
PSS upon irradiation with 365 nm, 407 nm and 523 nm. The spectra are assigned to the corresponding
irradiation wavelength via color code, b) A solution of pure Z-36 in DMSO (1.0 mM) was alternately
irradiated with 407 nm for 4 min and with 523 nm for 10 min and after every irradiation step the
solution was analyzed via analytical HPLC, c) Compound 36 was dissolved in DMSO (80 uM), as
well as d) 75% PBS in DMSO (v/v) (80 uM), respectively. Absorption spectra (d = 10 mm) were
first measured of the dark-state, then the samples were irradiated with 365 nm, 380 nm, 407 nm, 430
nm, 455 nm, 470 nm, 490 nm and with 523 nm. An absorption spectrum was measured after each
irradiation step until the PSS at the respective wavelength was reached.

A second electron-rich HPI, the para-bisphenylamino (p-NPhz)-substituted HPI 37, was found to

have very similar characteristics as HPI 36 in absorbance (Figure 41) as well as the compositions

of the photostationary states (see also chapters 5.5.4 and 5.5.6). However, a bathochromic shift of

49 nm and significantly enhanced intensity was determined when comparing the fluorescence

spectra of both compounds. A change from green fluorescence (HPI 36: Aemmax(DMSO) = 516 nm)
with very low intensity (HPI 36: @r(DMSQ): 0.004) to a much brighter yellow fluorescence
(HPI 37: Xemmax(DMSO) = 565 nm, &¢(DMSO): 0.030) was observed (Figure 41).
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Figure 41: Comparison of the photophysical properties of the electron-rich HPIs 36 and 37. a) The
absorption spectra of both compounds in DMSO (80 uM, d =10 mm) reveal a very similar
absorption maximum at 397 nm. B) The fluorescence of para-diphenylamino-substituted HPI 37,
however, is bathochromically shifted compared to HPI 36 and a significantly increased fluorescence
guantum yield was determined.

For p-NPh,-substituted HPI 37 the photoisomerization quantum yields were determined using a
setup developed by the group of Riedle (details in chapter 5.5.7).132 The quantum yields were
found to be comparable to those determined for hemithioindigo photoswitches'3® with values of
®z—E) =16 £1 % (398 nm) and ®E-z =15 £1 % (520 nm). As the values were found to be in the
same range for both directions of photoisomerization, it can be concluded that the different
compositions of the photostationary states correspond to the differences in the extinction

coefficients of both photoisomers.

The thermal stability of the E-isomers of all the investigated HPIs was found to be very high,
analogous to the plinabulin derivatives discussed in the previous chapter. The thermal E-to-Z-

isomerization was monitored via analytical HPLC and even at an elevated temperature of 60 °C in
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MeCN only 0.8% to 12% of the respective E-isomers had been thermally relaxed to the
corresponding Z-configuration within one week (Figure 42).
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Figure 42: Thermal relaxation of the E-isomers of HPIs 29, 30, 35 and 37 in MeCN at 60 °C was
monitored via analytical HPLC. The percentage of E-isomer was determined with the integrals of the

signals assigned to the respective isomer.

One additional HPI bearing a piperazine ring in para position (compound 38) was synthesized to
further optimize HPI photoswitches for biomedical applications, by enhancing solubility in
agueous media while maintaining a significant bathochromic shift, compared to the unsubstituted
HPI1 29. The characterization of this compound was not completed yet. However, a qualitative
comparison of the absorbance spectra of para-piperazine-HPI 38 and p-NMe2-HPI 36 obtained via
analytical HPLC measurements indicates that the absorbance of 38 compound is in a similar range
as those of the other two electron-rich para-amino derivatives (Figure 43). It was furthermore
observed that after purification via preparative HPLC the compound was obtained as the
corresponding TFA salt (pKa of piperazine in MeCN = 18.69)*** and neutralization of this

compound by washing with a saturated aqueous solution of sodium bicarbonate gave the neutral
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compound and led to a color change from yellow to orange. Consequently, it can be presumed that
the spectrum obtained from analytical HPLC corresponds to a protonated species and

neutralization might lead to a more pronounced bathochromic shift in the absorption spectrum.
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Figure 43: Results of first investigations of the photophysical properties of the water-soluble HPI 38.

a) Qualitative comparison of the normalized absorption spectra of p-NMe-substituted HPI 36 and
para-piperazine-substituted HPI 38. The spectra were obtained from the analytical HPLC and
consequently measured in different mixtures of MeCN and H:O containing 1% TFA (v/v), b)
Sections of *H NMR spectra (400 MHz, D,0O) of compound 38 in the dark (top) and after irradiation

407 nm for 15 min (bottom).

The piperazine-HPI 38 was found to be soluble in water and was characterized via NMR
spectroscopy in D20. In first investigations it was furthermore demonstrated that this derivative
can be photoisomerized in D20 with violet light (407 nm) (Figure 34). These first results indicate
that compound 38 is a promising candidate for in vivo switching and further investigations of its

photomodulation in aqueous media will be done in the future.

3.2.3 Theoretical Calculations

To investigate HPI photoswitches further, theoretical calculations for HPIs 29-38 have been
performed by employing the B3LYP-GD3BJ/6-311G(d,p) PCM(DMSOQ) level of theory, which
previously proved to be suitable for modelling of hemithioindigo photoswitches.’* First,
theoretical calculations have been conducted to obtain structures and orbital energies for both
respective photoisomers in the ground state. The resulting electron distribution of the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOSs) for
compounds Z-29, Z-35 and Z-36 are shown in Figure 44. The shapes of the calculated HOMOs
and LUMOs are similar, but slight shifts that correspond with the electron-donating

or -withdrawing properties of the substituents are observed.
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HOMO LUMO

Z-29

Z-35

Figure 44: The electron distribution of HOMO and LUMO orbitals have been calculated for Z- and
E-isomers of all discussed HPIs using B3LYP-GD3BJ/6-311G(d,p) PCM(DMSO) level of theory.

The orbitals of the unsubstituted HPI Z-29 are compared with those of the electron-poor HPI 35 and

the electron-rich HPI 36.

To investigate the differences between electron-rich and electron-poor HPIs the p-CN-substituted
HPI 35 and p-NMez-substituted 36 have been selected and compared to the unsubstituted HPI 29
(Figure 45). It was found that an electron-withdrawing substituent in para-position leads to
stabilization of both, the HOMO and the LUMO. Because the stabilization of the LUMO is less
pronounced, the HOMO-LUMO gap is reduced. Also, a smaller band separation was determined
for the electron-poor derivative. All these results are in agreement with an experimentally observed
bathochromic shift in the absorption spectra and less pronounced changes in the absorbance
spectra upon photoisomerization of p-CN-substituted HPI 35. For the electron-rich derivative 36
a destabilization of both, the HOMO and the LUMO was observed. Here, the energy of the HOMO
is significantly more increased compared to that of the LUMO and an even smaller HOMO-LUMO
gap was determined. These results are again consistent with a more pronounced bathochromic shift
determined for electron-rich HPIs observed via absorption spectroscopy. It was also found that
based on the calculated HOMO-LUMO gaps the band separation between the two photoisomers
of the unsubstituted HPI 29 is in the same range as for the electron-rich HP1 36, which could be
efficiently and reversibly photoisomerized. These results suggest, that also HPI 29 might be

photoswitchable with high PSSs when irradiated with wavelengths below 365 nm.
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Figure 45: Theoretical description and comparison of electronic transitions of both respective
photoisomers of HPIs 29, 35 and 36. Orbitals and associated energies were obtained at the B3LYP-
GD3BJ/6-311 G(d,p) PCM(DMSO) level and corresponding absorption spectra on the TD-B3LYP-
GD3BJ/6-311+G(d,p) PCM(DMSO) level of theory based on the optimized structures.

Furthermore, time-dependent B3LYP-GD3BJ/6-311G(d,p) calculations were performed based on
the previously obtained structures. Solvent interactions were simulated using a polarizable
continuum model (PCM), with parameters taken for DMSO. Absorption spectra were calculated
based on these results (using 10 states) and were found to support the experimental data (Figure
45). In general, the calculated absorbance maxima are slightly higher compared to the results from
absorption spectra measurements. However, the trend in the absorbance maxima matches the
experimental data well (Table 4). Calculations for the not fully characterized water-soluble HPI 38
suggest that this compound — analogous to the other two amino-substituted HPIs 36 and 37 —

absorbs green light (>500 nm).
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Table 4: Comparison of calculated absorbance maxima (TD-B3LYP-GD3BJ/6-311+G(d,p)

PCM(DMSO) level of theory) of selected HPIs with experimental data in measured in DMSO.

Compound 29 30 35 36 37 38
Calculated
Jabsmax (DMSO) 337 nm 362 nm 352 nm 413 nm 449 nm 409 nm
Experimental
Jabsmax (DMSO) 324 nm 341 nm 335 nm 397 nm 397 nm n.d.

In summary, all theoretical calculations are well in agreement with the experimental data and the

applied level of theory was found to be suitable for describing and potentially predicting

photophysical characteristics of HPI photoswitches.
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3.3 ‘Locked’ Plinabulin Analogue and Derivatives

To further clarify the initial observation, that the photoisomerization of plinabulin (6) and its
derivatives occurs only at the carbocyclic arylidene C=C double bond but not on the
heteroarylidene site, a synthesis route towards a plinabulin analogue with a ‘locked’ carbocyclic
arylidene in Z-configuration was developed by adding another single bond in the ortho-position
(highlighted in red, compound 40 in Scheme 4). The double bond formation between the DKP
scaffold and the imidazole substituent was planned analogous to the synthesis of plinabulin (6) in

an aldol condensation of the newly designed intermediate DKP 29 and imidazole aldehyde 4.

o j\ N=\
NH N/\ ~ N O M NH
\ ~ _ N\H) +

0]

4

Scheme 4: Plinabulin analogue 40 with a ‘locked’ carbocyclic arylidene can be obtained by an aldol
condensation of acetylated DKP 39 and imidazole aldehyde 4.

3.3.1 Synthesis

The synthetic intermediate acetylated DKP 39 is a cyclic dipeptide that consist of the two amino
acids 2-carboxyindole (41) and glycine (Scheme 5). The synthesis was started with a peptide bond
formation, in which the coupling agent EDC-HCI and DMAP were applied successfully to couple
carboxyindole 41 and methyl 2-aminoacetate hydrochloride (42).

EDC-HCI. (1.2 eq),
DMAP (1.3 eq)

o 0]
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140 °C; 20 h N Tl)
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Scheme 5: Four-step synthesis route towards synthetic intermediate 39.



Results and Discussion 65

After a subsequent ester saponification, the resulting dipeptide 44 was heated for three hours in
polyphosphoric acid which promotes cyclization of N-(2-indoyl carbonyl)amino acids as
previously reported by Pigulla and Roder.**® Analogous to the synthesis of other HPI scaffolds,
the resulting DKP 45 was then activated by acetylation and the synthesis of target compound 39
was achieved in a subsequent aldol condensation applying mild conditions by using Cs2COs in
DMF (Scheme 6).

0 o
= N X NH Cs,CO4 NH N/\
Nm) DMF, 23°C,22h NN
1 61%
39

Scheme 6: ‘Locked’ plinabulin analogue 40 was synthesized by coupling acetylated DKP 39 and
imidazole aldehyde 4 in an aldol condensation reaction.

Because of a lower solubility of plinabulin analogue 40 in aqueous solutions, the purification was
more challenging than for plinabulin (6). Purification via preparative HPLC was successful with
significantly reduced loading and ‘locked’ plinabulin analogue 40 was obtained in a satisfactory
yield of 61% as a yellow solid. By single-crystal X-ray diffraction studies of intermediate 39 as
well as derivative 40 (Figure 46) the planarity of these compounds was demonstrated. It was
assumed that the decreased solubility is explained by the planar structure that facilitates

intermolecular stacking forces of adjacent n-planes.

‘x"
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Figure 46: Single crystals of a) 39 and b) 40 were analyzed in single-crystal X-ray diffraction studies
and the results were visualized with Mercury 2020.1 (CCDC). Atoms of carbon are depicted in grey,
hydrogen in white, oxygen in red and nitrogen in blue.

3.3.2 Photophysical Properties of ‘Locked’ Plinabulin Analogue 40

When investigating the photophysical properties of compound 40, it was found that the
introduction of the single bond in the ortho-position leads to pronounced changes in the
photophysical properties. In case of intermediate DKP 39, the absorbance maximum was found to

be shifted hypsochromically (Aabsmax(MeCN) =299 nm) compared to the analogue with a
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photoswitchable C=C double bond, HP1 29 (Aabsmax(MeCN) = 316 nm). However, for the ‘locked’
plinabulin analogue 40 a bathochromic shift of the absorbance maximum of 27 nm in MeCN
(Figure 47 b) compared to plinabulin (6) was determined. A contrary trend was observed for the
emission maximum, which was shifted 42 nm hypsochromically. Whereas a yellow fluorescence
was observed for all previously discussed plinabulin derivatives, the ‘locked’ analogue 40 was
found to emit cyan light (Figure 47 a). Interestingly, the fluorescence quantum vyield of 40
(@ = 24%) was significantly increased compared to plinabulin (6) (@r = 4%) and most of the

previously investigated derivatives.
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Figure 47: Photophysical properties of ‘locked’ plinabulin analogue 40. a) A yellow fluorescence
was observed for all previously discussed plinabulin derivatives, including compounds 6, 8 and 9. In
contrast to that, the ‘locked’ plinabulin analogue 40 was found to emit cyan light, b) Comparison of
the absorption and emission maxima as well as the fluorescence quantum vyields determined for
plinabulin (Z-6) and its analogue (Z-40), ¢) Compound Z-40 was dissolved in different solvents (80
uM), respectively. Absorption spectra were measured (d = 2 mm) and the spectra are assigned to the
respective solvents via color code, d) Normalized absorption (blue) and emission (red) spectra of
solutions of Z-40 in MeCN.

To investigate if the heteroarylidene group is undergoing Z-to-E-isomerization once the
carbocyclic arylidene is ‘locked’ in Z-configuration, solutions of compound 40 in DMSO-ds were

analyzed via NMR spectroscopy and analytical HPLC before and after irradiation. It was found

that 40 can be photoisomerized and that under the applied conditions isomerization is accompanied
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by photodegradation. In contrast to observations made with plinabulin (6), the formation of one
primarily degradation product was observed: the corresponding *H NMR spectra and HPLC traces
(Figure 48) clearly demonstrated the development of two additional species upon irradiation.
Whereas the intensity of one of the signals reduced upon irradiation with longer wavelengths, the
intensity of the second signal (highlighted in red) continuously increased upon prolonged

irradiation. To date, the degradation product has not yet been isolated or identified.

; 430 nm
dark

430 nm

Figure 48: Irradiation of Z-40 lead to the formation of two additional species that were detected in

the corresponding a) *H NMR spectra and b) HPLC traces. Whereas the amount of one species
decreased upon irradiation with longer wavelengths, the intensity of signals assigned to a second
compound (highlighted in red) continuously increased.

Based on the observations made in previous studies on plinabulin derivatives (see chapter 3.1.2),
ascorbic acid was used as an additive for all further investigations of ‘locked’ plinabulin analogue
40 to inhibit photodegradation. After the addition of ascorbic acid, a hypsochromic shift in the
absorption spectrum was detected, accompanied by a fade of color of the solution (Figure 49 a,b).
Reversible photoisomerization of 40 in presence of ascorbic acid was demonstrated by performing
ten subsequent switching cycles while monitoring the absorbance spectra before and after every
irradiation step (Figure 49 d). Only a slight decrease in absorbance was detected in the course of
this experiment. In contrast to plinabulin (6), there is a pronounced change in the absorbance
spectrum upon irradiation with violet light (410 nm), which enables efficient Z-to-E-isomerization
resulting in a photoequilibrium with 93% E-40 (see chapter 5.6.7). Backisomerization with cyan

light (490 nm) however, was not as efficient and gave 33% Z-40.
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Figure 49: Reversible photoisomerization of 40 is possible in presence of ascorbic acid and was
monitored via absorbance spectroscopy. a) Compound Z-40 was dissolved in DMSO and in a
saturated solution of ascorbic acid in DMSO (DMSO/ascorbic acid), respectively. Absorption spectra
were measured in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color
code, b) The additive ascorbic acid leads to a hypsochromic shift in the absorbance of Z-40 visible
by a fade of yellow color, ¢) A solution of pure Z-40 in a saturated solution of ascorbic acid in DMSO
(200 uM) was irradiated and an absorption spectrum (d = 2 mm) was measured after each irradiation
step until the PSS was reached, respectively, d) A solution of pure Z-40 in a saturated solution of
ascorbic acid in DMSO (200 uM) was irradiated with 410 nm for 30 s and with 490 nm for 12 min,
respectively. The irradiation cycle was repeated ten times and after every irradiation step the
absorbance at 397 nm was determined.

The photoisomerization of 40 was additionally followed via fluorescence spectroscopy. When
analyzing the fluorescence spectra before and after irradiation with specific wavelengths (410 nm
and 490 nm) it was found that the fluorescence intensity after excitation with UV-light (380 nm)
can be modulated reversibly by irradiation with visible light (Figure 50). Z-to-E-lIsomerization
with violet light (410 nm) leads to a significant decrease in fluorescence intensity, which can be

subsequently increased by E-to-Z-isomerization triggered with cyan light (490 nm). It was

furthermore observed, that the PSS was reached more quickly upon irradiation with 410 nm, which
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can be explained by a lower intensity of the 490 nm LED as well as a lower extinction coefficient

of 40 at this wavelength.
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Figure 50: a) Fluorescence spectra of compound 40 (200 uM) in saturated solution of ascorbic acid
in DMSO before and after irradiation (excitation at 380 nm). The spectra are assigned to the
respective mixture via color code, b) Compound 40 (200 puM) in saturated solution of ascorbic acid
in DMSO was analyzed via fluorescence spectroscopy before and after irradiation with first 410 nm
and subsequently 490 nm (indicated by the color of the background). The maximal fluorescence was
plotted against the irradiation time.

The thermal half-life of E-40 at room temperature exceeds several days, which is in accordance
with observations made for the E-isomers of the other investigated HPI photoswitches discussed
in the previous chapters. The thermal relaxation of E-40 in a mixture of water and DMSO

(v/v =1:1) at 37 °C was monitored via analytical HPLC. After 6 hours less than 1% of the isomer

have undergone thermal backisomerization (Figure 51).
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Figure 51: The thermal relaxation of E-40 in H,O/DMSO (1:1) at 37 °C was monitored via analytical
HPLC. The integrals of the signals assigned to the respective E-isomer were determined at 330 nm:
lo = initial integral, | = integral at given time point.
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Further studies concentrated on the identification of the structural motif that is required for an
enhanced fluorescence quantum yield compared to plinabulin (6). For this purpose, two new
derivatives have been prepared with the same synthetic procedure as applied for ‘locked’
plinabulin analogue 40 in aldol condensation reactions with the suitable aldehydes (see also
chapter 5.6.2): Compound 46 also contains an imidazole ring but without a tert-butyl substituent,
whereas in compound 47 the imidazole substituent is replaced by a phenyl ring with a tert-butyl

group in para position relative to the vinyl group (Figure 52).
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Figure 52: a) Comparison of the emission maxima and the fluorescence quantum yields of
compounds 40, 46 and 47 in DMSO, b) Normalized emission spectra of 40 in a saturated solution of
ascorbic acid in DMSO and compounds 46 and 47 in DMSO. The spectra are assigned to the
compounds via color code.

Compared to plinabulin analogue 40 the emission maxima of both of these compounds are shifted
hypsochromically. Interestingly, it was found that the fluorescence quantum yield is significantly
increased when the compounds contain an imidazole ring and the electron-donating tert-butyl
group is removed (compound 46) and below 1% for carbocyclic compound 47. This trend might
be explained by an increasing fluorescence intensity with more electron deficient substituents.
Whereas imidazole substituents are known to have an electron-withdrawing character, phenyl
substituents are slightly electron-donating substituents.*3”1* This leads to the assumption that the

imidazole substituent is required for an enhanced fluorescence quantum yield.

3.3.3 Carbocyclic Analogous of ‘Locked’ Plinabulin 40

The ‘locked’ plinabulin analogue 40 represents a new structure that contains an HPI photoswitch.
After having established and characterized HPIs within the plinabulin (6) scaffold as well as in a
model system, it was now investigated whether the observed trends in photophysical properties
can also be transferred to this third molecular scaffold. For this purpose, benzaldehyde and other,

functionalized carbocyclic aromatic aldehydes were coupled to DKP 39 in an aldol condensation
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reaction under basic conditions (Figure 53). In case of compound 55, a Boc-protected aldehyde
was subjected to the reaction and the protecting group was removed in a subsequent, additional

reaction step (see chapter 5.6.2).

O O o)
~ N/K R-CHO, Cs,CO, ~ NH
NW) DMF, 23 °C, 2-22 h NW)\/R
o) o)
39 48-55
| (0]
(e e |
L o S Xéa)
O—
48: 55% 49: 31% 50: 42% 51: 81% 52: 70% 53: 53%

ﬁNJ\oJ< " ONH

N 20% TFA, 1% TIPS N
DCM, 0°C to 23 °C, 2.5 h

54:62% 55: 55% over 2 steps

Figure 53: A short series of HPIs was synthesized by coupling carbocyclic aldehydes with acetylated

DKP 39 in a base-catalyzed aldol condensation reaction.

In course of testing different methods for purifying these compounds, a generally low solubility in
organic solvents was observed. It was found that the solubility can be significantly improved by
installing substituents in ortho position relative to the vinyl bond. Whereas the concentration of
saturated solutions of unsubstituted carbocyclic 48 in DMSO-ds was too low for *C NMR
measurements, the spectra from measurement with ortho-dimethoxy-substituted 49 were found to
have a satisfactory signal-to-noise ratio. It can be presumed that the methoxy substituents prevent
a planar arrangement of the phenyl ring and consequently an efficient n-n stacking of the
molecules, which can limit solubilization of compound 48. An enhanced solubility was also
observed for compounds that contain other bulky substituents, such as a tert-butyl group
(compound 54 as well as compound 47 presented in chapter 3.3.2) and the electron-rich para-

amino substituted derivatives 52, 53 and 55.

First, absorption spectra of ortho-dimethoxy-substituted 49 were measured in various solvents and
mixtures analogous to experiments performed with plinabulin derivatives (Figure 54). Similar to

plinabulin (6), a minor solvatochromic effect was observed with absorbance maxima ranging from
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364 nm in THF to 371 nm in DMSO. Analogous to the observations made in the previous chapters,
TFA addition was found to lead to a hypsochromic shift of the absorption maximum of
compound 46, which bears an imidazole ring. However, only slight differences were observed
when comparing absorption spectra of carbocyclic 49 measured in acetonitrile without any
additives with those of solutions with the same concentration but with 1% (v/v) of TFA and EtsN,
respectively. The reversible photoisomerization of ortho-dimethoxy-substituted 49 was
demonstrated via absorption spectroscopy in DMSO and no photodegradation was observed

(Figure 54).
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Figure 54: Photophysical properties of ortho-dimethoxy-substituted 49. a) Compound Z-49 was
dissolved in MeCN and in mixtures of 1% (v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN,
respectively and absorption spectra were measured (d = 2 mm), b) Compound Z-46 was dissolved in
MeCN and in mixtures of 1% (v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively and
absorption spectra were measured (d = 2 mm). The spectra are assigned to the respective solvents
via color code. c¢) Left: Compound Z-49 was dissolved in different solvents (160 uM) and absorption
spectra were measured in the dark (d =2 mm). Right: Compound 49 was dissolved in DMSO
(160 uM) and an absorption spectrum (d =2 mm) was measured. The sample was then irradiated
with 407 nm and 490 nm and an absorption spectrum was measured after each irradiation step until
the PSS was reached, respectively.
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Subsequently, the influence of electron-withdrawing (compounds 50 and 51) and electron-
donating (e.g. compound 52) substituents in the para position on the photophysical properties of
these derivatives were compared (Figure 55). Analogous to the model system and to the theoretical
calculations discussed in chapter 3.2.3, the absorbance was found to be shifted bathochromically
for all the functionalized derivatives, with a more pronounced effect for electron-donating
substituents. It was additionally observed that the trends in bathochromic shifts are analogous to
the hammett parameters of the substituents. For electron withdrawing substituents a higher
hammett parameter (o+(COOCH3) =+0.49, o+(NO2) =+0.78) and for electron-donating
substituents a lower hammett parameter (o+(N(CH3)2) =-1.70, o+(Julolidine) =-2.03)
corresponds to a more pronounced bathochromic shift.!3337.13 Fyrthermore, a lower band
separation was observed for electron-poor derivatives, analogous to the one observed in theoretical
calculations for simple mono-substituted HPIs, discussed in the previous chapter 3.2.3.
Additionally, for compounds 50 and 51 significant photodegradation was observed, and no
photoequilibria were reached upon irradiation with violet light (410 nm). It should be tested
whether ascorbic acid could be added and enable reversible photoisomerization and determination

of the composition of different PSSs.
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Figure 55: Compounds 48-52 were dissolved in DMSO (160 pM) and absorption spectra (d = 2 mm)

were measured. The samples were then irradiated and an absorption spectrum was measured after

each irradiation step until the PSS was reached, respectively. Photodegradation was observed for
compounds 50 and 51 and consequently, no PSS was reached.

A noticeable bathochromic shift with an absorbance maximum at 444 nm was observed in the
spectrum of p-NMe-substituted 52. This shift is more pronounced than that of the model
compound 36 (Aabsmax(DMSQ) = 397 nm) as well as the plinabulin derivative 16 (Aabsmax(DMSQO)
=410 nm), that both also contain electron-donating p-NMe. substituents. The composition of the
PSS was determined via *H NMR spectroscopy in DMSO-ds after irradiation with selected
wavelengths. It was found that the thermodynamically more stable Z-52 can be isomerized to 64%
E-isomer with indigo light (430 nm) and subsequent irradiation with green light (523 nm) resulted

in 83% Z-isomer (see chapter 5.6.7).

Furthermore, the fluorescence spectra of the electron-rich and electron-poor derivatives were
compared (Figure 56). Analogous to the trend observed in the absorbance spectra, a bathochromic

shift was observed for all derivatives. The shift correlated with the hammett parameters (c+) of
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the respective functional groups and was generally more pronounced for electron-donating

shed

substituents.
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Figure 56 a) Comparison of absorbance and fluorescence maxima of compounds bearing electron-
withdrawing or -donating substituents. Bathochromic shifts were found to correlate with the hammett
parameters (o+) of the respective functional groups, b) Comparison of normalized emission spectra
of the Z-isomers of compounds 48 and 50-53 in DMSO, ¢) Electron-donating substituents lead to a
significant shift in the emission spectra from cyan (48) to orange (52) and even red (53). The

compounds were dissolved in DMSO-ds and excited with 365 nm.

An impressive shift was observed for julolidine derivative 53, which was the first HPI photoswitch

found to be photoconverted with red light (623 nm), within the ‘therapeutic window’ (Figure 57).

To investigate the compounds suitability for in vivo experiments, its behavior in agueous media

was investigated. It was found that an increasing amount of water in mixtures with DMSO led to

a continuous bathochromic shift in the absorbance, which even could be observed with the bare

eye. At 160 uM concentration the compound started to precipitate at a water content above 30%.



76 Results and Discussion

=% T o

0% H,0
5% H,0
0,8 N SN 10% H 0
20% H-0
30% H,0
50% H,0

\
06—+ "

0,4 4

Absorbance (AU)

02 4

0,0 4

300 400 500
b) Wavelength (nm)

——dark

Absorbance (AU)

400 500 500
Wavelength (nm)

Figure 57: a) The absorption spectra of compound Z-53 (160 uM) in DMSO and different mixtures
of water and DMSO (d =2 mm) were measured and a bathochromic shift was observed with an
increasing amount of water in the mixture. The spectra are assigned to the corresponding solvent
mixture via color code. A water content of 30% or higher resulted in precipitation of the compound,
b) Compound 53 was dissolved in DMSO (80 uM) and an absorption spectrum (d = 2 mm) was first
measured in the dark. The sample was then irradiated and an absorption spectrum was measured after
each irradiation step until the PSS was reached, respectively. The spectra are assigned to the
corresponding wavelength via color code. ¢) Imaging of compound 53 in HelLa cells via confocal
microscopy (scale bars 20 um, excitation laser line: 488 nm, 2.2% intensity, detection at 500-600 nm,
gain 854) after 15 h treatment (8.0 uM). The results were processed and visualized with Leica
Application Suite X 3.7.4.23463 from Leica Microsystems CMS GmbH.

Subsequently, it was tested whether julolidine derivative 53 has cell-penetrating properties. For
this purpose, HelLa cells were incubated with 53 (8 uM) for 15 hours and then the cells were
washed with PBS buffer and fixed. Afterwards, the fluorescent compound 53 was detected via
confocal microscopy applying the selected laser wavelength of 488 nm (Figure 57). Fluorescence
was detected in the cells, but not inside the nucleus. The fluorescence was not distributed
homogeneously in the cytoplasm, but some line-shaped structures and round shaped fluorescent
spots were detected with a higher concentration close to the nucleus. It was concluded that

compound 53 can cross cell membranes of HeLa cells, but the exact localization within the cells

has not been identified yet.
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Because the solubility of julolidine derivative 53 in aqueous media was found to be limited,
another derivative bearing a piperazine substituent in para position (compound 55) was
synthesized. When investigating HP1 model compounds (chapter 3.2.2) this functional group was
found to enhance solubility in aqueous media while maintaining a significant bathochromic shift
in the absorbance compared to an unsubstituted analogue. After purification via preparative HPLC,
the TFA salt of compound 55 was obtained (Figure 58). The salt was found to be significantly
bathochromically  shifted in absorbance and emission  (Aabsmax(DMSO) =413 nm,
Lemmax(DMSO) = 543 nm) compared to the unsubstituted analogue 48 (Aabsmax(DMSO) = 362 nm,
Aemmax(DMSO) = 460 nm). After addition of EtzN a bathochromic shift in the absorbance spectrum
in MeCN of 23 nm was detected, which is presumed to correspond to the formation of uncharged
compound 55. Reversible photoisomerization in DMSO with visible light was observed via
absorbance spectroscopy without any detectable photodegradation (Figure 58). Cell penetration
assays were performed analogous to the experiments with julolidine derivative 53 and it was found
that also piperazine 55 can penetrated cell membranes of HelLa cells. However, the distribution of
the detected fluorescence differed from the compound 53. There was a more homogeneous
distribution within the cytoplasm, which might be explained by an enhanced solubility in agueous
media. Additionally, fluorescent circles are found predominantly close to the cell membrane. It
can be presumed that these structures are vesicles being transported to the cell membrane during
exocytosis. Interestingly, fluorescence was also observed inside of the nuclei in round-shaped
structures, which might correspond to a localization of piperazine 55 in the nucleoli. However, this

IS yet to be verified in co-staining experiments.
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Figure 58: The TFA salt of compound Z-55 was dissolved MeCN (160 uM) and mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
(d =2 mm) and the spectra are assigned to the respective solvents via color code, b) the TFA salt of
compound 55 was dissolved in DMSO (160 uM) and an absorption spectrum (d = 2 mm) was first
measured, the sample was then irradiated and an absorption spectrum was measured after each
irradiation step until the PSS was reached, respectively, ¢) Imaging of compound 55 in HeLa cells
via confocal microscopy (scale bars 20 um, excitation laser line: 488 nm, 2.2% intensity, detection
at 530-603 nm, gain 1044) after 15 h treatment (8.0 uM). The results were processed and visualized
with Leica Application Suite X 3.7.4.23463 from Leica Microsystems CMS GmbH.

These results set basis for further experiments that will be conducted in the future. First, the
cytotoxicity of both respective photoisomers should be assessed via cell viability assays to
determine the applicable concentration range. In co-staining experiments, the location of the
photoswitches within the cells can be determined and parameters including the incubation time as
well as the concentration of the fluorescent compounds should be screened. Further studies should
be conducted to evaluate whether there is a difference in cell-penetrating activity or location within
the cells between two photoisomers, which would enable photomodulation of these characteristics.
Lastly, the structures can be further modified to enhance solubility in aqueous media by installing

functional groups like e.g. a phosphate group.
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4 Conclusion and Outlook
A novel molecular photoswitch was identified in the microtubule targeting agent plinabulin (6)
and found to enable light-triggered activation of bioactivity as well as photomodulation of

fluorescence intensity.
4.1 Plinabulin Derivatives

A panel of plinabulin derivatives (6-28) was synthesized successfully and characterized in respect
to their photophysical and photopharmacological properties. Unmodified plinabulin (6) was found
to be reversibly photoswitchable within the visible light spectrum and it was demonstrated that
light-triggered E/Z-isomerization of plinabulin (6) enables the photomodulation of antimitotic
bioactivity. In contrast to previously reported photoswitchable microtubule-targeting agents, it has
not been synthetically modified, which in turn preserves its’ potency completely and contrary to
many azobenzene-based photopharmacological agents it is stable under reducing conditions. The
photophysical properties are compatible with fixed wavelengths of lasers commonly applied in
confocal microscopy. Violet (405 nm) and cyan (488 nm) light are expected to enable in situ
photomodulation while light frequencies of the green (561 nm) and the red (642 nm) channel are
not absorbed and can be applied for parallel imaging without affecting the photoswitchable
compound. Furthermore, properties including the composition of the PSSs, the absorption spectra
and the difference in potency between two photoisomers were tuned by installing different

substituents on the phenyl ring of plinabulin (6).

By installing electron-donating amino substituents on the phenyl ring, considerable bathochromic
shifts of the absorption maxima up to 62 nm were determined, which resulted in green light-
responsive (> 500 nm) photoswitches. Additionally, and bigger band separation between the two
respective photoisomers was observed for these derivatives allowing for efficient reversible

photoisomerization within the visible light spectrum.

Furthermore, 3,5-dimethoxyplinabulin 15 (Figure 59) was found to possess superior
pharmacological properties with an over 2900-fold difference in potency between the two
photoisomers, which considerably enhanced the achievable photomodulation of bioactivity. The
less active, metastable E-15 can be isolated via preparative HPLC. E-15 was found to be stable in
aqueous medium at 37 °C for at least 32 hours and it could be stored in a freezer without any
detectable thermal backisomerization. Photoactivation of cytotoxicity was demonstrated in cell
viability assays. Irradiation of the less active E-15 (ICso = 618 nm) with cyan light (490 nm) yields

an over 1800-fold more potent mixture that contains 86% Z-15. It was additionally confirmed that
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the mixture can be deactivated by irradiation with violet light, which generates a mixture with over

50% E-15 and an over 100-fold lower potency.
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Figure 59: The photoswitchable 3,5-dimethoxyplinabulin 15 was found to possess superior
pharmacological properties with an over 2900-fold difference in potency. Less active, metastable E-

15 is formed upon irradiation with violet light (407 nm) ((©)) and can be isolated via preparative
HPLC ((2) and stored in a freezer for at least two months. It can be considered as a prodrug, that can

be activated by irradiation with cyan light (490 nm) ((®), which gives a mixture with 89% Z-15 (Z-

6) with 1800-fold higher cytotoxicity against HT-29 cells.

Plinabulin derivatives consist of two arylidene residues attached to a cyclic dipeptide core (2,5-
diketopiperazine, DKP). Because of structural analogies to linear peptides and appearance in
numerous bioactive natural products, DKP became an important structural motif for drug design
and discovery and a constitutive part of numerous biocompatible smart materials.t1013%-141
Consequently, the results of this work can be applied for designing photoswitchable analogues of

other DKP-based drugs and materials.
4.2 Hemipiperazines: Model Compounds

3-Arylidene-2,5-diketopiperazines — abbreviated as hemipiperazines (HPIs) — are novel
photoswitchable motifs first identified within the microtubule targeting compound plinabulin (6).
These photoswitches are based on the cyclic dipeptide motif (DKP), which is also found in other
bioactive compounds and biocompatible materials and may be applied in various applications in
the field of photopharmacology. To clarify the scope and limitations of these novel molecular
photoswitches, the core photochromic fragment of plinabulin (6), which contains only one double
bond and no heterocycle, was chosen to serve as a model system. A panel of derivatives were
synthesized and characterized systematically to investigate the influence of electron-withdrawing

and -donating groups on their photophysical properties (examples shown in Figure 60).
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Figure 60: a) A panel of derivatives, including compounds 29, 30, and 35-37, were synthesized and
characterized systematically to investigate the influence of electron-withdrawing and -donating
groups on their photophysical properties, b) Normalized absorbance spectra of compounds 29, 30,

and 35-37 in DMSO, c¢) Electron-rich HPI 36 exhibits a bathochromically shifted absorbance and

was found to be reversibly photoswitchable in aqueous media containing up to 75% PBS buffer.

Both, electron-withdrawing and -donating groups were found to lead to a bathochromic shift in
absorbance, but this effect was much more pronounced for electron-donating substituents.
Photochromism was observed for all derivatives, however with low photoconversion for
unsubstituted HPI 29 as well as the electron-poor cyano-HPI1 35. The electron-rich HPIs 36 and 37
were found to be reversible photoisomerizable with visible light frequencies (green and violet
light) in aqueous media. Furthermore, the switching quantum yields determined for 37 are
comparable with established classes of photoswitches. Additionally, theoretical calculations were
performed and found to be well in agreement with the experimental data. For future research,
theoretical calculations can be applied to predict photophysical properties of HPI derivatives. The
piperazine-HPI 38 was found to be soluble in water and was characterized via NMR spectroscopy
in D20. In first investigations it was furthermore demonstrated that this derivative can be
photoisomerized in D>O with violet light (407 nm). These preliminary results indicate that
compound 38 is a promising candidate for in vivo switching and further investigations of its

photomodulation in aqueous media will be done in the future.
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4.3 ‘Locked’ Plinabulin Analogue and Derivatives

To further clarify the initial observation, that the photoisomerization of plinabulin (6) and its
derivatives occurs only at the carbocyclic arylidene C=C double bond but not on the
heteroarylidene site, a plinabulin analogue 40 with a ‘locked’ carbocyclic arylidene in Z-
configuration was synthesized (Figure 61). It was found that 40 exhibits a significantly enhanced
fluorescence quantum yield can be reversibly photoisomerized with visible light frequencies. The
fluorescence intensity can be modulated reversibly by irradiation with visible light. Z-to-E-
Isomerization with violet light (410 nm) leads to a significant decrease in fluorescence intensity,

which can be subsequently increased by E-to-Z-isomerization triggered with cyan light (490 nm)
(Figure 61).
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Figure 61: a) The emission of ‘locked’ plinabulin analogue 40 was found to be shifted
hypsochromically and cyan fluorescence was observed with a fluorescence quantum yield of 24%,
b) 40 in a saturated solution of ascorbic acid in DMSO (200 uM) can be photoisomerized reversibly
with visible light frequencies. The solution was irradiated and an absorption spectrum (d = 2 mm)
was measured after each irradiation step until the PSS was reached, respectively. The spectra are
assigned to the irradiation wavelength and time via color code, c) Fluorescence spectra of
compound 40 (200 uM) in saturated solution of ascorbic acid in DMSO before and after irradiation
(excitation at 380 nm) The spectra are assigned to the irradiation wavelength via color code, d) A
solution of pure Z-40 in a saturated solution of ascorbic acid in DMSO (200 pM) was irradiated with
410 nm for 30 s and with 490 nm for 12 min, respectively. The irradiation cycle was repeated ten
times and after every irradiation step the solution was analyzed via fluorescence spectroscopy.
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The ‘locked’ plinabulin analogue 40 represents a new structure that contains an HPI photoswitch.
After having established and characterized HPIs within the plinabulin (6) scaffold as well as in a
model system, it was now investigated whether the observed trends in photophysical properties
can also be transferred to this third molecular scaffold. For this purpose, carbocyclic aromatic
derivatives (examples shown in Figure 62) were synthesized and characterized with respect to their
photophysical properties.
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Figure 62: a) A panel of carbocyclic derivatives of ‘locked’ plinabulin analogue 40, including
compounds 48 and 50-53, were synthesized and characterized systematically to investigate the
influence of electron-withdrawing and -donating groups on their photophysical properties, b)
Comparison of normalized emission spectra of the Z-isomers of compounds 48 and 50-53 in DMSO.
The spectra are assigned to the compounds via color code (see panel a), ¢) Electron-donating
substituents lead to a significant shift in the absorption (left) and emission (right) spectra. The
observed fluorescence changes from cyan (48) to orange (52) and even red (53). The compounds
were dissolved in DMSO-ds and excited with 365 nm.

Cell-penetrating properties of 53 and 55 were investigated via confocal microscopy. HelLa cells
were incubated with the fluorescent compounds 53 and 55 and fluorescence was detected inside
the cells after excitation at 488 nm (Figure 63). The distribution of the compounds inside the cells
was found to differ between the two derivatives. 53 was not distributed homogeneously in the
cytoplasm, but some line-shaped structures and round shaped fluorescent spots were detected with
a higher concentration close to the nucleus. In contrast to that, there was a more homogeneous
distribution of 55 within the cytoplasm, which might be explained by an enhanced solubility in

aqueous media. Additionally, fluorescent round-shaped structures were observed inside of the
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nuclei in, which might correspond to a localization of piperazine 55 in the nucleoli. However, the

exact localization of both derivatives within the cells has not been identified yet and this is yet to

be verified in co-staining experiments.

Figure 63: Imaging of compounds 53 (left) and 55 (right) in HelLa cells via confocal microscopy
(scale bars 20 um, excitation laser line: 488 nm, 2.2% intensity, 53: detection at 500-600 nm, gain
854, 55: detection at 530-603 nm, gain 1044) after 15 h treatment (8.0 uM). The results were
processed and visualized with Leica Application Suite X 3.7.4.23463 from Leica Microsystems CMS
GmbH.

Further investigations of these fluorescent cell-penetrating compounds will be conducted in the
future. Fist, the cytotoxicity of both respective photoisomers should be assessed via cell viability
assays to determine the applicable concentration range. In co-staining experiments the location of
the photoswitches within the cells can be determined and parameters including the incubation time
as well as the concentration of the fluorescent compounds should be screened. Further studies
should be conducted to evaluate whether there is a difference in cell-penetrating activity or location
within the cells between two photoisomers, which would enable photomodulation of these
characteristics. Lastly, the structures can be further modified to enhance solubility in aqueous

media by installing functional groups like e.g. a phosphate group.
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5 Experimental Section

5.1 General Remarks

All reagents and starting materials are commercially available (Sigma-Aldrich, Fluorochem,
chemPur, Alfa Aesar or BLDpharm) and were used as supplied unless otherwise indicated.
Solvents of technical quality were distilled prior to use.

All experiments were conducted in air and in deionized water (Millipore) unless otherwise noted.
In the experiments where physiological conditions were required, Dulbecco's Phosphate-Buffered
Saline (DPBS) buffer pH 7.4, (-/-): no calcium, no magnesium, Gibco™ from Thermofisher, cat.#:
14190136, abbreviated below and in the thesis simply as “PBS buffer”, was used.

All experiments with photoisomerizable molecules in the visible light spectrum were performed
in absence of sunlight, for example with brown glassware, or colourless glassware wrapped with
aluminium foil, working in a room with dimmed light. All experiments were conducted in air
unless otherwise noted and all reactions containing air- and moisture-sensitive compounds were
performed under argon using oven-dried glassware applying common Schlenk-techniques.
Liquids were added via steel cannulas and solids were added directly in powdered shape. For the
aqueous extraction, for all analytic samples and for the HPLC deionized water (diH20) from
Millipore was used unless otherwise noted. For certain reactions, flat-bottom crimp neck vials from
CHROMAGLOBE with aluminum crimp cap were used. Reactions at low temperatures were cooled
using flat dewars produced by Isotherm (Karlsruhe) with water/ice or isopropanol/dry ice

mixtures.
5.2 Methods and Instruments

5.2.1 Analytical Balance

Used devices: SARTORIUS Basic (0.001 g), METTLER TOLEDO AE163 or RADWAG
AS220.X2 (0.0001 g) and Sartorius M2P Micro Balance (0.001 mg).

5.2.2 Thin Layer Chromatography (TLC)

Analytical thin layer chromatography was carried out using silica coated aluminum plates (silica
60, F2ss, layer thickness: 0.25 mm) with fluorescence indicator by Merck. The TLC plates with a
size of 20 x 20 cm were cut into pieces according to demand. UV active compounds were detected
with a UV lamp at A=254 nm and A=365 nm. When required, ninhydrin (1.5 g in 100 mL ethanol

and 3.0 mL acetic acid), potassium permanganate (0.45 g potassium permanganate and 2.35 g of
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sodium carbonate in 90 ml of water) or 2,4-DNP (1.2 g 2,4-dinitrophenylhydrazin in 8.0 mL water,
20 mL ethanol and 6.0 mL conc. H2SO4) was used as TLC-stain.

5.2.3 Chromatography

Flash column chromatography was performed using Merck silica 60 (0.040 x 0.063 mm, 230-400
mesh ASTM) and quartz sand (glowed and purified with hydrochloric acid).

5.2.4 High-Performance Liquid Chromatography (HPLC)

Analytical High Performance Liquid Chromatography (HLPC) was performed using two different
instruments: (1) The 1200 Series from Agilent Technologies. The flow rate was 1.0 mL/min on an
YMC C18-column JH08S04-2546WT with 250 mm length x 4.8 mm diameter and a column bead
of 4 um diameter. ChemStation for LC 3D systems (Agilent Technologies) was used for data
extraction. (2) A Thermofisher UltiMate 3000 system containing a degasser, pump, autosampler,
column compartment and diode array detector. The flow rate was 1 mL/min on a stationary
PerfectSil Target (MZ-Analytik) C18 column (3-5 pm, 4.0 mm x 250 mm). Chromeleon 7

software was used for data extraction.

Preparative Reversed Phase High Performance Liquid Chromatography (RP-HPLC) was
performed on the Puriflash™ 4125 system from Interchim. A VDSpher® C18-M-SE precolumn
(10 pm, 40 x 16 mm) followed by a VDSPher® C18-M-SE separation column (10 pum, 250 x
20 mm, VDS Optilab) was used as the stationary phase. A linear gradient of acetonitrile and double
distilled water, both supplemented with 0.1% trifluoroacetic acid (TFA), at a flow rate of

15 mL/min served as the mobile phase.

5.2.5 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were recorded using the following devices: *H NMR: Bruker 300 (300 MHz), Bruker
Avance 400 (400 MHz), Bruker Ascend 500 (500 MHz), 13C NMR: Bruker 300 (75 MHz), Avance
400 (101 MHz), Ascend 500 (126 MHz), **F NMR: Avance 400 (377 MHz) or Ascend 500
(471 MHz). The following solvents from Eurisotop were used: CDCl3, acetic acid-ds, DMSO-ds,
and D.0O. Chemical shifts 6 were expressed in parts per million (ppm) and referenced to CDCls
(*H: §=7.26 ppm, ¥C: 6 =77.2 ppm), acetic acid-dsa (*H: 6 = 2.04 ppm, C: 6 = 179.0 ppm),
DMSO-ds (*H: 6 = 2.50 ppm, 3C: ¢ = 39.5 ppm) and D20 (*H: 6 = 4.79 ppm).1*? 1°F NMR were
not referenced. For the characterization of centrosymmetric signals, the signal’s median point was
chosen, for multiplets the signal range. The signal structure is described as follows: s=singlet,

d=doublet, t=triplet, gq=quartet, quin=quintet, bs=broad singlet, m=multiplet, dt=doublet of
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triplets. The spectra were analyzed according to the first order. All coupling constants are absolute
values and expressed in Hertz (Hz). All NMR spectra were processed using MestReNova v14.1.2
(Mestrelab Research S.L.).

5.2.6 Mass Spectrometry (MS)

Mass spectra were recorded on a Finnigan MAT 95 mass spectrometer using electron ionization-
mass spectrometry (EI-MS) or fast atom bombardment-mass spectroscopy (FAB-MS). For FAB
measurements m-nitrobenzyl alcohol (3-NBA) was used as the matrix. The software used for FAB
and EI measurements adds the mass of one electron. The molecular ion is abbreviated [M] for El-
MS and FAB-MS, the protonated molecular ion is abbreviated [M+H] for FAB-MS. Electrospray
ionization-mass spectrometry (ESI-MS) spectra were recorded on a Thermo Fisher Scientific Q
Executive mass spectrometer. Calibration was carried out using premixed calibration solutions

(Thermo Fisher Scientific). The molecular fragments are stated as ratio of mass per charge m/z.

5.2.7 Infrared Spectroscopy (IR)

The infrared spectra were recorded with a Bruker, Alpha P instrument. All samples were measured
by attenuated total reflection (ATR). The positions of the absorption bands are given in
wavenumbers ¥ in cm! and were measured in the range from 3600 cmto 500 cm,
Characterization of the absorption bands was done in dependence of the absorption strength with
the following abbreviations: vs (very strong, 0—9%), s (strong, 10—39%), m (medium, 40—69%,),
w (weak, 70—89%), vw (very weak, 90—100%).

5.2.8 Elemental Analysis (EA)

Elemental analysis was done on an Elementar vario MICRO instrument. The weight scale used
was a Sartorius M2P. Calculated and found percentage by mass values for carbon, hydrogen,

nitrogen, and sulfur are indicated in fractions of 100%.

5.2.9 LED Irradiation

Sample irradiation for photoisomerization and measurements of photostationary states was
performed using LEDs with emission maxima of 523 nm, 407 nm and 365 nm from LED Engin,
with 380 nm, 430 nm, 450 nm and 490 nm from Avonec and with 470 nm from OSRAM. For the
time of irradiation, samples were maintained at constant temperature (22 = 2 °C) using a metal
cooling block. Irradiation intensities of the respective LEDs were determined using the PowerMax

USB (type PS19Q) sensor device (Coherent®) in five independent measurements. The detector



88 Experimental Section

(diameter 19 mm) was located at a distance of 55 mm from the light source, identical to the position

of irradiated samples. The results are presented in Table 5.

Table 5: Irradiation intensities of the LEDs. The LEDs applied to irradiate the photoswitchable
compounds were determined using the PowerMax USB (type PS19Q) sensor device (Coherent®).

Max Max mean . Min mean
Amax Of the Min Power
LED diode [nm] Power power measured [MW/cm?] power measured
[MW/cm?] [W] [W]

365 nm - - 5.61E-01 1.59E-03
380 nm 8.67E-02 2.46E-04 - -
407 nm 9.39E+01 2.66E-01 8.59E+01 2.43E-01
430 nm 1.85E+01 5.23E-02 1.19E+01 3.38E-02
450 nm 1.13E+00 3.21E-03 8.86E-01 2.51E-03
470 nm 1.69E+01 4.80E-02 1.59E+01 4.52E-02
490 nm 7.64E+00 2.17E-02 4.98E+00 1.41E-02
523 nm 7.08E+00 2.01E-02 6.56E+00 1.86E-02

5.2.10 Absorption Spectroscopy

UV-Vis absorption spectra between 200 nm and 800 nm were recorded on a Lambda 750
(PerkinElmer) UV-Vis spectrophotometer and an UV/Vis/NIR spectrometer Cary 500 (Varian),
referenced against pure solvent. The spectra were measured in Quartz cuvettes of 10 mm or 2 mm
optical path length at 20 °C. Baseline correction was performed manually to correct for solvent

composition.

5.2.11 Fluorescence Spectroscopy

Fluorescence spectra were recorded on a Fluoromax-4 (Jobin Yvon - HORIBA) equipped with a
Haake AC200 thermostat from Thermo Scientific at 20 °C. The spectra were recorded using

FluorEssence v3.5.

5.2.12 Fluorescence Quantum Yield

Fluorescence quantum vyield (®r) measurements (absolute values) were performed on a

Hamamatsu Quantaurus-QY absolute PL quantum yield spectrometer C11347.
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5.2.13 Photoswitching Quantum Yield

The maximum reaction quantum yields ®max for either isomerization direction (Z-isomer to E-
isomer ®ze and the reverse process ®e-z) were determined, using the experimental setup

previously published by the working group around Riedle (LMU). 13

5.2.14 Crystal Structure Determinations

The single-crystal X-ray diffraction studies were carried out by Dr. Martin Nieger at the University
of Helsinki (Finland) on a Bruker D8 Venture diffractometer with a Photonll detector at 123(2) K,
173(2) K, or 298(2) K using Cu-Ka radiation (1 = 1.54178 A). Dual space methods (SHELXT) 4
were used for structure solution and refinement was carried out using SHELXL-2014 (full-matrix
least-squares on F2) %4 Hydrogen atoms were localized by difference electron density
determination and refined using a riding model (H(N, O) free). Semi-empirical absorption
corrections were applied. All measurement parameters and further details are presented in the
chapters 5.4.14, 5.5.11 and 5.6.11.

5.2.15 Quantum Chemical Calculations

All calculations were performed with the GAUSSIANO9 program package *°, employing the
B3LYPGD3BJ/6-311G(d,p) PCM(DMSO) level of theory (these parameters were successfully
applied for calculations in another arylidene-substituted heterocyclic photochromic system —
hemiindigos **°). The global minima geometries were first optimized on the MPW1K/6-311G(d,p)
and subsequently on the B3LYP-GD3BJ/6-311G(d,p). Frequency analysis confirmed all structures
to be minimum structures since no imaginary frequencies have been found. Visualization of
minimized structures, molecular orbitals, and calculated extinction spectra were done with
GaussView 6.1.1. Excitation energies were calculated on TD-B3LYP-GD3BJ/6-311G(d,p) level
of theory, using previously obtained structures. Solvent interactions were simulated using a
polarizable continuum model (PCM), with parameters taken for DMSO. More detailed

information and all results can be found in chapter 5.5.10.

5.3 Cell Experiments

All viability assays were performed by Anna-Lena Leistner and Angelika Seliwjorstow.
5.3.1 Cell Cultivation

HT-29 cells (Caucasian colon adenocarcinoma, ATCC HTB-38™) and HeLa cells (Human cervix
carcinoma) were grown separately in DMEM (Dulbecco’s Modified Eagle Medium) which was

modified with 10% FCS (fetal calf serum) and 1% penicillin/streptomycin solution (10,000
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units/mL of penicillin and 10,000 ug/mL of streptomycin) in a humid incubator at 37 °C with 5%
CO2. Cells were washed with PBS (Phosphate-Buffered Saline) from Gibco®. Cells were
detached from the surfaces with Trypsin-EDTA (0.25%) from Gibco®. The cells were tested

negative for mycoplasma contamination.

5.3.2 Viability Assays

Method A: HT-29 cells were seeded in 96-well plates at 3.000 cells/well and incubated overnight
to ensure cell attachment to the well-bottom and cell growth. The tested compounds were added
in the dark and the cells were incubated for 48 h (final well volume 100 uL, 0.25% DMSO; six
technical replicates). To ensure the same treatment to the control rows, the DMEM was removed
from the wells and 0.25% DMSO in DMEM (100 uL) was added to the corresponding wells. The
positive control was treated with 5 pL of Triton™ X-100 detergent (10% solution (w/v)) per well
for at least 5 min to induce cell death before adding 15 puL of MTT dye-solution (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid in water / CellTiter 96®Non-Radioactive
Cell Proliferation Assay from Promega or Invitrogen™ CyQUANT™ MTT Cell Viability Assay)
to all sample wells and incubating for 3 h in the dark. 100 pL of Solubilization Solution/Stop Mix
(CellTiter 96®Non-Radioactive Cell Proliferation Assay from Promega / Invitrogen™
CyQUANT™ MTT Cell Viability Assay) were added after incubation to stop the reduction of
MTT to formazan, therefore prevent overreaction and solubilize the formazan crystals.
Alternatively, a freshly prepared stop solution (10% sodium dodecyl sulfate, 0.01 M HCI in water)
was used. After 24 h of solubilization in the incubator, the plate was read out with a plate reader
(SpectraMax® iD3, Molecular Devices) by measuring the absorption of each well at 570 nm or
590 nm. Data points were only excluded from the analysis when errors were observed during
execution of the experiment (e.g. pipetting to a wrong well). In the experiment where a sample of
compound 15 was irradiated at 490 nm, a complete row of wells (one concentration) was excluded.
Otherwise only single wells were excluded. Absorbance data was averaged over the technical
replicates, the positive control subtracted as background, then normalized to viable cell count from
negative control cells (% control) as 100%. Three independent experiments were performed. Data
were plotted against the log of agonist concentration (log10([agonist]) (M)) with mean and SD in
GraphPad Prism Version 9.1.1 for Windows, GraphPad Software, San Diego, California USA,

www.graphpad.com.

Method B: Following changes apply for viability assay with more detailed concentration range

(compounds 14 and 15): The tested photoisomers or irradiated mixtures were added in the dark


http://www.graphpad.com/

Experimental Section 91

and the cells were incubated for 48 h (final well volume 100 pL, E-isomer: 0.5% DMSO / Z-isomer
and 490 nm PSS: 0% DMSO; three to six technical replicates). To ensure the same treatment to
the control rows, the DMEM was removed from the wells and E-isomer: 0.5% DMSO / Z-isomer
and 490 nm PSS: 0% DMSO in DMEM (100 pL) was added to the corresponding wells. The
positive control was treated with 5 uL of Triton™ X-100 detergent (10% solution (w/v)) per well
for at least 5 min before adding 10 uL of MTT dye-solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromid in water / Cell Proliferation kit I (MTT) from Roche) to all sample
wells and incubating for 4 h in the dark. 100 uL of Solubilization Solution/Stop Mix (Cell
Proliferation kit I (MTT) from Roche) were added after incubation to stop the reduction of MTT

to formazan, therefore prevent overreaction and solubilize the formazan crystals.

5.3.3 Cell Penetration Assays

HeLa cells (Human cervix carcinoma cells, 4 x 10* cells/well) were seeded in 8 well p-slides
(IBIDI® p-Slide 8 well) with 200 uL Dulbecco’s modified Eagle’s medium (DMEM, 5 high
glucose, Gibco) supplemented with 10% fetal calf serum (FCS, PAA) and 1 U/mL
Penicillin/Streptomycin and incubated overnight at 37 °C, 5% CO2 and 95% humidity. The
medium was replaced by 200 pL test solution per well, diluted in DMEM medium containing
0.25% (v/v) DMSO and incubated at 37 °C, 5% CO2 and 95% humidity for 15 hours.

Fixation was performed by removing the medium after the incubation time and each well washed
with 200 puL PBS and 200 pL/well of a 4% para-formaldehyde solution in PBS were added. After
incubation for 10 min the fixing solution was removed, the cells were washed ten times with PBS.
200 uL PBS/well were added and imaging was performed with a DMi8 inverted microscope
(LeiCcA). The added compounds were excited at 488 nm and detected at wavelengths in the range
of 500 - 650 nm. The results were processed and visualized with LEICA Application Suite X
3.7.4.23463 from LEICA Microsystems CMS GmbH.

5.3.4 Immunofluorescence Imaging

HT-29 cells were seeded in 8 well p-slides from Ibidi and incubated overnight. The medium was
replaced by 200 pL test solution per well, diluted in DMEM medium containing 0.25% DMSO.
Based on the results of the viability assays, a concentration between the two 1C50-values of the
respective photoisomers was chosen: plinabulin (6): 2 nM; compound 8: 20 nM; compound 10:
200 nM. After 6 h of incubation in the dark, the medium was removed, each well washed with 200
pL PBS and 200 pL/well of a 4% para-formaldehyde solution in PBS were added. After incubation

for 10 min the fixing solution was removed, the cells were washed with PBS and 200 uL of a 1%
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Triton-X100 solution in PBS was added to each well and incubated for 4 min. Then the solution
was removed, and the cells were washed again with PBS. To avoid false positive staining of the
antibody, all binding sites were blocked by a CAS-Block™ histochemical reagent solution
(ThermoFisher). For this purpose, PBS was removed and the CAS-Block™ solution was added
(200 pL per well) and incubated for 30 min. For tubulin staining a fluorescein (FITC)-labeled
monoclonal anti-a-tubulin antibody produced in mice (Sigma; F2168-2ML) was used. 200 uL of
a 1:500 dilution of the antibody in PBS was added and the cells were incubated overnight in the
fridge. The next day, the solution was replaced by 1:5000 Hoechst 33342 (Promega) in PBS. After
5 min of incubation, the cells were washed with PBS and imaged using a TCS SPE microscope
(LeicA) microscope. The FITC-fluorescence was detected at 525 nm after irradiation at 470 nm,
the Hoechst dye was irradiated at 361 nm and its emission was detected at 497 nm. The results
were processed and visualized with LEICA Application Suite X 3.5.7.23225 from Leica
Microsystems CMS GmbH.
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5.4 Synthesis and Characterization of Plinabulin Derivatives

5.4.1 Precursor Synthesis

Ethyl 5-(tert-butyl)oxazole-4-carboxylate

o) . .
N///Y ~~~  pivalic anhydride, DBU _ \ />

o) THF, 23°C, 17 h ~O N
86% 5

Ethylisocyanoacetate (3) (10.0 g, 88.4 mmol, 1.00 equiv.) was dissolved in THF (80 mL), and
pivalic anhydride (19.7 mL, 18.1 g, 97.3 mmol, 1.10 equiv.) and DBU (14.8 g, 97.3 mmol,
1.10 equiv.) were added. The reaction mixture was stirred overnight at 23 °C. Subsequently, the
solvent was removed in vacuo and the residue was dissolved in ethyl acetate (150 mL).
Brine (110 mL) and saturated ag. Na>COs solution (55 mL) were added and the phases were
separated, and the aqueous phase was extracted three more times with ethyl acetate. After washing
the organic phase with saturated ag. Na2COs solution (75 mL), citric acid (75 mL, 0.1 M) and
drying over Na»SOg, the solvent was removed in vacuo. The residual oil was purified by flash
column chromatography (cyclohexane:ethyl acetate, 20:1 — 9:1 — 6:1) to yield 15.0 g
(76.1 mmol, 86%) of ethyl 5-(tert-butyl)oxazole-4-carboxylate as a yellow oil 2%

'H NMR (400 MHz, CDCl3): 6 = 7.69 (s, 1H, CH), 4.38 (q, J = 7.1 Hz, 2H, CHy),
1.45 (s, 9H, C(CHs)3), 1.40 (t, J = 7.1 Hz, 3H, CH3) ppm.

13C NMR (101 MHz, CDCl3): 6 = 166.1 (C-C(CHgs)3), 162.2 (COOEt), 147.3 (CH),
126.1 (C-COOEt), 61.3 (CH2), 33.4 (C(CHz3)3), 28.2 (C(CH3)3), 14.4 (CHs) ppm.

TLC: Rf=0.34 (cyclohexane:ethyl acetate, 4:1).

IR (ATR): v = 3118 (vw), 2975 (w), 2962 (w), 2938 (w), 2908 (w), 2874 (vw), 1718 (m),
1572 (m), 1527 (m), 1504 (w), 1482 (w), 1463 (w), 1448 (w), 1397 (w), 1368 (m), 1333 (m), 1302
(m), 1254 (m), 1221 (w), 1204 (w), 1180 (m), 1160 (m), 1129 (m), 1098 (m), 1052 (s), 1023 (m),
1006 (m), 942 (w), 864 (w), 844 (m), 820 (w), 793 (m), 773 (w), 708 (w), 649 (m), 606 (w), 541
(w), 401 (w) cm™,

HRMS (EI): m/z calcd. for C10H1sNO3 [M], 197.1051; found, 197.1052.

Ethyl 5-(tert-butyl)-1H-imidazole-4-carboxylate

H
\ O> formamide \ N>

/ o /

~_© N 165 °C,20 h ~_© N

53%
) @)
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Ethyl 5-(tert-butyl)oxazole-4-carboxylate (15.0 g, 76.0 mmol, 1.00 equiv.) was dissolved in
formamide (90.0 mL, 102 g, 2.27 mol, 29.8 equiv.) and the mixture reacted at 165 °C overnight.
After cooling down, ethyl acetate (180 mL) and brine (90 mL) were added and the aqueous phase
was extracted with ethyl acetate (2x90 mL). Subsequently, the organic layer was washed with
saturated agq. Na,COs solution (3x75 mL) and brine (3x75 mL), dried over Na>SO; and
concentrated in vacuo. The residual oil was purified by flash column chromatography
(10% MeOH in toluene) to yield 7.98 g (40.7 mmol, 53%) of ethyl 5-(tert-butyl)-1H-imidazole-4-
carboxylate as a yellow solid.*®

1H NMR (400 MHz, CDCl3): 6 = 9.76 (s, 1H, NH), 7.47 (d, J = 1.7 Hz, 1H, CH),
4.44 —4.09 (m, 2H, CH>), 1.44 (s, 9H, C(CHz)3), 1.32 — 1.22 (m, 3H, CHz3) ppm.

13C NMR (101 MHz, CDCl3): 6 = 162.4 (COOEt), 150.8 (C-C(CHs)s), 133.4 (CH),
123.5 (C-COOEt), 60.5 (CH?>), 32.6 (C(CH?3)3), 29.2 (C(CH?3)3), 14.3 (CHz) ppm.

TLC: Rf=0.15 (10% MeOH in toluene).

IR (ATR): v = 3119 (vw), 3033 (vw), 2955 (w), 2907 (w), 2871 (w), 2840 (w), 2747 (vw), 2630
(vw), 1700 (w), 1560 (vw), 1499 (vw), 1434 (w), 1394 (vw), 1366 (vw), 1296 (m), 1271 (w), 1224
(vw), 1198 (w), 1171 (w), 1147 (w), 1096 (vw), 1058 (m), 1024 (w), 952 (w), 935 (w), 864 (w),
847 (w), 793 (w), 711 (vw), 663 (W), 605 (vw), 564 (vw), 483 (vw), 401 (vw) cm,

HRMS (EIl): m/z calcd. for C10H16N202 [M], 196.1212; found, 196.1212.

(5-(tert-Butyl)-1H-imidazol-4-yl)methanol

H
N H
\ /> LiAIH, N N
~0 N THF, 23°C,15h  Ho \ N/>
0 80%

Ethyl 5-(tert-butyl)-1H-imidazole-4-carboxylate (4.40 g, 22.4 mmol, 1.00 equiv.) was dissolved
in THF (140 mL). LiAlH4 (1.70 g, 44.8 mmol, 2.00 equiv.) was added in small portions over 45
min, while cooling the mixture in an ice water bath to 0 °C. The reaction mixture was stirred
overnight at 23 °C and subsequently ethyl acetate (100 mL) and water (50 mL) were added at 0 °C.
After another 1 hour of stirring, the precipitate was filtered off, the filtrate was dried over Na>SO4
and the solvent was removed in vacuo. The residual solid was purified by flash column
chromatography (20% MeOH in CH2Cl>) to yield 2.78 g (18.0 mmol, 80%) of (5-(tert-butyl)-1H-
imidazol-4-yl)methanol as a pale yellow solid.*%

'H NMR (400 MHz, DMSO-ds): 6 = 7.35 (s, 1H, CH), 446 (s, 2H, CHy),
1.28 (s, 9H, C(CHs3)3) ppm.
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13C NMR (101 MHz, DMSO-ds): 6 = 139.7 (C-C(CHs3)3), 131.8 (CH), 129.1 (C-CH?>), 56.0 (CH>),
31.9 (C(CHsa)3), 30.7 (C(CHs3)3) ppm.

TLC: Rf=0.25 (20% MeOH in CH2Cl», stained with KMnOg).

IR (ATR): v =3159 (vw), 3119 (w), 3106 (w), 3067 (w), 3019 (w), 2959 (w), 2901 (w), 2894 (w),
2884 (w), 2840 (w), 2730 (w), 2694 (w), 2670 (w), 2630 (w), 1578 (w), 1492 (w), 1469 (w), 1390
(vw), 1356 (w), 1332 (vw), 1298 (w), 1262 (w), 1230 (vw), 1204 (vw), 1187 (w), 1163 (w), 1094
(w), 1026 (w), 1013 (m), 953 (w), 901 (w), 858 (w), 823 (w), 765 (w), 715 (w), 649 (w), 595 (w),
520 (w), 473 (w), 405 (vw), 399 (vw), 380 (w) cm™.

HRMS (EI): m/z calcd. for CgH14N20 [M], 154.1106; found, 154.1104.

5-(tert-Butyl)-1H-imidazole-4-carbaldehyde (4)

H H
N Mn02 N>
HO \ N/> MeCN, 23 °C, 4 h Os. \ N

87%

(5-(tert-Butyl)-1H-imidazol-4-yl)methanol (751 mg, 4.87 mmol, 1.00 equiv.) was dissolved in
acetonitrile (50 mL). Subsequently, activated MnO, (4.23 g, 48.7 mmol, 10.0 eq, c.a. 85%,
<10 um) was added and the mixture was stirred at room temperature for 4 hours. Subsequently,
the mixture was filtered through celite® and the solvent was removed in vacuo to yield
644 mg (4.23 mmol, 87%) of 5-(tert-butyl)-1H-imidazole-4-carbaldehyde (4) as a yellow solid.*%
IH NMR (400 MHz, CDCls): ¢ 10.06 (s, 1H, CHO), 7.74 (s, 1H, CH),
1.48 (s, 9H, C(CHs)3) ppm.

BC NMR (101 MHz, CDCls): ¢
31.3 (C(CHa)3) ppm.

IR (ATR): v=23121 (vw), 3053 (vw), 2963 (w), 2902 (vw), 2864 (vw), 1670 (w), 1558 (vw), 1507
(w), 1465 (vw), 1435 (w), 1398 (vw), 1377 (w), 1370 (w), 1349 (vw), 1336 (vw), 1295 (w), 1271
(w), 1204 (vw), 1186 (vw), 1057 (vw), 1023 (vw), 950 (w), 933 (vw), 864 (w), 837 (w), 786 (w),
666 (W), 582 (vw), 445 (vw) cm™.

HRMS (EI): m/z calcd. for CgH12N20 [M], 152.0950; found, 152.0951.

181.9 (CHO), 137.5 (CH), 34.1 (C(CHa)s),

Piperazine-2,5-dione

0
H ~~_-OH
HzN/\[(O HO N HJ\NH

0 170 °C, 3 h HN
28% o)
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Glycine (1) (100 g, 1.33 mol, 1.00 equiv.) was dissolved in ethylene glycol (500 mL, 557 g,
8.97 mmol, 6.73 equiv.) and stirred at 170 °C for 3 hours. Afterwards, the solution was cooled at
5°C for 20 hours and the precipitate was filtered off and washed with methanol (500 mL).
Subsequently, the crude product was recrystallized from water and the solution was cooled
overnight. The residual solid was filtered off and washed with methanol to yield 42.2 g (370 mmol,
28%) of piperazine-2,5-dione as a beige solid.%

'H NMR (400 MHz, DMSO-ds): 6 = 8.01 (s, 2H, CONH), 3.70 (d, J = 1.9 Hz, 4H, CH>) ppm.
13C NMR (101 MHz, DMSO-ds): 6 = 166.1 (CONH), 44.3 (CH>) ppm.

IR (ATR): v=3173 (vw), 3041 (vw), 2980 (vw), 2912 (vw), 2874 (vw), 1662 (w), 1591 (w), 1519
(w), 1468 (w), 1411 (w), 1333 (w), 1251 (w), 1132 (w), 1116 (w), 1072 (w), 1038 (w), 996 (vw),
914 (w), 892 (w), 829 (w), 805 (w), 701 (w), 605 (w), 518 (w), 479 (w), 445 (w), 408 (w), 397 (w)
cm™.

HRMS (EI): m/z calcd. for C4HsN20, [M], 114.0429; found, 114.0428

1,4-Diacetylpiperazine-2,5-dione (2)

O O
NH . . HJ\N)K
acetic anhydride
2

0O

HN N
71) 140 °C, 14 h N 7%
0 0O O

68%

Piperazine-2,5-dione (5.00 g, 43.8 mmol, 1.00 equiv.) was dissolved in acetic anhydride (1.50 L,
15.9 mol, 352 equiv.) and stirred with a reflux condenser at 140 °C for 14 hours. Subsequently,
the solvent was removed in vacuo, and the product was washed with diethyl ether and filtered off
to yield 5.94 g (30.0 mmol, 68%) of 1,4-diacetylpiperazine-2,5-dione (2) as a brown solid.%

'H NMR (400 MHz, CDCls): 6 = 4.59 (s, 4H, CHy), 2.58 (s, 6H, CH3) ppm.

13C NMR (101 MHz, CDClg): § =172.7 (COCHs), 166.0 (COCHy), 47.3 (CH2), 26.9 (CHz3) ppm.
TLC: Rf=0.25 (0.5% MeOH in CH.Cly).

IR (ATR): v = 3349 (vw), 3336 (vw), 3271 (w), 3085 (vw), 3053 (vw), 2944 (vw), 2929 (vw),
1701 (w), 1642 (w), 1554 (w), 1469 (vw), 1453 (vw), 1418 (w), 1358 (w), 1306 (w), 1259 (w),
1224 (w), 1180 (w), 1129 (w), 1078 (w), 1030 (w), 996 (vw), 975 (w), 946 (w), 924 (vw),
902 (vw), 813 (vw), 690 (W), 622 (w), 596 (w), 565 (W), 550 (w) cm™™.

HRMS (EI): m/z calcd. for CgH10N204 [M], 198.0641; found, 198.0642.
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(2)-1-Acetyl-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)piperazine-2,5-dione (5)

0O 0 0
§ #NJ\ Cs,CO5 . %NH N:\NH
o N
NS
2

+ N X
N o
N/> Y 71) DMF, 23 °C, 17 h \ff
O O

89% c O
4 5
(5-(tert-Butyl)-1H-imidazol-4-carbaldehyde (4) (1.50 g, 9.86 mmol, 1.00 equiv.) was dissolved in
dry DMF (17 mL) under argon atmosphere. 1,4-Diacetyl-piperazine-2,5-dione (2) (3.91 g,
19.7 mmol, 2.00 equiv.) was dissolved in the mixture and Cs,COs (4.82 g, 14.8 mmol, 1.50 equiv.)
was added. Subsequently, the mixture was stirred for 17 hours under argon atmosphere at room
temperature. The reaction mixture was poured on an ice water/brine mix (30 mL) and the
precipitate was filtered off and dried to yield 2.54 g (8.73 mmol, 89%) of (Z)-1-acetyl-3-((5-(tert-
butyl)-1H-imidazol-4-yl)methylene)piperazine-2,5-dione (5) as a beige solid.1%
'H NMR (400 MHz, CDCls): 6 = 12.36 (s, 1H, NH, imidazole), 12.01 (s, 1H, CONH), 7.85 (s,
1H, CH), 7.04 (s, 1H, CH), 4.30 (s, 2H, CHy), 2.49 (s, 3H, CHz), 1.39 (s, 9H, C(CHs3)3) ppm.
13C NMR (101 MHz, CDCls): § = 172.2 (1C, COCHa), 162.2 (1C, CONH), 160.1 (1C, CON-
COCHz3), 141.0 (1C, C-C(CHs3)3), 134.5 (1C, CH, imidazole), 130.6 (1C, NH-C-CH), 123.7 (C-
CH, imidazole), 107.3 (1C, CH, double bond), 46.3 (1C, CH>), 31.9 (1C, C(CHBa)3), 30.6 (3C,
C(CHa)3), 27.0 (1C, COCHz3) ppm.
IR (ATR): v = 3145 (vw), 3080 (w), 3023 (w), 3010 (w), 2978 (w), 2961 (w), 2901 (w), 2877 (w),
2850 (w), 2791 (w), 2765 (w), 2727 (w), 2684 (vw), 1706 (m), 1649 (m), 1612 (w), 1567 (w),
1509 (w), 1485 (w), 1436 (m), 1417 (w), 1397 (w), 1373 (w), 1364 (w), 1346 (W), 1258 (w), 1225
(m), 1200 (m), 1186 (m), 1162 (w), 1105 (w), 1048 (w), 1030 (w), 999 (w), 980 (w), 943 (w), 897
(vw), 871 (w), 829 (w), 778 (w), 741 (w), 730 (w), 688 (w), 664 (w), 586 (w), 578 (w), 533 (vw),
518 (w), 475 (w), 439 (w) cm™.
HRMS (FAB): m/z calcd. for C1sH1sN4O3 [M+H], 291.1457; found, 291.1458.
UV/Vis (MeCN): Amax = 343 nm.

5.4.2 Synthesis of Aldehydes

2,6-Bis(methylthio)benzaldehyde and 2-chloro-6-(methylthio)benzaldehyde
~
Cl S Cl

Cl Ar atmosphere, DMF, 15-60 °C, 1.5h S s

| I
59% 28%




98 Experimental Section

2,6-Dichlorobenzaldehyde (300 mg, 1.71 mmol, 1.00 equiv.) was dissolved in dry DMF (2 mL)
under argon atmosphere. Sodium methanethiolate (252 mg, 3.60 mmol, 2.10 equiv.) was added at
15 °C portionwise to the mixture. After 20 min of stirring, the solution was heated to 60 °C and
stirred for an additional 60 min. Subsequently, the mixture was cooled to room temperature,
diluted with ethyl acetate (6 mL) and washed with water (3x3 mL). The solution was dried over
Na>SO4 and the solvent was removed in vacuo. The crude residue was purified by flash column
chromatography (cyclohexane:CH.Cl,, 1:1) to yield 200 mg (1.01 mmol, 59%) of 2,6-
bis(methylthio)benzaldehyde as a yellow solid and 89.0 mg (0.477 mmol, 28%) of 2-chloro-6-
(methylthio)benzaldehyde as a yellow solid.14®

2,6-Bis(methylthio)benzaldehyde

1H NMR (400 MHz, CDCls): 6 = 10.71 (s, 1H, CHO), 7.42 (t, J = 8.0 Hz, 1H, Harom), 7.11 (d, J =
7.9 Hz, 2H, Harom), 2.48 (s, 6H, CH3) ppm.

13C NMR (101 MHz, CDCIls): 6 = 190.2 (CHO), 145.9 (C-SCHs), 133.1 (Carom),
129.3 (C-CHO), 122.0 (Carom), 16.3 (CHz) ppm.

IR (ATR): v = 2989 (w), 2975 (w), 2912 (w), 2860 (w), 2840 (w), 2758 (w), 1663 (m), 1560 (w),
1547 (w), 1509 (w), 1502 (w), 1442 (w), 1432 (w), 1412 (w), 1390 (w), 1324 (w), 1310 (w), 1281
(w), 1203 (m), 1193 (w), 1174 (w), 1102 (w), 1086 (w), 972 (w), 960 (w), 846 (w), 776 (w), 758
(m), 720 (w), 704 (w), 669 (W), 475 (w), 415 (w) cm™.

HRMS (EI): m/z calcd. for CgH100S; [M], 198.0173; found, 198.0172.
2-Chloro-6-(methylthio)benzaldehyde

IH NMR (400 MHz, CDCls): 6 = 10.64 (s, 1H, CHO), 7.42 (t, J = 8.0 Hz, 1H, Harom),
7.24 —7.16 (M, 2H, Harom), 2.46 (s, 3H, CHs) ppm.

13C NMR (101 MHz, CDCIs): 6 = 190.7 (CHO), 147.0 (Caom-SCH3), 140.5 (Carom-Cl),
133.7 (Carom), 128.3 (Carom-CHO), 125.7 (Carom), 123.1 (Carom), 15.7 (CH3) ppm.

IR (ATR): v= 1666 (W), 1571 (W), 1557 (w), 1543 (W), 1490 (vw), 1434 (w), 1409 (w), 1395 (w),
1326 (vw), 1317 (w), 1283 (vw), 1194 (m), 1162 (w), 1092 (w), 1079 (w), 990 (vw), 972 (vw),
962 (w), 945 (w), 894 (vw), 877 (vw), 837 (w), 775 (m), 704 (w), 663 (w), 545 (vw), 523 (vw),
428 (w), 412 (w) cm™.

HRMS (EI): m/z calcd. for CgH7CIOS [M], 185.9906; found, 185.9905.
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[3-(Dibromomethyl)phenyl]-phenylmethanone

0] 1. NBS, BPO (0] (0]
benzene, Ar atmosphere, rt, 17 h
> H
(T ro, T C
H,0, 1,4-Dioxane, reflux, 17 h
76%

3-Methylbenzophenone (2.00 g, 1.83 mL, 10.2 mmol, 1.00 equiv.), N-bromosuccinimide (4.53 g,
25.5 mmol, 2.50 equiv.) and benzoyl peroxide (39.5 mg, 163 umol, 0.0160 equiv.) in benzene
(20.0 mL) were refluxed under argon atmosphere for 17 h. The mixture was allowed to cool down
to room temperature, washed twice with 50 mL of distilled H20 and dried over anhydrous Na>SOa.
The solvent was then removed in vacuo to yield 4.28 g of crude [3-(dibromomethyl)phenyl]-
phenylmethanone as a grey solid.

The crude [3-(dibromomethyl)phenyl]-phenylmethanone (4.28 g, 12.1 mmol, 1.00 equiv.) was
combined with CaCO3 (5.00 g, 50.0 mmol, 4.13 equiv.) in 60 mL H,O/dioxane (1:1) and refluxed
overnight for 17 h. After the reaction mixture has been cooled down, the solvent was removed in
vacuo. Subsequently, 40 mL of CH.Cl, and 80 mL of 1 mol/L HCI were added under continued
stirring to dissolve the solid. The organic phase was isolated and the aqueous phase extracted twice
with 20 mL of CH.Cl,. The organic fractions were combined, washed twice with 40 mL sat. aq.
NaHCOs3 and dried over anhydrous Na>SOs. The crude residue was purified by flash column
chromatography (diethyl ether:cyclohexane, 1:1) to yield 1.63 g (7.77 mmol, 76%) of 3-
benzoylbenzaldehyde as colorless oil .24

TLC: Rf = 0.45 (cyclohexane:diethyl ether 1:1)

'H NMR (400 MHz, CDCls): § = 10.06 (s, 1H, CHO), 8.25 (t, J = 1.8 Hz, 1H, Harom), 8.09 (dt, J
=7.6, 1.5 Hz, 1H, Harom), 8.05 (dt, J = 7.7, 1.5 Hz, 1H, Harom), 7.81 — 7.76 (M, 2H, Harom), 7.66 (t,
J=7.7 Hz, 1H, Harom), 7.63 — 7.58 (m, 1H, Harom), 7.53 — 7.41 (m, 2H, Harom) ppm.

tert-Butyl 3-formylpyrrole-1-carboxylate
o)
(@) 1. Boc,O, dry DCM, 0 °C 0 )j\ J<
NH
H% 2. DIPEA, DMAP, H>&\© ©

dry DCM, 0 °C —> rt
87%

Boc20 (1.24 g, 5.68 mmol, 1.08 equiv.) dissolved in dry CH2Cl> (7.5 mL) was added dropwise to
a solution of 1H-pyrrole-3-carbaldehyde (500 mg, 5.26 mmol, 1.00 equiv.) in dry CHCl> (7.5 mL)
at 0 °C. After 15 min a solution of DIPEA (734 mg, 5.68 mmol, 1.08 equiv.) and DMAP (19.3 mg,
158 umol, 0.0300 equiv.) in dry CH2Cl> (7.5 mL) was added dropwise over 30 min. The reaction

was stirred for 1 h at 0 °C and then allowed to warm to room temperature over the course of 1.5 h.
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The mixture was washed with a sat. ag. solution of NH4Cl (30 mL), extracted with CH2Cl> (30 mL)
and purified by flash chromatography (cyclohexane/ethyl acetate 9:1). The reaction yielded
896 mg of tert-butyl 3-formylpyrrole-1-carboxylate as a colorless oil (4.59 mmol, 87%).148

'H NMR (400 MHz, CDCls): 6 =9.83 (s, 1H), 7.83 (t, J = 1.9 Hz, 1H), 7.25 - 7.27 (m, 1H), 6.64
(dd, J=3.4,1.7 Hz, 1H), 1.62 (s, 9H) ppm.

13C NMR (101 MHz, CDCls): 6 = 185.8, 148.1, 129.0, 128.4, 122.3, 109.5, 85.7, 28.0 ppm.

5.4.3 Synthesis of Plinabulin Derivatives

The following compounds were synthesized under my supervision by students working on their
bachelor thesis: 7, 11, 12 and 13 by Angelika Seliwjorstow; 9, 19-22 by Jonas Springer; 23, 25,
26 and 28 by Sven Schenk.
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(2)-1-Acetyl-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)piperazine-2,5-dione (5) (100 mg,
344 umol, 1.00 equiv.) was dissolved in 1.0 mL of dry DMF under an argon atmosphere. The
respective aldehyde (517 umol, 1.50 equiv.) was dissolved in the mixture and Cs2COs (168 mg,
517 pumol, 1.50 equiv.) was added. The mixture was stirred for 17-23 h under an argon atmosphere
at 50 °C. The reaction mixture was subsequently poured on ice water (20 mL) and the precipitate
was filtered off. The crude product was purified via HPLC (gradient of 20-80% MeCN in H20
within 40 min, 0.1% TFA (v/v) in the solvents) and washed with sat. ag. solution of NaHCOs.

For selected compounds the respective E-isomers were isolated. This was achieved by irradiating
a solution of the respective compound in DMSO with 407 nm for 1 hour followed by the seperation
of the two photoisomers via HPLC and washing with sat. ag. solution of NaHCOs.

In case of compounds 7, 11, 12 and 13 the neutralization step after the purification was omitted.
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For the synthesis of compound 23 a Boc-protected aldehyde was used and an additional
deprotection step was included before the purification as described in the respective subchapter.
The aldehyde applied for the synthesis of compound 18 was synthesized and provided by the group
of Prof. Dr. Milan Kivala from Heidelberg University.

Plinabulin (6)
0]
WNH N=\
HN s A N
O
Z-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.11 (bs, 1H, NH), 11.33 (bs, 2H, NH), 7.79 (s, 1H, CH),
7.64 (d, J=7.6 Hz, 2H, Harom), 7.38 (t, J = 7.6 Hz, 2H, Harom), 7.26 (t, J = 7.4 Hz, 1H, Harom), 6.80
(s, 1H, CH, double bond), 6.65 (s, 1H, CH, double bond), 1.38 (s, 9H, C(CHs3)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 158.0 (1C, CONH), 156.7 (1C, CONH), 140.2 (1C, C-
C(CHa)3), 134.3 (1C, CH, imidazole), 133.8 (1C, Carom-CH), 130.9 (1C, C-CH), 129.3 (2C, Carom),
128.6 (2C, Carom), 128.0 (1C, Caom), 127.6 (1C, C-CH), 124.2 (1C, C-CH), 113.3 (1C, CH, double
bond), 104.5 (1C, CH, double bond), 31.9 (1C, C(CHz)3), 30.7 (3C, C(CHj3)3) ppm.

TLC: R= 0.22 (developed in 7.5% MeOH in CH2Cl:toluene; 1:1).

HRMS (FAB): m/z calcd. for C19H20N4O2 [M], 337.1665; found: 337.1665.

IR (ATR): v=2977 (vw), 1684 (w), 1644 (w), 1400 (w), 1353 (w), 1186 (w), 1144 (w), 953 (vw),
801 (w), 765 (w), 719 (w), 689 (w), 645 (vw), 520 (vw), 459 (vw), 442 (vw) cm.

UV/Vis (MeCN): Amax = 362 nm.

Fluorescence (MeCN): Zem= 512 nm (excited with A = 370 nm).

@r (MeCN): 0.045.

E-isomer

I1H NMR (400 MHz, DMSO-ds): 6 = 12.26 (bs, 1H, NH), 12.07 (s, 1H, NH), 10.75 (bs, 1H, NH),
7.82 (s, 1H, CH), 7.54 (dd, J = 7.7, 1.6 Hz, 2H, Harom), 7.28 (t, J = 7.3 Hz, 2H, Harom), 7.22 (t, J =
7.3 Hz, 1H, Harom), 6.79 (s, 1H, CH, double bond), 6.51 (s, 1H, CH, double bond), 1.38 (s, 9H,
C(CHs)s) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 157.9 (1C, CONH), 155.9 (1C, CONH), 140.6 (1C, C-
C(CHa)s), 134.8 (1C, CH, imidazole), 131.2 (1C, Carom-CH), 130.8 (2C, Carom), 127.9 (2C, Carom),
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127.8 (1C, Caom), 127.7 (1C, C-CH), 124.2 (1C, C-CH), 120.2 (1C, CH, double bond), 104.5 (1C,
CH, double bond), 32.4(1C, C(CHa)3), 31.1 (3C, C(CHz)3) ppm.

UV/Vis (MeCN): Amax = 360 nm.

Fluorescence (MeCN): Zem= 533 nm (excited with 2 = 400 nm).

@r (MeCN): 0.020.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((2)-2,6-dimethylbenzylidene)piperazine-
2,5-dione (7)
O

XY7ONH N2\
HN s s NH

@)

'H NMR (400 MHz, DMSO-ds): 6 = 12.70 (s, 1H, NH), 11.94 (s, 1H, NH), 9.69 (s, 1H, CH),
8.13 (s, 1H, NH), 7.14 (dd, J = 8.5, 6.5 Hz, 1H, Haom), 7.07 (d, J = 7.4 Hz, 2H, Harom),
6.77 (s, 1H, CH), 6.73 (s, 1H, CH), 2.16 (s, 6H, CHz), 1.36 (s, 9H, C(CHz3)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 157.1 (CONH), 156.2 (CONH), 140.0 (C-C(CHs3)3),
136.2 (Carom-CHa), 134.3 (CH), 131.7 (Carom-CH), 128.2 (C-CH), 127.6 (Carom), 127.4 (Carom),
114.1 (CH), 104.2 (CH), 99.6 (C-CH), 31.9 (C(CHBa)3), 30.4 (C(CHg)3), 20.1 (CH3) ppm.

IR (ATR): v=23165 (vw), 3111 (vw), 3024 (vw), 2969 (vw), 2871 (vw), 1690 (w), 1664 (w), 1655
(w), 1646 (w), 1630 (w), 1605 (w), 1536 (vw), 1496 (vw), 1466 (vw), 1439 (vw), 1400 (w), 1343
(w), 1323 (vw), 1177 (w), 1140 (w), 1133 (w), 1031 (vw), 949 (vw), 922 (vw), 858 (vw), 837 (w),
816 (w), 798 (w), 778 (w), 768 (w), 745 (w), 717 (w), 686 (vw), 640 (w), 596 (vw), 554 (vw), 520
(vw), 494 (vw), 486 (W), 467 (W), 455 (w), 441 (w), 412 (vw), 399 (vw) cm™,

HRMS (FAB): m/z calcd. for C2:H2sN4O2 [M+H], 365.1978; found, 365.1977.

UV/Vis (MeCN): Amax = 351 nm.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((2)-2,6-difluorobenzylidene)piperazine-
2,5-dione (8)
F O

NTONH N=y
NG AN o NH

Z-isomer
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IH NMR (400 MHz, DMSO-ds): 6 = 12.36 (s, 2H, NH), 10.42 (s, 1H, NH), 7.87 (s, 1H, CH),
7.43 (tt, J = 8.3, 6.5 Hz, 1H, Harom), 7.13 (t, J = 8.2 Hz, 2H, Harom), 6.90 (s, 1H, CH, double bond),
6.49 (s, 1H, CH, double bond), 1.39 (s, 9H, C(CHs)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 161.4 (d, J=8.2 Hz, 1C, Caom-F), 158.9 (d, J = 7.7 Hz, 1C,
Carom-F), 157.3 (1C, CONH), 155.4 (1C, CONH), 140.7 (1C, C-C(CHz3)3), 134.5 (1C, CH,
imidazole), 130.5 (d, J = 15.7 Hz, 1C, Carom), 123.5 (2C, C-CH), 111.7 (d, J = 24.3 Hz, 2C, Carom),
110.6 (d, J =19.9, 1C, Carom-CH), 105.8 (1C, CH, double bond), 99.7 (1C, CH, double bond), 31.9
(1C, C(CHs)s), 30.6 (3C, C(CHs)3) ppm.

F NMR (376 MHz, DMSO-ds): 6 = -108.5 ppm.

IR (ATR): v = 3109 (w), 3050 (w), 2973 (w), 2876 (w), 1693 (vs), 1647 (vs), 1601 (m), 1469 (s),
1402 (vs), 1349 (m), 1273 (w), 1238 (w), 1204 (s), 1184 (vs), 1142 (vs), 1001 (vs), 952 (w),
904 (w), 837 (m), 813 (s), 803 (s), 783 (vs), 768 (vs), 717 (vs), 697 (w), 662 (w), 643 (w), 581
(w), 517 (w), 486 (m), 460 (s), 442 (m), 411 (w) cm2.

HRMS (FAB): m/z calcd. for C1oH1802NsF2 [M+H], 373.1476; found: 373.1477.

UV/Vis (MeCN): Amax = 362 nm.

Fluorescence (MeCN): Zem=525 nm (excited with A =370 nm).

@r (MeCN): 0.055.

E-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.34 (bs, 1H, NH), 12.11 (s, 1H, NH), 11.05 (s, 1H, NH),
7.83 (s, 1H, CH), 7.33 (tt, J = 8.3, 6.6 Hz, 1H, Harom), 7.02 (t, J = 7.8 Hz, 2H, Harom), 6.83 (s, 1H,
CH, double bond), 6.13 (s, 1H, CH, double bond), 1.38 (s, 9H, C(CHs)3z) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 161.1 (d, J=7.0 Hz, 1C, Cawom-F), 158.6 (d, J = 7.2 Hz, 1C,
Carom-F), 157.2 (1C, CONH), 154.6 (1C, CONH), 140.4 (1C, C-C(CHz3)3), 134.4 (1C, CH,
imidazole), 131.1 (1C, C-CH), 130.5 (1C, m, Carom-CH), 129.1 (t, J = 10.8 Hz, 1C, Carom-H), 123.5
(1C, C-CH), 113.30 - 112.67 (1C, Carom-CH), 110.9 (d, J = 25.5 Hz, 2C, Carom-H), 105.0 (1C, CH,
double bond), 102.3 (1C, CH, double bond), 31.9 (1C, C(CHz)3), 30.6 (3C, C(CHz3)3) ppm.

F NMR (376 MHz, DMSO-ds): 6 = -110.0 ppm.

UV/Vis (MeCN): Amax = 363 nm.

Fluorescence (MeCN): Zem= 532 nm (excited with A = 400 nm).

@r (MeCN): 0.025.

(32,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylidene]-6-[(2,5-difluorophenyl)methylidene]-
piperazine-2,5-dione (9)
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F O

N NH N=\
HN A NH

F O

Z-isomer

IH NMR (400 MHz, DMSO-ds): § = 12.33 (s, 2H), 10.44 (s, 1H), 7.86 (s, 1H), 7.45 — 7.36 (m,
1H), 7.29 (td, J = 9.3, 4.7 Hz, 1H), 7.24 — 7.16 (m, 1H), 6.88 (s, 1H), 6.61 (s, 1H), 1.39 (s, 9H)
ppm.

13C NMR (101 MHz, DMSO-ds): ¢ = 159.1, 157.6, 157.2, 156.7, 155.7, 154.8, 140.6, 134.4,
130.6, 129.4, 123.6, 122.7, 122.5, 117.1, 117.1, 117.0, 116.9, 116.8, 116.8, 116.4, 116.3, 116.2,
116.2, 116.1, 116.0, 105.6, 104.8, 31.9, 30.6 ppm.

IR (ATR): v = 3264 (w), 3257 (w), 3245 (w), 3217 (w), 3189 (w), 3159 (w), 3070 (w), 3044 (w),
3026 (w), 2970 (w), 2935 (w), 2912 (w), 2874 (w), 1669 (vs), 1629 (vs), 1551 (w), 1492 (s), 1469
(m), 1448 (m), 1409 (vs), 1368 (vs), 1343 (vs), 1315 (vs), 1276 (vs), 1262 (s), 1247 (m), 1201 (s),
1181 (m), 1145 (s), 1091 (w), 1045 (m), 1023 (w), 970 (w), 958 (s), 885 (w), 840 (s), 833 (s), 805
(vs), 796 (vs), 766 (vs), 751 (vs), 742 (vs), 728 (s), 717 (s), 701 (m), 662 (s), 602 (w), 582 (w),
561 (m), 551 (m), 528 (m), 504 (m), 492 (w), 459 (m), 441 (vs), 435 (vs) cm™.

HRMS (FAB): m/z calcd. for C19H19F2N4O2 [M+H], 373.1471; found, 373.1469.

UV/Vis (DMSO): Amax = 371 nm.

Fluorescence (DMSO): Aem= 544 nm (excited with 2 = 400 nm).

@r (DMSO): 0.031.

E-isomer

'H NMR (400 MHz, DMSO-ds): 6 = 12.33 (s, 1H), 12.14 (s, 1H), 10.96 (s, 1H), 7.83 (s, 1H),
7.52 - 7.43 (m, 1H), 7.20 — 7.10 (ddp, J = 12.9, 8.8, 4.4 Hz, 2H), 6.82 (s, 1H), 6.36 (s, 1H), 1.38
(s, 9H) ppm.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-2,6-dichlorobenzylidene)piperazine-
2,5-dione (10)
Cl O
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Z-isomer

IH NMR (400 MHz, DMSO-ds): ¢ = 12.37 (s, 2H, NH), 10.42 (s, 1H, NH), 7.87 (s, 1H, CH,
imidazole), 7.50 (d, J = 8.1 Hz, 2H, Harom), 7.37 (t, J = 8.1 Hz, 1H, Harom), 6.89 (s, 1H, CH, double
bond), 6.55 (s, 1H, CH, double bond), 1.38 (s, 9H, C(CHs3)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 157.8 (1C, CONH), 155.8 (1C, CONH), 141.2 (1C, C-
C(CHa)3), 135.0 (1C, CH, imidazole), 134.9 (1C, C-CH), 131.6 (1C, C-CH, imidazole), 131.1 (1C,
Carom-H), 130.7 (1C, Carom-CH), 128.7 (2C, Carom-H), 124.0 (1C, C-CH), 108.6 (1C, CH, double
bond), 106.4 (1C, CH, double bond), 32.4 (1C, C(CHa)s), 31.1 (3C, C(CHs)3) ppm.

IR (ATR): v = 3111 (w), 3046 (w), 2978 (w), 2911 (w), 2873 (w), 1691 (s), 1645 (vs), 1599 (M),
1555 (w), 1490 (w), 1473 (w), 1405 (vs), 1347 (w), 1205 (s), 1183 (vs), 1143 (vs), 1096 (w), 953
(w), 904 (w), 817 (s), 802 (vs), 778 (vs), 765 (vs), 717 (vs), 700 (w), 656 (w), 642 (w), 601 (w),
558 (W), 537 (w), 518 (w), 469 (w), 446 (m), 426 (w), 402 (W) cm™2.

HRMS (FAB): m/z calcd. for C19H18CI2N4O2 [M+H], 405.0885; found: 405.0886.

UV/Vis (MeCN): Amax = 358 nm.

Fluorescence (MeCN): Zem= 527 nm (excited with A = 400 nm).

@r (MeCN): 0.056.

E-isomer

IH NMR (400 MHz, DMSO-ds): § = 12.32 (bs, 1H, NH), 12.10 (s, 1H, NH), 11.05 (s, 1H, NH),
7.82 (s, 1H, CH, imidazole), 7.42 (d, J = 8.0 Hz, 2H, Harom), 7.27 (t, J = 8.1 Hz, 1H, Harom), 6.84
(s, 1H, CH, double bond), 6.23 (s, 1H, CH, double bond), 1.37 (s, 9H, C(CHs)z ppm.

13C NMR (126 MHz, DMSO-ds): § = 157.2 (1C, CONH), 154.6 (1C, CONH), 140.5 (1C, C-
C(CHs)3), 134.4 (1C, C-CH), 134.0 (1C, C-CH, imidazole), 133.9 (1C, CH, imidazole), 130.5 (1C,
C-CH), 129.0 (1C, Carom-H), 127.5 (2C, Carom-H), 123.4 (1C, C-CH), 111.0 (1C, CH, double bond),
105.1 (1C, CH, double bond), 31.9 (1C, C(CHz)z3), 30.6 (3C, C(CH3)3) ppm.

UV/Vis (MeCN): Amax = 356 nm.

Fluorescence (MeCN): Jem= 534 nm (excited with A =400 nm).

@r (MeCN): 0.027.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-2-chloro-6-(methylthio)benzylidene)-
piperazine-2,5-dione (11)
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s~ o)

X NH N=\
HN A NH

Cl
O

'H NMR (400 MHz, DMSO-ds): 6 = 12.59 (s, 1H, NH), 12.14 (s, 1H, NH), 10.27 (s, 1H, CH),
8.04 (s, 1H, NH), 7.35 (t, J = 7.9 Hz, 1H, Harom), 7.25 (ddd, J = 18.5, 8.0, 1.1 Hz, 2H, Harom), 6.82
(s, 1H, CH), 6.52 (s, 1H, CH), 2.45 (s, 3H, SCH;3), 1.37 (s, 9H, C(CHz3)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 157.0 (CONH), 156.3, 155.6 (CONH), 141.1 (Carom-SCHs3),
140.4 (C-C(CHs3)3), 134.4, 133.2 (Carom-CH), 130.1 (C-CH), 129.6 (Carom), 129.0, 125.3 (Carom),
122.9 (Carom), 109.0 (CH), 105.1 (CH), 31.9 (C(CHs3)3), 30.5 (C(CHa)z3), 14.9 (SCH3) ppm.

IR (ATR): v = 3174 (vw), 3116 (vw), 3067 (vw), 3036 (vw), 2973 (vw), 2871 (vw), 1687 (w),
1645 (m), 1599 (w), 1574 (vw), 1553 (vw), 1493 (vw), 1465 (vw), 1432 (w), 1398 (m), 1344 (w),
1323 (vw), 1265 (vw), 1205 (w), 1186 (w), 1145 (w), 1098 (vw), 950 (vw), 899 (vw), 836 (w),
820 (w), 813 (w), 802 (w), 785 (w), 773 (w), 739 (vw), 717 (w), 700 (vw), 656 (vw), 642 (vw),
601 (vw), 554 (vw), 541 (vw), 518 (vw), 470 (vw), 459 (vw), 443 (w), 429 (vw), 419 (vw),
407 (vw), 397 (vw) cm™,

HRMS (FAB): m/z calcd. for C20H22CIN4O2S [M+H], 417.1152; found, 417.1151.

UV/Vis (MeCN): Amax = 358 nm.

(2)-3-((2)-2,6-Bis(methylthio)benzylidene)-6-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-
piperazine-2,5-dione (12)

7~

S O

X NH N=\
HN A NH

IS
IH NMR (400 MHz, DMSO-ds): d = 12.63 (s, 1H, NH), 12.08 (s, 1H, NH), 9.93 (s, 1H, CH),
8.08 (s, 1H, NH), 7.34 (t, J = 8.0 Hz, 1H, Harom), 7.06 (d, J = 8.0 Hz, 2H, Harom), 6.80 (s, 1H, CH),
6.51 (s, 1H, CH), 2.42 (s, 6H, SCHs), 1.37 (5, 9H, C(CHa)s) ppm.

13C NMR (101 MHz, DMSO-ds): § = 156.9 (CONH), 155.6 (CONH), 140.3 (C-C(CHa)s),
138.8 (Carom-SCHs), 134.3 (C-CH), 129.9 (C-CH), 128.9 (Carom), 127.6 (Carom-CH), 120.6 (Carom),
110.3 (CH), 31.9 (C(CHs)3), 30.4 (C(CHs)s), 14.7 (SCH3) ppm.
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IR (ATR): v = 1687 (w), 1645 (w), 1598 (vw), 1555 (vw), 1493 (vw), 1469 (vw), 1432 (vw), 1394
(W), 1346 (vw), 1322 (vw), 1205 (vw), 1186 (W), 1146 (w), 949 (vw), 836 (vw), 813 (vw), 803
(vw), 764 (W), 717 (vw), 698 (vw), 640 (vw) cm™,

HRMS (FAB): m/z calcd. for CaiHasN4O2Sz [M+H], 429.1419; found, 429.1421.

UV/Vis (MeCN): Amax = 359 nm.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((2)-2,6-dimethoxybenzylidene)piperazine-
2,5-dione (13)

o~ o)

X NH N=\
HN A NH

(e)

)

'H NMR (400 MHz, DMSO-ds): 6 = 12.60 (s, 1H, NH), 11.95 (s, 1H, NH), 9.25 (s, 1H, CH),
8.07 (s, 1H, NH), 7.33 (t, J = 8.4 Hz, 1H, Haom), 6.78 (s, 1H, CH), 6.75 (s, 1H, CH),
6.71 (d, J = 8.4 Hz, 2H, Harom), 3.83 (s, 6H, OCHBa), 1.37 (s, 9H, C(CHz)3) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 157.6 (Carom-OCHs3), 156.5 (CONH), 156.3 (CONH),
140.0 (C-C(CHea)z), 134.3 (CH), 130.3 (Carom), 126.6 (C-CH), 110.1 (Carom-CH), 107.3 (CH),
104.2 (Carom), 99.6 (C-CH), 55.8 (OCH3), 31.9 (C(CHa)3), 30.5 (C(CHs3)3) ppm.

IR (ATR): v = 3189 (vw), 3179 (vw), 3166 (vw), 3091 (vw), 3082 (vw), 3071 (vw), 3041 (vw),
2970 (w), 2945 (vw), 2919 (vw), 2908 (vw), 2874 (vw), 2840 (vw), 1687 (m), 1649 (m), 1625 (m),
1594 (w), 1473 (w), 1428 (w), 1400 (m), 1347 (w), 1306 (w), 1283 (vw), 1255 (w), 1204 (w),
1184 (m), 1136 (m), 1106 (m), 1030 (w), 948 (w), 909 (w), 890 (w), 836 (w), 813 (w), 799 (w),
776 (m), 721 (m), 669 (w), 640 (w), 630 (w), 602 (w), 572 (w), 545 (w), 510 (w), 484 (w), 463
(w), 441 (w), 414 (w), 388 (w) cm™.

HRMS (FAB): m/z calcd. for C21H2sN4O4 [M+H], 397.1876; found, 397.1875.

UV/Vis (MeCN): Amax = 366 nm.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-3-methoxybenzylidene)piperazine-2,5-
dione (14)
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Z-isomer

IH NMR (400 MHz, DMSO-ds): § = 12.34 (bs, 1H, NH), 12.25 (s, 1H, NH), 10.04 (s, 1H, NH),
7.85 (s, 1H, CH, imidazole), 7.33 (t, J = 7.9 Hz, 1H, Harom), 7.12 — 7.04 (m, 2H, Harom), 6.93 — 6.87
(m, 1H, Harom), 6.86 (s, 1H, CH, double bond), 6.72 (s, 1H, CH, double bond), 3.79 (s, 3H, O-
CHz), 1.38 (s, 9H, C(CHa)s) ppm.

13C NMR (101 MHz, DMSO-ds): ¢ = 159.3 (1C, Carom-OCHs), 157.5 (1C, CONH), 156.3 (1C,
CONH), 140.4 (1C, C-C(CHs)3), 134.5 (1C, CH, imidazole), 134.4 (1C, C-CH, imidazole), 130.7
(1C, Carom-CH), 129.8 (1C, Carom-H), 126.8 (1C, C-CH), 123.8 (1C, C-CH), 121.5 (1C, Carom-H),
114.5 (1C, Carom-H), 113.9 (1C, Carom-H), 113.8 (1C, CH, double bond), 105.1 (1C, CH, double
bond), 55.1 (1C, O-CHg), 31.9 (1C, C(CHs3)3), 30.6 (3C, C(CHz3)3) ppm.

IR (ATR): v = 3159 (m), 3099 (m), 3046 (m), 2953 (m), 2921 (s), 2868 (m), 2851 (M), 1669 (vs),
1629 (vs), 1572 (s), 1507 (w), 1486 (m), 1466 (m), 1451 (m), 1412 (vs), 1375 (vs), 1343 (vs), 1316
(vs), 1293 (vs), 1279 (vs), 1262 (s), 1241 (s), 1204 (m), 1197 (m), 1184 (m), 1154 (s), 1146 (vs),
1089 (m), 1047 (vs), 1024 (m), 996 (w), 958 (vs), 898 (w), 881 (w), 871 (w), 860 (m), 840 (m),
812 (vs), 785 (vs), 775 (vs), 735 (vs), 686 (vs), 664 (vs), 615 (m), 595 (m), 582 (m), 561 (s), 551
(m), 533 (s), 500 (vs), 489 (s), 459 (s), 438 (vs), 414 (m), 394 (m), 375 (m) cm ™™,

HRMS (FAB): m/z calcd. for C20H2303N4 [M+H], 367.1765; found: 367.1763.

UV/Vis (MeCN): Amax = 362 nm.

Fluorescence (MeCN): Zem= 512 nm (excited with 1 = 400 nm).

@r (MeCN): 0.045.

E-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.29 (bs, 1H, NH), 12.08 (s, 1H, NH), 10.73 (s, 1H, NH),
7.83 (s, 1H, CH, imidazole), 7.29 (s, 1H, Harom), 7.19 (t, J = 7.9 Hz, 1H, Harom), 7.03 (d, J = 7.7
Hz, 1H, Harom), 6.81 (dd, J = 8.1, 2.6 Hz, 1H, Harom), 6.78 (s, 1H, CH, double bond), 6.49 (s, 1H,
CH, double bond), 3.74 (s, 3H, O-CHy), 1.38 (s, 9H, C(CHa)3) ppm.

13C NMR (101 MHz, DMSO-ds): d = 158.4 (1C, Carom-OCHs3), 157.4 (1C, CONH), 155.4 (1C,
CONH), 140.0 (1C, C-C(CHz3)3), 135.6 (1C, C-CH, imidazole), 134.3 (1C, CH, imidazole), 130.7
(1C, Carom-CH), 128.4 (1C, Caom-H), 127.4 (1C, C-CH), 123.8 (1C, C-CH), 123.0 (1C, Caom-H),
119.7 (1C, CH, double bond), 115.5 (1C, Carom-H), 113.3 (1C, Carom-H), 104.0 (1C, CH, double
bond), 54.9 (1C, O-CHg), 31.9 (1C, C(CHs3)3), 30.6 (3C, C(CHz3)3) ppm.

UV/Vis (MeCN): Amax = 365 nm.

Fluorescence (MeCN): Zem= 533 nm (excited with 4 = 400 nm).

@r (MeCN): 0.022.
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(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((2)-3,5-dimethoxybenzylidene)-
piperazine-2,5-dione (15)

Z-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.34 (bs, 1H, NH), 12.25 (s, 1H, NH), 10.02 (s, 1H, NH),
7.85 (s, 1H, CH, imidazole), 6.86 (s, 1H, CH, double bond), 6.68 (s, 1H, CH, double bond), 6.65
(d, J = 2.3 Hz, 2H, Harom), 6.46 (t, J = 2.3 Hz, 1H, Harom), 3.77 (s, 6H, O-CHj3), 1.38 (s, 9H,
C(CHs)s) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 160.5 (2C, Carom-OCHs), 157.5 (1C, CONH), 156.3 (1C,
CONH), 140.4 (1C, C-C(CHs3)3), 135.0 (1C, C-CH, imidazole), 134.4 (1C, CH, imidazole), 130.7
(1C, Carom-CH), 127.1 (1C, C-CH), 123.8 (1C, C-CH), 113.9 (1C, CH, double bond), 107.1 (2C,
Carom-H), 105.1 (1C, CH, double bond), 100.3 (1C, Carom-H), 55.2 (2C, O-CHz), 31.9 (1C,
C(CHBa)3), 30.6 (3C, C(CHz3)3) ppm.

IR (ATR): v = 3434 (w), 3193 (m), 3078 (w), 3038 (w), 3007 (w), 2983 (w), 2961 (w), 2952 (w),
2928 (w), 2873 (w), 2837 (w), 1670 (vs), 1632 (vs), 1589 (vs), 1502 (w), 1451 (s), 1441 (m),
1414 (vs), 1374 (s), 1341 (vs), 1319 (s), 1290 (s), 1275 (m), 1259 (m), 1205 (vs), 1186 (vs),
1139 (vs), 1069 (s), 1055 (vs), 1014 (m), 973 (m), 955 (s), 880 (m), 840 (s), 819 (vs), 800 (vs),
765 (vs), 752 (vs), 739 (vs), 724 (vs), 696 (s), 677 (vs), 659 (vs), 630 (s), 613 (s), 579 (s), 557 (Vvs),
534 (vs), 516 (vs), 499 (vs), 482 (vs), 466 (vs), 441 (vs), 394 (vs), 378 (vs) cm™.

HRMS (FAB): m/z calcd. for C2:H2504N4 [M+H], 397.1870; found: 397.1870.

UV/Vis (MeCN): Amax = 363 nm.

Fluorescence (MeCN): Zem= 515 nm (excited with A = 400 nm).

@r (MeCN): 0.045.

E-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.29 (bs, 1H, NH), 12.08 (s, 1H, NH), 10.72 (s, 1H, NH),
7.83 (s, 1H, CH, imidazole), 6.78 (s, 1H, CH, double bond), 6.76 (d, J = 2.3 Hz, 2H, Harom), 6.44
(s, 1H, CH, double bond), 6.39 (t, J = 2.3 Hz, 1H, Hawom), 3.72 (s, 6H, O-CHz), 1.38 (s, 9H,
C(CHs)s) ppm.
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13C NMR (101 MHz, DMSO-ds): 6 = 159.5 (2C, Carom-OCHs), 157.4 (1C, CONH), 155.3 (1C,
CONH), 140.0 (1C, C-C(CHs)3), 136.1 (1C, C-CH, imidazole), 134.3 (1C, CH, imidazole), 130.7
(1C, Carom-CH), 127.6 (1C, CH, double bond), 123.8 (1C, CH, double bond), 119.7 (1C, CH,
double bond), 108.3 (2C, Carom-H), 104.0 (1C, CH, double bond), 99.9 (1C, Carom-H), 55.1 (2C, O-
CHzs), 31.9 (1C, C(CHs3)3), 30.6 (3C, C(CHz3)3) ppm.

UV/Vis (MeCN): Amax = 364 nm.

Fluorescence (MeCN): Zem= 534 nm (excited with 2 = 400 nm).

@r (MeCN): 0.020.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-4-(dimethylamino)benzylidene)-
piperazine-2,5-dione (16)
O

X NH N=\
~N HN A NH
| O

Z-isomer

'H NMR (400 MHz, DMSO-de): 6 = 12.29 (bs, 1H, NH), 12.11 (s, 1H, NH), 9.73 (s, 1H, NH),
7.83 (s, 1H, CH, imidazole), 7.42 (d, J = 9.0 Hz, 2H, Harom), 6.82 (s, 1H, CH, double bond), 6.75
(d, J = 9.0 Hz, 2H, Harom), 6.69 (s, 1H, CH, double bond), 2.96 (s, 6H, N-(CHz)2), 1.38 (s, 9H,
C(CHs)s) ppm.

13C NMR (101 MHz, DMSO-ds): § = 157.4 (1C, CONH), 156.9 (1C, CONH), 150.0 (1C, Carom-
N(CHzs)2), 139.9 (1C, C-C(CHBa)3), 134.2 (1C, CH, imidazole), 130.8 (1C, Carom-CH), 130.7 (2C,
Carom-H), 124.1 (1C, C-CH), 122.8 (1C, C-CH), 120.5 (1C, Caom-CH), 115.6 (1C, CH, double
bond), 112.0 (2C, Carom-H), 104.2 (1C, CH, double bond), 39.4 (2C, N(CHz)2), 31.9 (1C, C(CH3)3),
30.6 (3C, C(CHz3)3) ppm.

IR (ATR): v = 3429 (w), 3391 (w), 3183 (m), 3119 (w), 3085 (w), 3055 (w), 3048 (w), 3012 (w),
2953 (m), 2921 (m), 2851 (m), 2802 (w), 2727 (w), 2681 (w), 2659 (w), 2640 (w), 2605 (w),
2601 (w), 2527 (w), 1672 (s), 1655 (s), 1635 (s), 1609 (vs), 1585 (vs), 1524 (s), 1502 (m),
1479 (w), 1453 (s), 1400 (vs), 1358 (vs), 1341 (vs), 1279 (vs), 1264 (vs), 1222 (s), 1183 (s),
1164 (vs), 1126 (vs), 1057 (vs), 1020 (s), 949 (vs), 935 (vs), 882 (s), 827 (vs), 802 (vs), 766 (vs),
747 (vs), 722 (vs), 656 (vs), 612 (s), 579 (s), 569 (s), 545 (s), 510 (vs), 499 (vs), 475 (vs), 449 (vs),
407 (vs), 375 (vs) cm™.

HRMS (FAB): m/z calcd. for C21H25NsO2 [M], 379.2008; found: 379.2011.

UV/Vis (MeCN): Amax = 400 nm.
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Fluorescence (MeCN): Zem= 534 nm (excited with A = 370 nm).
@r (MeCN): 0.027.

E-isomer

IH NMR (400 MHz, DMSO-ds): 6 = 12.25 (bs, 1H, NH), 11.98 (s, 1H, NH), 10.51 (s, 1H, NH),
7.82 (s, 1H, CH, imidazole), 7.68 (d, J = 9.0 Hz, 2H, Harom), 6.71 (s, 1H, CH, double bond), 6.64
(d, J = 9.0 Hz, 2H, Harom), 6.44 (s, 1H, CH, double bond), 2.94 (s, 6H, N-(CHs)2), 1.37 (s, 9H,
C(CHea)s) ppm.

13C NMR (126 MHz, DMSO-ds): J = 157.1 (1C, CONH), 156.1 (1C, CONH), 149.9 (1C, Carom-
N(CHs)2), 139.4 (1C, C-C(CHsa)3), 134.1 (1C, CH, imidazole), 132.6 (2C, Carom-H), 130.9 (1C,
Carom-CH), 124.3 (1C, C-CH), 123.1 (1C, C-CH), 122.5 (1C, CH, double bond), 121.2 (1C, Carom-
CH), 111.0 (2C, Carom-H), 102.7 (1C, CH, double bond), 39.4 (2C, N(CHz)2), 31.8 (1C, C(CHj3)3),
30.6 (3C, C(CHg)3) ppm.

UV/Vis (MeCN): Amax = 416 nm.

Fluorescence (MeCN): Zem= 544 nm (excited with A = 400 nm).

@r (MeCN): 0.008.

(32,62)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-((2,3,6,7-tetrahydro-1H,5H-
pyrido[3,2,1-ij]Jquinolin-9-yl)methylene)piperazine-2,5-dione (17)
O

N NH N=\
HN A NH

O

'H NMR (400 MHz, DMSO-de): 6 = 12.09 (s, 1H), 11.02 (s, 2H), 7.78 (s, 1H), 6.97 (s, 2H), 6.79
(s, 1H), 6.55 (s, 1H), 3.17 (t, J = 5.7 Hz, 4H), 2.69 (t, J = 6.4 Hz, 4H), 1.86 (p, J = 6.5 Hz, 4H),
1.38 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 157.6, 157.1, 142.8, 140.3, 134.5, 130.9, 128.4, 124.1,
122.5,120.6, 119.7, 115.9, 103.9, 49.2, 31.9, 30.7, 27.1, 21.3 ppm.

IR (ATR): v = 3393 (w), 3211 (m), 3116 (w), 3094 (w), 2932 (w), 2902 (w), 2861 (w), 2837 (w),
2800 (w), 1670 (s), 1633 (s), 1613 (m), 1595 (m), 1519 (m), 1506 (m), 1466 (w), 1429 (m), 1395
(vs), 1371 (vs), 1346 (vs), 1329 (s), 1307 (vs), 1282 (vs), 1262 (s), 1207 (s), 1183 (m), 1162 (vs),
1147 (s), 1077 (w), 1050 (m), 1023 (m), 987 (w), 952 (s), 939 (s), 907 (w), 892 (m), 857 (w), 840
(m), 824 (w), 809 (m), 778 (m), 759 (s), 737 (s), 718 (s), 656 (s), 640 (M), 622 (M), 608 (M), 592
(m), 565 (w), 554 (w), 530 (m), 501 (m), 490 (m), 433 (vs), 394 (w) cm,
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HRMS (FAB): m/z calcd. for C2sH29NsO2 [M], 431.2316; found: 431.2318.
UV/Vis (MeCN): Amax = 424 nm.

(32,62)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((4,4,8,8,12,12-hexamethyl-8,12-
dihydro-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridin-2-yl)methylene)piperazine-2,5-dione
(18)

o)
XY ONH N=\
HN s A NH
(0 ’

IH NMR (400 MHz, DMSO-ds): 6 = 12.38 (br, 1H), 12.20 (br, 1H), 10.08 (br, 1H), 7.84 (s, 1H),
7.61 (s, 2H), 7.47 (d, J = 7.8 Hz, 4H), 7.17 (t, J = 7.7 Hz, 2H), 6.86 (s, 1H), 6.84 (s, 1H), 1.59 (s,
18H), 1.39 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 158.2, 157.9, 157.6, 156.8, 140.2, 134.3, 131.4, 130.8,
130.6, 129.7, 129.6, 129.3, 128.0, 125.0, 124.7, 124.0, 123.7, 123.5, 114.9, 104.8, 35.2, 35.0, 33.4,
32.5, 31.9, 30.6 ppm.

IR (ATR): v = 3398 (w), 2963 (w), 2922 (vw), 2864 (vw), 1676 (vs), 1426 (m), 1395 (m), 1370
(w), 1341 (w), 1316 (w), 1292 (w), 1197 (vs), 1133 (vs), 1051 (w), 1020 (w), 953 (w), 939 (w),
897 (w), 844 (m), 803 (s), 773 (w), 762 (w), 742 (m), 725 (vs), 656 (w), 615 (m), 599 (m), 582
(m), 572 (w), 560 (m), 554 (m), 517 (m), 496 (m), 486 (m), 480 (m), 453 (m), 445 (m), 433 (M),
419 (m), 412 (m), 405 (m), 398 (m), 382 (m), 375 (m) cm2.

HRMS (FAB): m/z calcd. for C40H41NsO2 [M], 623.3255; found, 623.3254.

UV/Vis (MeCN): Amax = 413 nm.

Fluorescence (MeCN): Zem= 554 nm (excited with 4 = 420 nm).

@r (MeCN): 0.236.

@r (DMSO): 0.275.

(3Z,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylidene]-6-(pyridin-3-ylmethylidene)piperazine-
2,5-dione (19)
O
A HN A A N
N
O
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IH NMR (400 MHz, DMSO-ds): § = 12.30 (br, 2H), 10.48 (br, 1H), 8.67 (d, J = 2.3 Hz, 1H), 8.47
(dd, J = 4.8, 1.6 Hz, 1H), 7.91 (dt, J = 8.1, 2.0 Hz, 1H), 7.86 (s, 1H), 7.41 (dd, J = 7.8, 4.8 Hz,
1H), 6.87 (s, 1H), 6.72 (s, 1H), 1.39 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 157.7, 156.0, 150.1, 148.3, 140.5, 136.2, 134.4, 130.7,
129.5,128.4, 123.8, 123.5, 110.2, 105.3, 31.9, 30.6 ppm.

IR (ATR): v = 3493 (W), 3418 (w), 3135 (W), 3071 (m), 2969 (m), 2902 (m), 2815 (W), 1672 (s),
1628 (s), 1604 (vs), 1572 (s), 1507 (m), 1466 (m), 1408 (vs), 1398 (vs), 1371 (vs), 1357 (s), 1334
(vs), 1279 (vs), 1262 (s), 1220 (s), 1179 (s), 1149 (s), 1054 (m), 1021 (m), 948 (vs), 860 (m), 840
(s), 807 (vs), 793 (s), 762 (s), 754 (vs), 725 (s), 696 (vs), 654 (vs), 626 (s), 611 (S), 598 (s), 579
(s), 555 (), 518 (vs), 504 (vs), 484 (vs), 443 (vs), 419 (s), 409 (s), 392 (s), 375 (s) cm™™.

HRMS (FAB): m/z calcd. for C1sH20NsO, [M+H], 338.1612; found, 338.1611.

UV/Vis (DMSO): Amax = 369 nm.

Fluorescence (DMSO): Zem= 540 nm (excited with 2 = 400 nm).

@ (DMSO): 0.032.

(3Z,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylidene]-6-(isoquinolin-5-ylmethylidene)-
piperazine-2,5-dione (20)
LS

X NH N=\

HN NG

O

'H NMR (400 MHz, DMSO-ds): 6 = 12.35 (br, 2H), 10.20 (br, 1H), 9.35 (s, 1H), 8.53 (d, J=5.9
Hz, 1H), 8.10 (d, J= 7.5 Hz, 1H), 7.88 (s, 1H), 7.86 (dt, J = 7.3, 1.2 Hz, 1H), 7.77 (dt, J = 6.0, 1.1
Hz, 1H), 7.72 (t, J = 7.7 Hz, 1H), 7.12 (s, 1H), 6.87 (s, 1H), 1.39 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 157.5, 155.9, 152.8, 143.4, 140.4, 134.4, 133.7, 131.3,
130.7, 129.6, 129.4, 128.6, 127.7, 127.3, 123.9, 117.4, 109.7, 105.2, 31.9, 30.6 ppm.

IR (ATR): v = 3485 (m), 3303 (w), 3138 (m), 3072 (m), 3050 (m), 3004 (m), 2955 (s), 2902 (M),
2868 (m), 2823 (m), 1672 (vs), 1629 (vs), 1611 (vs), 1587 (s), 1502 (m), 1472 (m), 1459 (w), 1417
(vs), 1397 (vs), 1368 (vs), 1344 (vs), 1316 (vs), 1262 (vs), 1220 (m), 1190 (m), 1150 (s), 1096
(w), 1043 (m), 1020 (m), 977 (vw), 955 (vs), 877 (w), 827 (vs), 816 (vs), 802 (vs), 782 (vs), 762
(vs), 749 (s), 735 (s), 724 (m), 664 (M), 657 (m), 608 (s), 582 (5s), 560 (S), 544 (s), 531 (s), 513 (3),
496 (vs), 480 (vs), 467 (s), 445 (vs), 412 (s), 397 (s) cm™™.

HRMS (FAB): m/z calcd. for C22H22NsO2 [M+H], 388.1768; found, 388.1769.

UV/Vis (DMSO): Amax = 370 nm.
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Fluorescence (DMSO): Aem= 557 nm (excited with 2 = 400 nm).
@r (DMSO): 0.021.

(32,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylidene]-6-(naphthalen-1-ylmethylidene)-
piperazine-2,5-dione (21)

QL
~ NH N=\
HN A A NP

@)

'H NMR (400 MHz, DMSO-de): J = 12.33 (s, 2H), 10.00 (s, 1H), 8.04 — 7.96 (m, 1H), 7.95 —
7.83 (m, 3H), 7.67 — 7.61 (m, 1H), 7.60 — 7.48 (m, 3H), 7.20 (s, 1H), 6.86 (s, 1H), 1.39 (s, 9H)
ppm.

13C NMR (101 MHz, DMSO-de): 6 = 157.4, 156.1, 140.3, 134.4, 133.4, 131.2, 130.7, 130.1,
128.5, 128.3, 127.1, 126.5, 126.1, 125.8, 124.3, 123.9, 111.4, 105.1, 31.9, 30.6 ppm.

IR (ATR): v = 3371 (w), 3308 (w), 3292 (w), 3271 (w), 3235 (w), 3200 (w), 3123 (w), 3060 (w),
2963 (w), 2905 (w), 2873 (w), 1666 (vs), 1639 (vs), 1611 (vs), 1554 (w), 1506 (m), 1456 (m),
1445 (w), 1415 (vs), 1373 (vs), 1340 (vs), 1310 (s), 1275 (m), 1259 (s), 1215 (w), 1180 (w), 1147
(s), 1085 (w), 1050 (w), 1020 (m), 959 (s), 949 (m), 884 (w), 840 (s), 816 (m), 793 (vs), 771 (vs),
752 (vs), 731 (vs), 653 (s), 628 (m), 602 (m), 582 (M), 560 (s), 527 (s), 511 (m), 492 (s), 472 (s),
443 (vs), 415 (s), 402 (s), 378 (m) cmL.

HRMS (FAB): m/z calcd. for C23H23N4O2 [M+H], 387.1816; found, 387.1818.

UV/Vis (DMSO): Amax = 373 nm.

Fluorescence (DMSO): Aem= 544 nm (excited with 2 = 400 nm).

@r (DMSO): 0.028.

(32,62)-3-[(3-Benzoylphenyl)methylidene]-6-[ (5-tert-butyl-1H-imid—azol-4-yl)methylidene]-
piperazine-2,5-dione (22)
0] @)

Xr”ONH N=\
HN s A NH

@)
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IH NMR (400 MHz, DMSO-ds): § = 12.33 (s, 1H), 12.28 (s, 1H), 10.35 (s, 1H), 7.87 — 7.79 (m,
4H), 7.75 (dt, J =7.8, 1.7 Hz, 1H), 7.72 — 7.67 (m, 1H), 7.66 — 7.62 (m, 1H), 7.58 (t, J = 7.6 Hz,
3H), 6.85 (s, 1H), 6.80 (s, 1H), 1.38 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 195.5, 157.7, 156.1, 140.4, 137.4, 136.8, 134.4, 133.6,
133.3,132.8, 130.7, 130.1, 129.8, 128.8, 128.6, 127.7, 123.8, 112.7, 105.2, 31.9, 30.6 ppm.

IR (ATR): v = 3492 (w), 3446 (w), 3191 (w), 3082 (w), 3068 (w), 3037 (w), 2968 (w), 2953 (W),
2904 (w), 2873 (w), 1683 (m), 1650 (vs), 1598 (s), 1577 (w), 1548 (w), 1504 (w), 1446 (m), 1411
(vs), 1381 (vs), 1346 (vs), 1322 (s), 1313 (s), 1290 (vs), 1276 (vs), 1211 (m), 1177 (w), 1152 (m),
1095 (w), 1078 (w), 1048 (w), 1023 (w), 993 (w), 973 (w), 953 (s), 904 (m), 881 (w), 839 (m),
819 (s), 783 (s), 765 (vs), 741 (m), 724 (vs), 714 (vs), 696 (s), 688 (s), 653 (vs), 598 (s), 581 (M),
572 (m), 557 (m), 537 (M), 526 (s), 493 (s), 466 (M), 448 (vs), 439 (vs), 401 (W) cm™,

HRMS (FAB): m/z calcd. for C26H2sN4O3 [M+H], 441.1782; found, 441.1780.

UV/Vis (DMSO): Amax = 371 nm.

Fluorescence (DMSO): Zem= 535 nm (excited with 2 = 400 nm).

@r (DMSO0): 0.029.

(32,62)-3-((1H-Pyrrol-3-yl)methylene)-6-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-
piperazine-2,5-dione (23)
O

X NH N=\
HN NH
— HN N

o

(3Z-1-Acetyl-3-[(5-tert-butyl-1H-imidazol-4-yl)methylene]piperazine-2,5-dione (5) and tert-
butyl-3-formylpyrrole-1-carboxylate (161 mg, 827 umol, 1.20 equiv.) were reacted according to
the general procedure. The crude product 23 (200 mg, 470 umol, 1.00 equiv; impure) was
dissolved in 21.7 mL of a 20% (v/v) TFA (7.24 g, 4.86 mL, 63.5 mmol, 135 equiv.) and 80% (v/v)
CHCI> (17.6 mL), containing 1% (v/v) TIPS (189 mg, 245 uL, 1.19 mmol, 2.54 equiv.) at 0 °C
(ice bath). Subsequently, the ice bath was removed and the solution was allowed to warm to
ambient temperature. The reaction was monitored via TLC. After 2.5 hours toluene (100 mL) was
added and the mixture was concentrated in vacuo. The obtained solid was dissolved in MeOH and
purified via HPLC according to the general procedure.

I1H NMR (400 MHz, DMSO-de): d = 12.30 (s, 1H), 12.05 (s, 1H), 11.29 (s, 1H), 9.08 (s, 1H),
7.82 (s, 1H), 7.35 (s, 1H), 6.87 (q, J = 2.4 Hz, 1H), 6.81 (s, 1H), 6.76 (s, 1H), 6.47 (d, J = 2.4 Hz,
1H), 1.38 (s, 9H) ppm.
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13C NMR (101 MHz, DMSO-de): ¢ = 157.2, 157.0, 139.7, 134.1, 130.9, 124.2, 121.3, 121.0,
119.6, 116.1, 111.4, 108.5, 103.9, 31.9, 30.6 ppm.

IR (ATR): v =3378 (m), 3264 (m), 3211 (s), 3109 (m), 3087 (m), 3048 (m), 2989 (m), 2955 (m),
2922 (m), 2870 (m), 2853 (M), 1659 (vs), 1623 (vs), 1554 (m), 1502 (m), 1452 (m), 1445 (m),
1404 (vs), 1371 (vs), 1361 (vs), 1340 (vs), 1316 (vs), 1276 (s), 1261 (s), 1241 (s), 1201 (vs), 1181
(vs), 1133 (vs), 1096 (vs), 1082 (s), 1067 (s), 1051 (s), 1017 (s), 977 (m), 952 (vs), 939 (vs), 880
(s), 841 (vs), 803 (s), 783 (vs), 754 (vs), 744 (vs), 720 (vs), 653 (vs), 625 (vs), 599 (vs), 579 (vs),
560 (vs), 534 (vs), 506 (vs), 486 (vs), 448 (vs), 414 (vs), 397 (vs), 377 (vs) cm™.

HRMS (FAB): m/z calcd. for C17H20NsO2 [M+H], 326.1612; found, 326.1613.

UV/Vis (DMSO): Amax = 374 nm.

(32,62)-3-((1H-Pyrrol-2-yl)methylene)-6-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-
piperazine-2,5-dione (24)

o)

H

\ HN s s NH
o)

'H NMR (400 MHz, DMSO-de): ¢ = 12.38 (br, 1H), 12.02 (br, 1H), 11.38 (s, 1H), 9.38 (s, 1H),
7.91 (br, 1H), 7.00 (s, 1H), 6.81 (s, 1H), 6.78 (s, 1H), 6.76 (s, 1H), 6.22 (d, J = 3.4 Hz, 1H), 1.38
(s, 9H) ppm.

IR (ATR): v = 3244 (w), 3234 (w), 3224 (w), 3217 (w), 3211 (w), 3203 (w), 3128 (w), 2968 (w),
2910 (w), 2873 (w), 1670 (vs), 1640 (vs), 1492 (w), 1428 (m), 1401 (vs), 1373 (vs), 1343 (vs),
1281 (w), 1203 (vs), 1184 (vs), 1129 (vs), 1055 (m), 1021 (w), 955 (m), 936 (w), 926 (w), 884
(m), 839 (s), 795 (vs), 754 (vs), 724 (vs), 657 (s), 639 (s), 598 (s), 561 (S), 541 (s), 517 (s), 486
(s), 446 (s), 441 (s), 409 (m), 387 (m), 380 (m) cm™™.

HRMS (FAB): m/z calcd. for C17H20NsO2 [M+H], 326.1612; found, 326.1610.

UV/Vis (MeCN): Amax = 389 nm.

Fluorescence (DMSO): Aem= 510 nm (excited with 2 = 400 nm).

(32,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylene]-6-[ (1-methylpyrrol-2-yl)methylene]-
piperazine-2,5-dione (25)
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\ o)

N X
S o
\ HN s s NH

o)

'H NMR (400 MHz, DMSO-dg): 6 = 12.30 (s, 1H), 12.16 (s, 1H), 9.18 (s, 1H), 7.84 (s, 1H), 6.98
(dd, J = 2.6, 1.4 Hz, 1H), 6.84 (s, 1H), 6.77 (dd, J = 4.0, 0.9 Hz, 1H), 6.73 (s, 1H), 6.21 — 6.14 (m,
1H), 3.66 (s, 3H), 1.39 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 157.2, 156.5, 140.1, 134.3, 130.8, 125.8, 123.9, 122.1,
111.7, 108.8, 104.6, 103.4, 33.8, 31.9, 30.6 ppm.

IR (ATR): v = 3167 (w), 3152 (w), 3136 (w), 3109 (w), 3084 (w), 3072 (w), 3058 (w), 2955 (m),
2921 (m), 2870 (w), 2854 (w), 1666 (s), 1632 (vs), 1626 (vs), 1557 (w), 1497 (w), 1489 (w), 1456
(m), 1442 (m), 1408 (vs), 1370 (vs), 1337 (vs), 1299 (s), 1273 (s), 1256 (s), 1217 (s), 1190 (s),
1160 (s), 1102 (m), 1092 (m), 1067 (s), 1051 (s), 1020 (m), 952 (vs), 902 (m), 853 (M), 841 (s),
817 (vs), 802 (vs), 778 (s), 752 (vs), 717 (vs), 657 (vs), 633 (vs), 599 (vs), 582 (s), 524 (vs), 504
(vs), 493 (vs), 452 (vs), 414 (s), 391 (m), 380 (s) cm™.

HRMS (FAB): m/z calcd. for C1gH2102Ns [M], 339.1690; found, 339.1692; calc. for C1gH2202Ns
[M+H], 340.1768; found, 340.1767.

UV/Vis (DMSO): Jmax = 399 nm.

(32,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylene]-6-(3-furylmethylene)piperazine-2,5-dione
(26)
O

I NH N=\
_ NH
HN G

@)

'H NMR (400 MHz, DMSO-dg): § = 12.32 (s, 1H), 12.21 (s, 1H), 9.59 (s, 1H), 8.24 (dt, J = 1.8,
0.9 Hz, 1H), 7.84 (d, J = 1.0 Hz, 1H), 7.75 (t, J = 1.8 Hz, 1H), 6.92 (d, J = 1.5 Hz, 1H), 6.86 (s,
1H), 6.65 (s, 1H), 1.38 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-dg): 6 = 157.5, 156.3, 143.9, 143.9, 140.2, 134.3, 130.7, 125.4,
123.8,118.5, 110.7, 105.4, 105.0, 31.9, 30.6 ppm.

IR (ATR): v = 3213 (s), 3109 (m), 3075 (m), 3019 (m), 2989 (m), 2953 (s), 2922 (M), 2894 (m),
2861 (m), 1677 (s), 1667 (s), 1626 (vs), 1604 (vs), 1544 (m), 1500 (s), 1482 (w), 1455 (vs), 1445
(s), 1415 (vs), 1373 (vs), 1360 (vs), 1341 (vs), 1316 (vs), 1278 (vs), 1259 (s), 1222 (s), 1204 (m),
1184 (s), 1162 (m), 1137 (vs), 1098 (m), 1084 (w), 1071 (s), 1052 (s), 1030 (s), 1017 (s), 992 (m),
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952 (vs), 941 (vs), 905 (w), 875 (s), 853 (m), 843 (m), 816 (vs), 781 (vs), 739 (s), 730 (vs), 713
(vs), 653 (vs), 635 (s), 606 (s), 589 (vs), 562 (m), 538 (s), 514 (s), 486 (s), 452 (vs), 415 (w), 395
(w), 384 (m) cm™,

HRMS (FAB): m/z calcd. for C17H1903N4 [M+H], 327.1452; found, 327.1481.

UV/Vis (DMSO): Amax = 368 nm.

(32,62)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-6-(thiophen-2-yImethylene)piperazine-
2,5-dione (27)

0
S X
NH N=\
\ | NH
HN N
o)

'H NMR (400 MHz, DMSO-dg): 6 = 12.40 (br, 1H), 12.25 (s, 1H), 9.52 (s, 1H), 7.85 (s, 1H), 7.72
(dd, J =5.1, 1.1 Hz, 1H), 7.55 (dt, J = 3.8, 1.1 Hz, 1H), 7.19 (dd, J = 5.1, 3.6 Hz, 1H), 6.91 (s,
1H), 6.88 (s, 1H), 1.39 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-dg): 6 = 157.4, 156.1, 140.6, 135.7, 134.4, 130.7, 129.6, 128.4,
128.0, 124.8, 123.6, 107.1, 105.4, 48.6, 31.9, 30.6 ppm.

IR (ATR): v =3378 (w), 3199 (m), 3119 (w), 3084 (w), 2962 (w), 2929 (w), 2871 (w), 1664 (vs),
1630 (vs), 1598 (s), 1502 (w), 1453 (s), 1438 (m), 1402 (vs), 1364 (vs), 1341 (vs), 1330 (vs), 1276
(s), 1262 (s), 1207 (vs), 1184 (vs), 1132 (vs), 1051 (s), 1018 (s), 953 (vs), 941 (s), 901 (w), 881
(m), 871 (m), 840 (vs), 819 (vs), 805 (vs), 781 (vs), 748 (vs), 724 (vs), 708 (s), 688 (vs), 656 (vs),
595 (s), 586 (s), 572 (s), 558 (s), 537 (m), 507 (vs), 482 (vs), 465 (m), 446 (vs), 418 (s), 390 (s),
377 (s) cm™,

HRMS (FAB): m/z calcd. for C17H1902N4S [M+H], 343.1223; found, 343.1224.

UV/Vis (MeCN): Amax = 271, 377 nm.

UV/Vis (DMSO): Amax = 387 nm.

Fluorescence (DMSO): Aem= 532 nm (excited with 2 = 400 nm).

@r (MeCN): 0.033.

@r (DMSO): 0.031.

(32,62)-3-[(5-tert-Butyl-1H-imidazol-4-yl)methylene]-6-[ (5-methyl-2-thienyl)methylene]-
piperazine-2,5-dione (28)
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S NH N=\
\ | NH

@)

'H NMR (400 MHz, DMSO-dg): 6 = 12.02 (s, 1H), 11.32 (br, 2H), 7.77 (s, 1H), 7.14 (d, J = 3.6
Hz, 1H), 6.77 (d, J = 2.5 Hz, 1H), 6.73 (s, 1H), 6.71 (s, 1H), 2.45 (s, 2H), 1.38 (s, 9H) ppm.

13C NMR (101 MHz, DMSO-ds): ¢ = 158.9, 157.6, 140.8, 138.9, 136.0, 133.8, 131.4, 127.7,
127.4,125.8, 125.7, 106.8, 31.8, 30.7, 15.1 ppm.

IR (ATR): v =3492 (w), 3391 (w), 3241 (m), 3128 (w), 3088 (w), 3071 (w), 2972 (m), 2952 (m),
2911 (w), 2863 (w), 1663 (m), 1595 (s), 1502 (m), 1451 (s), 1404 (vs), 1367 (vs), 1337 (vs), 1286
(s), 1261 (s), 1220 (m), 1201 (m), 1181 (m), 1152 (vs), 1125 (m), 1055 (m), 1017 (m), 948 (m),
935 (s), 878 (m), 840 (m), 824 (m), 796 (vs), 749 (vs), 721 (s), 679 (m), 670 (s), 652 (Vvs), 622 (8),
601 (s), 582 (s), 564 (s), 541 (M), 510 (vs), 497 (vs), 477 (vs), 443 (vs), 424 (s), 407 (s), 397 (m),
382 (s) cm™.

HRMS (EI): m/z calcd. for C1gH2102N4S [M], 357.1380; found, 357.1382.

UV/Vis (DMSO): Amax = 387 nm.
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5.44 NMR Spectra
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Figure 64: 'H NMR spectrum (400 MHz, DMSO-dg) of compound Z-5.

o oyt o g m
~ =] - =B - = o v o
I e i8R B aoe e
5 28 =nna S § nRR
N A T4
\"rN . T~ NH
T T T T T T T T T T T T T T T T T T T T
200 150 180 170 160 150 140 130 120 110 100 90 80 o &0 50 40 30 20 0 0 10

afppm

Figure 65: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-5.
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Figure 66: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-6.
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Figure 67: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-6.
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Figure 68: 'H NMR spectrum (400 MHz, DMSO-ds) of compound E-6.
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Figure 69: C NMR spectrum (101 MHz, DMSO-ds) of compound E-6.
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Figure 70: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-7.
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Figure 71: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-7.
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Figure 72: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-8.
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Figure 73: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-8.
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Figure 74: *F NMR spectrum (376 MHz, DMSO-ds) of compound Z-8. *TFA.
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Figure 75: 'H NMR spectrum (400 MHz, DMSO-dg) of compound E-8.
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Figure 76: 3C NMR spectrum (101 MHz, DMSO-ds) of compound E-8.
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Figure 77: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-9.
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Figure 78: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-9.
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Figure 79: *H NMR spectrum (400 MHz, DMSO-ds) of compound E-9. * unknown impurity, **

ethyl acetate.
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Figure 80: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-10.

o 0 o T o
& 52 oo
AN \E) N

Cl @)

T T T T T T T T T T T T T
200 150 180 170 160 150 140 130 120 110 100 30 80 70 B0 50 40 30 20 10 0 -10

Figure 81: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-10.
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Figure 82: *H NMR spectrum (400 MHz, DMSO-ds) of compound E-10.
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Figure 83: C NMR spectrum (101 MHz, DMSO-ds) of compound E-10.
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Figure 84: 'H NMR spectrum (400 MHz, DMSO-dg) of compound Z-11.
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Figure 85: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-11.
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Figure 86: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-12.
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Figure 87: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-12.
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Figure 88: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-13.
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Figure 89: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-13.
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Figure 90: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-14.
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Figure 91: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-14.
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Figure 92: 'H NMR spectrum (400 MHz, DMSO-dg) of compound E-14.
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Figure 93: C NMR spectrum (101 MHz, DMSO-ds) of compound E-14.
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Figure 94: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-15.
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Figure 95: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-15.
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Figure 96: 'H NMR spectrum (400 MHz, DMSO-dg) of compound E-15.
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Figure 97: C NMR spectrum (101 MHz, DMSO-ds) of compound E-15.
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Figure 99: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-16.
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Figure 100: *H NMR spectrum (400 MHz, DMSO-ds) of compound E-16.
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Figure 101: C NMR spectrum (101 MHz, DMSO-ds) of compound E-16.
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Figure 102: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-17.
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Figure 103: *C NMR spectrum (101 MHz, DMSO-ds) of compound Z-17.
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Figure 104: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-18.
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Figure 105: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-18.
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Figure 106: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-19.
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Figure 107: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-19.
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Figure 108: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-20.
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Figure 109: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-20.
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Figure 110: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-21.
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Figure 111: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-21.
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Figure 113: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-22.
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Figure 114: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-23.
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Figure 115: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-23.
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Figure 116: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-24.
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Figure 117: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-25.
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Figure 118: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-25.
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Figure 119: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-26.
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Figure 120: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-26.
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Figure 121: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-27.
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Figure 122: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-27.
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Figure 123: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-28.
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Figure 124: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-28.
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Figure 125: Compound Z-5 was dissolved in different solvents (80 uM) and in mixtures of 1% (v/v)
TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured in the
dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 126: Compound Z-6 was dissolved in different solvents (80 uM) and in mixtures of 1% (v/v)
TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured in the
dark (d =2 mm). The spectra are assigned to the respective solvents via color code. Additionally,

absorption spectra of 80 uM solutions (d=2 mm) of 6 in MeCN with different amounts of TFA were
measured.
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Figure 127: Compound E-6 was dissolved in different solvents (80 uM) and in mixtures of 1% (v/v)
TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured in the
dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.

1.2 4
1.14
1.0 4
0.9 4
0.8
0.7 4
0.6
0.5+

Absorbance (AJ)

0.4
0.3 4
0.2 4
0.14
0.04

T T T 1
300 400 500 600
Wavelength (nm)

Figure 128: Absorption spectrum of compound Z-7 (52 uM) MeCN (d = 10 mm).
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Figure 129: Compound Z-8 was dissolved in different solvents (80 uM) and in mixtures of 1% (v/v)
TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured in the
dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 130: Compound E-8 was dissolved in different solvents (80 uM) and in mixtures of 1% (v/v)
TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured in the
dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 131: Absorption spectrum of compound Z-9 (160 uM) DMSO (d =2 mm).
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Figure 132: Compound Z-10 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 133: Compound E-10 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 134: Absorption spectrum of compound Z-11 (42 uM) MeCN (d = 10 mm).
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Figure 135: Absorption spectrum of compound Z-12 (41 uM) MeCN (d = 10 mm).
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Figure 136: Absorption spectrum of compound Z-13 (45 uM) MeCN (d = 10 mm).
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Figure 137: Compound Z-14 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 138: Compound E-14 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 139: Compound Z-15 was dissolved in different solvents (80 uM) and in mixtures of 1%

(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN,
in the dark (d =2 mm). The spectra are assigned to
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Figure 140: Compound E-15 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 141: Compound Z-16 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 142: Compound E-16 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 143: Compound Z-17 was dissolved in different solvents (80 uM), respectively. Absorption

spectra were measured in the dark (d = 10 mm). The spectra are assigned to the respective solvents
via color code.
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Figure 144: Compound Z-18 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 145: Absorption spectrum of compound Z-19 (160 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 2 mm).
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Figure 146: Absorption spectrum of compound Z-20 (160 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 2 mm).
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Figure 147: Absorption spectrum of compound Z-21 (160 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 2 mm).
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Figure 148: Absorption spectrum of compound Z-22 (160 uM) in a saturated solution of sodium
ascorbate in DMSO (d =2 mm).
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Figure 149: Absorption spectrum of compound Z-23 (48 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 10 mm).
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Figure 150: Compound Z-24 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 151: Absorption spectrum of compound Z-25 (81 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 10 mm).
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Figure 152: Absorption spectrum of compound Z-26 (48 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 10 mm).
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Figure 153: Compound Z-27 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 154: Absorption spectrum of compound Z-28 (48 uM) in a saturated solution of sodium
ascorbate in DMSO (d = 10 mm).
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5.4.6 Absorption Spectra of Irradiated Samples
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Figure 155: Compound 6 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). Absorption spectra (d = 2 mm) were first measured in the dark. The samples were then first
irradiated with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was measured

after each irradiation step.
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Figure 156: Absorption spectra (d=2 mm) of a solution of 2.0 mM (cutout) and 400 uM (full
spectrum) compound 6 with 10 mM glutathione and 5.0 mM tris(2-carboxyethyl)phosphine in 25%
PBS in DMSO (v/v) were first measured in the dark. The samples were then first irradiated with 407
nm (2 min), then with 490 nm (15 min) and an absorption spectrum was measured after each

irradiation step.



166 Experimental Section

dark
- PSSAID?mm

S4BDnm

e (M'em™

400 500
Wavelength (nm)

Figure 157: Compound 8 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was
measured after each irradiation step.
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Figure 158: Compound 9 was dissolved in a saturated solution of sodium ascorbate in DMSO
(160 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 490 nm (15 min), then with 407 nm (1 min) and an absorption spectrum was
measured after each irradiation step.
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Figure 159: Compound 10 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was
measured after each irradiation step.
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Figure 160: Compound 14 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was
measured after each irradiation step.
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Figure 161: Compound 15 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (2 min), then with 490 nm (15 min) and an absorption spectrum was
measured after each irradiation step.
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Figure 162: Compound 16 was dissolved in a saturated solution of sodium ascorbate in DMSO
(80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (2 min), then with 490 nm (15 min) and with 523 nm (5 min) and an
absorption spectrum was measured after each irradiation step.
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Figure 163: Left: Compound 19 was dissolved in 25% PBS in a saturated solution of sodium
ascorbate in DMSO (80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark.
The sample was then first irradiated with 490 nm (5 min), then with 407 nm and an absorption
spectrum was measured after each irradiation step. Right: Compound 19 was dissolved in a saturated
solution of sodium ascorbate in DMSO (160 uM). An absorption spectrum (d = 2 mm) was first
measured in the dark. The sample was then first irradiated with 407 nm, then with 490 nm (15 min)
and an absorption spectrum was measured after each irradiation step.
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Figure 164: Left: Compound 20 was dissolved in 25% PBS in a saturated solution of sodium
ascorbate in DMSO (80 uM). An absorption spectrum (d = 2 mm) was first measured in the dark.
The sample was then first irradiated with 490 nm (5 min), then with 407 nm and an absorption
spectrum was measured after each irradiation step. Right: Compound 20 was dissolved in a saturated
solution of sodium ascorbate in DMSO (160 pM). An absorption spectrum (d = 2 mm) was first
measured in the dark. The sample was then first irradiated with 407 nm, then with 490 nm (15 min)
and an absorption spectrum was measured after each irradiation step.
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Figure 165: Compound 21 was dissolved in a saturated solution of sodium ascorbate in DMSO
(160 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (1 min), then with 490 nm (15 min) and 470 nm (5 min) and an absorption
spectrum was measured after each irradiation step.

dark
PSS4QDnm

PSS4D?nm
— PSS35mm

Absorbance (AU)
[
(4]
L

0.0

00 500
Wavelength (nm)

Figure 166: Compound 22 was dissolved in a saturated solution of sodium ascorbate in DMSO
(160 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then
first irradiated with 407 nm (1 min), then with 490 nm (13 min) and 365 nm (1 min) and an absorption
spectrum was measured after each irradiation step.



Experimental Section

171

——dark
o pss407nm

407 nm, then 490 nm, 15 min
o PSSAJOnm

Absorbance (AU)

0 T : T 1
400 500 600
Wavelength (nm)

Figure 167: Compound 23 was dissolved in a saturated solution of sodium ascorbate in DMSO
(48 uM) and purged with argon. An absorption spectrum (d = 10 mm) was first measured in the dark.
The sample was then first irradiated with 407 nm (1 min), then with 490 nm (15 min) and 470 nm
(20 min) and an absorption spectrum was measured after each irradiation step.
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Figure 168: Compound 25 was dissolved in a saturated solution of sodium ascorbate in DMSO
(81 uM) and purged with argon. An absorption spectrum (d = 10 mm) was first measured in the dark.
The sample was then first irradiated with 490 nm (15 min), then with 407 nm (2 min) and 365 nm
(2 min) and an absorption spectrum was measured after each irradiation step.
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Figure 169: Compound 26 was dissolved in a saturated solution of sodium ascorbate in DMSO
(48 uM) and purged with argon. An absorption spectrum (d = 10 mm) was first measured in the dark.
The sample was then first irradiated with 490 nm (15 min), then with 455 nm (15 min) and 365 nm
(2 min) and an absorption spectrum was measured after each irradiation step.
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Figure 170: Compound 27 was dissolved in a saturated solution of sodium ascorbate in DMSO
(160 uM). An absorption spectrum (d = 2 mm) was first measured in the dark. The sample was then

first irradiated with 407 nm (2 min), then with 523 nm and an absorption spectrum was measured
after each irradiation step.



Experimental Section 173

——dark

PSSSZGnm

407 nm, 3 min
—— 407 nm, 7 min
—— 407 nm, 10 min

Absorbance (AU)

400 500
Wavelength (nm)

Figure 171: Compound 28 was dissolved in a saturated solution of sodium ascorbate in DMSO
(48 uM) and purged with argon. An absorption spectrum (d = 10 mm) was first measured in the dark.
The sample was then first irradiated with 523 nm (20 min), then with 407 nm and an absorption
spectrum was measured after each irradiation step.
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5.4.7 Emission Spectra
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Figure 172: Normalized absorption (blue) and emission (red) spectra of 80 uM solutions
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respective Z-isomers (solid line) and E-isomers (dashed line) of 6, 8, and 14-16 in MeCN.
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Figure 173: Normalized absorption (blue) and fluorescence (red) spectra of solutions of the
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respective Z-isomers of 9, 18-22, 24 and 27 in DMSO.
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Figure 174: Normalized fluorescence spectra of compounds Z-6, Z-9, Z-10 and Z-16 in different
solvents (80 uM) and in mixtures of 1% (v/v) TFA in MeCN, respectively. The spectra are assigned
to the respective solvents via color code.
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Figure 175: Normalized fluorescence spectra of compound Z-18 in different solvents (80 uM) and
in mixtures of 1% (v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. The spectra are
assigned to the respective solvents via color code.
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5.4.8 Composition of Photostationary States (PSSs)

The PSS composition was determined by measuring *H NMR spectra of the respective compounds
after irradiation. The PSS values in the NMR tubes (0.5 mL of the 30-60 mM solutions in DMSO-
ds) have been achieved within 1 h (365, 407, 523 nm), 2 h (430, 450, 470 nm) or 4 h (380, 490
nm). Signal pairs were determined for each compound: two signals assigned to the same proton
for the respective photoisomers were integrated and the % of E-isomer = Ig/(Ie+1z)*100% was

determined. The final E/Z ratios result from the average value determined from three signal pairs.

Table 6: PSS composition in DMSO-ds determined by measuring *H NMR spectra of the respective
compounds after irradiation. *It was not verified that the PSS had already been reached.

365 nm | 380 nm | 407 nm | 430 nm | 450 nm | 470 nm | 490 nm | 523 nm
Compound | (% of E- | (% Of E- | (% OfE- | (% OfE- | (%0fE- | (%OfE- | (%of E- | (% oOf E-
isomer) | isomer) | isomer) | isomer) | isomer) | isomer) | isomer) | isomer)
5 67 56 <5 - - - - -
6 62 58 56 42 38 19 13 -
8 59 64 64 62 61 58 56 -
10 48 51 44 41 39 34 29 -
14 63 56 54 42 24 19 16 -
15 63 62 52 39 31 17 11 -
16 61 59 55 46 19 17 12 10
18 - - - - - 27 18 14
23 - - - - 15 - 14 -
24 - . 66 - - - - -
25 - - 41* - 14 ; <5 ]




178

Experimental Section

26 - 14 12
27 47 - -
@]
HLNH N=\
WN T T NH
O O
dark 3 ’\
3650m IH_‘J,_ “ L
407nm ) - e

T T T T T T T T T T T T T T T
13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 5.5
Sippm

Figure 176: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 5 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm and 407 nm.
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Figure 177: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 6 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm, 407 nm and 490 nm.
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Figure 178: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 8 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm, 407 nm and 490 nm.
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Figure 179: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 10 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 490 nm.
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Figure 180: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 14 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 490 nm.
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Figure 181: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 15 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 490 nm.
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Figure 182: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 16 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 523 nm.
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Figure 183: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 18 in the dark (top)
and after reaching the PSS upon irradiation with 470 nm, 490 nm and 523 nm.
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Figure 184: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 23 in the dark (top)
and after reaching the PSS upon irradiation with 450 nm and 490 nm.
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Figure 185: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 24 in the dark (top)
and after reaching the PSS upon irradiation with 407 nm.
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Figure 186: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 25 in the dark (top)
and after reaching the PSS upon irradiation 450 nm and 490 nm. For the sample irradiated with
407 nm the PSS was not reached.
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Figure 187: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 26 in the dark (top)
and after reaching the PSS upon irradiation with 450 nm and 490 nm.
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Figure 188: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 27 in the dark (top)
and after reaching the PSS upon irradiation with 407 nm.
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5.4.9 Thermal Relaxation of E-lsomers
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Figure 189: The thermal relaxation of the respective E-isomers of 6, 8, 10, and 14-16 was monitored
via analytical HPLC. The integrals of the signals assigned to the respective E-isomer were
determined at 330 nm: lo = initial integral, | = integral at given time point. (a) Thermal relaxation in
DMSO at 150 °C. (b) Thermal relaxation in MeCN at 60 °C. (c) Thermal relaxation in MeCN at 60
°C in absence and presence of TFA.
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Figure 190: Solutions of compounds E-6 (top) and E-15 (bottom) in PBS/DMSO (1:1) with a
concentration of 33 uM were incubated at 37 °C for 32 hours. Samples were taken after certain time
intervals and analyzed via analytical HPLC at 330 nm.
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5.4.10 Switching Stability
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Figure 191: (a) A 40 uM solution of 6 in DMSO was prepared and split up into three samples. One
sample was kept under ambient atmosphere (top), the other samples were purged for 5 min with
oxygen (bottom left) or argon (bottom right), respectively. Absorption spectra were first recorded in
the dark and then after each irradiation step. Afterwards, the samples were first irradiated twice for
15 min with 490 nm and subsequently five times for 1 min with 407 nm. (b) Solutions of pure Z-6
(1.0 mM) in DMSO (left) and in a saturated solution of sodium ascorbate in DMSO (right) were
analyzed via analytical HPLC. The samples were irradiated with 407 nm for 2 min and with 490 nm
for 35 min, respectively. The irradiation cycles were repeated ten times and after every irradiation
step the solutions were analyzed via analytical HPLC.
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5.4.11 Stability in Presence of Glutathione
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Figure 192: A 1.0mM solution of 6 with 10.0 mM glutathione and 5.0 mM tris(2-
carboxyethyl)phosphine in 25% PBS in DMSO (v/v) was monitored for 14 hours via analytical
HPLC. The area of the signal assigned to 6 at 280 nm was determined after each HPLC run.

5.4.12 Viability Assays

Isolated Photoisomers

Table 7: The ICso values were determined via viability assays with HT-29 cells after treatment with
the respective photoisomers of 6-17, and 19-22 for 48 hours. Data were processed using GraphPad

Prism.
ICso: Z-isomer (nM) I1Cso: E-isomer (nM)
Compound [95% profile [95% profile ICso ratio
likelihood] likelihood]
0.30 92
6 [0.26 0 0.35] [80 to 100] 306
5420 6250
! [n.d] [n.d] 115
0.27 420
8 [0.18 o 0.40] [347 to 510] 1555
5.47 75.4
9 [3.83 to 7.83] [55.6 to 102] 138
38 1046
10 [31 to 46] [650 to 1548] 215




Experimental Section

189

273

1720

1 [253 to 301] [1648 to 1786] 6.30
14400 8600
12 [n.d] [n.d] 6.14
3 4130000 129100 20
[106800 to 4216000000] |  [35220 to 3576000] :
0.09 471
14 [0.05 t0 0.15] [352 to 636] 5233
0.21 618
15 [0.16 t0 0.28] [487 to 788] 2942
’ 8614 _ _
[8073 to 9189]
5730
17 o] nd. >17
80.3
19 [48.8 to 132] | -
26.7 808
20 [19.0 to 37.4] [592 to 1099] 303
4.96 70.4
21 [3.46 t0 7.11] [51.8 t0 95.5] 14.2
0.68 73.4
22 [0.47 to 1.01] [54.6 0 98.7] 108
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Figure 193: Viability of HT-29 cells after treatment with the HPLC-purified Z- and E-isomers of 6-
13 for 48 hours. Data were plotted against the log of agonist concentration (log10([agonist]) (M))
with mean and SD values in GraphPad Prism.



Experimental Section

191

14 15

- Z-isomer

-~ Z-isomer

= 100 =+ Erisomer = 100 -~ E-isomer
2 2
] 5
]
S 50 S 50
2
0 0
T T T T 1 T T T T 1
12 -10 -8 -6 -4 12 -10 -8 -6 -4
logg([Agonist]) (M) log,o([Agonist]) (M)
16 -o Z-isomer17
- [E-isomer § i
= X
= 100 s 100
2 2
— o
2 ] 50
S 50 2
B 3
0
0 T I I T 1 I I 1 T 1
12 -10 -8 -6 -4 -12 -:0 . -8. M-s -4
logso(IAgonist]) (M) ogrolAgonist],
19 -~ Z-isomer 20 -~ Z-isomer
- E-isomer
gwu gmo
2 =
3 3
'S 50 S 50
I 3
(5} o
0 0
1 1 1 ) 1 1 1 1 ) 1
12 -10 -8 -6 -4 12 10 -8 -6 -4
logyo([agonist]) (M) logqo([agonist]) (M)
21 -o- Z-isomer 22 -o- Z-isomer
- E-isomer - E-isomer
= 100 = 100
2 -y
2 2
'S 50 S 50
I T
(3] o
0 0
I 1 1 I 1 I I 1 I 1
-12 -10 -8 -6 -4 -12 -10 -8 -6 -4
log4o([agonist]) (M) log1o([agonist]) (M)

Figure 194: Viability of HT-29 cells after treatment with the HPLC-purified Z- and E-isomers of
14-17 and 19-22 for 48 hours. For compounds 16 and 19 the E-isomers were not tested. Data were
plotted against the log of agonist concentration (log10([agonist]) (M)) with mean and SD values in
GraphPad Prism.
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Figure 195: Viability of HT-29 cells after treatment with the respective photoisomers of 14 and 15
with concentrations in close range of the respective 1Csq values.
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Irradiated Samples

Table 8: The ICso values were determined via viability assays with HT-29 cells after treatment with
the respective mixtures of photoisomers of 1-6 for 48 hours. Before the addition to the cells DMSO
solutions were irradiated with 490 nm irradiation (cyan light), 407 nm (violet light) or 365 nm (UV-
light), respectively. Data were processed using GraphPad Prism.

Cell viability (%)

Cell viability (%)

50

-
(=3
o

o
o

0

365 nm
407 nm
+ 490 nm
A m g
1 1 1 1
10 8 -6 -4
log,o([agonist]) (M)
15

o
& E-isomer
—h—
-

1Cs0: PSS 490 nm (nM) | 1Cso0: PSS 407 nm (nM) | I1Cso: PSS 365 nm (nM)
Compound [95% profile [95% profile [95% profile
likelihood] likelihood] likelihood]
5 4.45 12.2 44.9
[2.71t0 7.0] [8.79 t0 16.9] [25.5 to 73.3]
8 29 i i
[22 to 40]
15 0.34 39.5 i
[0.24 t0 0.49] [29.9 t0 52.1]
6 8

Z-isomer

100
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Figure 196: Viability of HT-29 cells after treatment with the mixture of the E- and Z-isomers
generated upon equilibration under 490 nm irradiation (cyan light), 407 nm (violet light) or 365 nm
(UV-light), respectively. Data were plotted against the log of agonist concentration (logio([agonist])
(M)) with mean and SD values in GraphPad Prism. Number of independent experiments (six
technical replicates per test): Non-irradiated N > 2. Irradiated N = 1.
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Samples Exposed to Daylight

Table 9: The ICso values determined via viability assays with HT-29 cells after treatment with the
isolated photoisomers of 6, 14 and 15 for 48 hours, as well as the results of the same procedure for
samples of HPLC-purified Z-isomers exhibited on daylight for one day before the assay (where the
content of E-isomer has been determined by analytical HPLC). However, incubation for further two
days at daylight almost doubled the amount of E-isomer (ICso values were not determined for these
samples). These data are compared with the values reported in literature (with the unknown final
Z/E-isomer ratio).2%° Data were processed using GraphPad Prism.

ICs0: Z- ICsor - | 1Go0r 1 day | 1Cao: 8 days ICso:
isomer (nM) | isomer (nM) Y9 Y9 literature
Compound . . (nM) (nM) 100
[95% profile | [95% profile [95% profile | [95% profile report
likelihood] likelihood] o0 P >0 P (nM)
likelihood] likelihood]
0.30 92 108 nd
6 [0.26100.35] | [80 to 100] [(()iﬁsf /:"Elg;] (32%E-6) | 49*38
1.46
0.09 471 n.d.
14 1 10.051t00.15] | [352to 636] [?ﬁ? /:OE?ii()S] (34% E-14) | 201%85
0.63
0.21 618 n.d.
15 [0.16 t0 0.28] | [487 to 788] [0.43 to 0.94] (30% E-15) 45412
(16% E-15)
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Figure 197: Viability of HT-29 cells after treatment with the mixtures of the respective photoisomers
of 6, 14 and 15 for 48 hours. The mixtures were obtained after incubation of DMSO solutions under
ambient light for 24 hours. Data were plotted against the log of agonist concentration (logio([agonist])
(M)) with mean and SD values in GraphPad Prism. Number of independent experiments (Six
technical replicates per test): N > 2.
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5.4.13 Immunofluorescence Assays

E-6

E-10 Z-10

Figure 198: Immunofluorescence imaging of microtubule network structure with compounds 6, 8
and 10. Confocal microscopy assessment of cellular microtubule networks after treatment with the
respective photoisomers of 6 (2 nM), 8 (20 nM) and 10 (200 nM). (HT-29 cells, 6 h treatment, green:
a-tubulin stain for microtubule polymer network, blue: DAPI nuclear counterstain, all scale bars
20 pm). The results were processed and visualized with Leica Application Suite X 3.5.7.23225 from
Leica Microsystems CMS GmbH.
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5.4.14 Crystal Structure Determinations

Crystal structures in this section were measured and solved by Dr. Martin Nieger at the University
of Helsinki (Finland).

The crystals of Z-14 and Z-15 were provided by my colleague Anna-Lena Leistner and Z-12 and

Z-13 by Angelika Seliwjorstow while working on her bachelor thesis under my supervision.

The absolute of Z-10 (SB1192 _HY) was determined by refinement of Parsons’ x-parameter 4,
For Z-16 (SB1373_HY) and Z-15 (SB1336_HY) an extinction correction was applied. In Z-14
(SB1342_HY), the 3-methoxybenzylidene moiety is disordered.

Table 10: Overview of the numbering and sample code of crystal structures solved by Dr. Martin
Nieger.

Entry | Compound Number | Code Assigned by Dr. Martin Nieger | CCDC Number
1 Z-8 SB1177_HY 2076713
2 Z-10 SB1192_HY 2076714
3 E-10 SB1354_HY 2076715
4 Z-12 SB1270_HY -

5 Z-13 SB1271_HY -
6 Z-14 SB1342_HY 2076717
7 Z-15 SB1336_HY 2076718
8 Z-16 SB1373_HY 2076716
9 Z-17 SB1275 HY -
10 Z-27 SB1492 HY -
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(70316]

PLATON-Feb 25 0B:06:41 2013 -

~

37 sbl177_hy P 21/n

A =0.04

4 X

SB1177_HY

SUK-42

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((2)-2,6-difluorobenzylidene)-

piperazine-2,5-dione hydrate — SB1177_HY

Crystal data

C19H18F2N4O2-H20

F(000) = 816

r=390.39

Dx = 1.458 Mg m™®

Monoclinic, P21/n (no.14)

Cu Ka radiation, A = 1.54178 A

a=7.0552(2) A

Cell parameters from 8981 reflections

b =9.6541 (3) A 0 =3.3-72.2°
c=26.1751 (8) A p=0.97 mm?
B =94.157 (2)° T=123K
V=1778.14 (9) A Plates, yellow

Z=4

0.18 x 0.14 x 0.02 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3133 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.037

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.2°, Bmin = 3.4°

Absorption correction: multi-scan | h = -8—8
SADABS (Sheldrick, 2014)

Tmin = 0.782, Tmax = 0.971 K =-11—11
15347 measured reflections 1=-32532

3502 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F? > 26(F2)] = 0.041

Hydrogen site location: difference Fourier map

WR(F?) = 0.102

H atoms treated by a mixture of independent and constrained refinement

$=1.09

= U[c*(Fo?) +

w (0.0449P)? +
where P = (Fo? + 2F2)/3

0.8261P]

3502 reflections

(A/6)max = 0.001

268 parameters

A)max =0.32e A3

6 restraints

A)min=-0.20 ¢ A2
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SB1192 HY
SUK-43

absolute structure
determined crystallographically

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-2,6-dichlorobenzylidene)-

piperazine-2,5-dione SB1192 HY

Crystal data

C19H18CI2N4O2

Dx = 1.422 Mg m*®

M = 405.27

Cu Ka radiation, A = 1.54178 A

Orthorhombic, P2:2:2: (no.19)

Cell parameters from 5481 reflections

a=7.7969 (3) A 0=4.0-71.9°

b =14.3794 (6) A p=328mm?
c=16.8804 (7) A T=123K

V =1892.54 (13) A3 Rods, yellow

Z=4

0.16 % 0.06 x 0.02 mm

F(000) = 840

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3264 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.066

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.2°, Bmin = 4.0°

Absorption correction: multi-scan | h = -9—9
SADABS (Sheldrick, 2014)

Tmin = 0.684, Tmax = 0.841 k=-17-17
15438 measured reflections | =-2019

3736 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F? > 20(F?)] = 0.044

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.102

= 1[6*(Fo?) +

w = (0.0551P)7]
where P = (Fo? + 2F2)/3

$=1.06

(A/o)max < 0.001

3736 reflections

Admax = 0.27 e A3

253 parameters

A)min=-0.20 ¢ A2

3 restraints

Absolute structure: Flack x determined using 1190 quotients [(I+)-(I-
)/[(1+)+(1-)] (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259).

Primary atom site location: dual

Absolute structure parameter: 0.013 (13)
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125 sb1354_hy C 2/c R =

SB1354 HY

SUK-158 switched

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((E)-2,6-dichlorobenzylidene)-

piperazine-2,5-dione — SB1354_HY

Crystal data

C19H18CI2N4O2

F(000) = 1680

r = 405.27

Dx = 1.436 Mg m’®

Monoclinic, C2/c (no.15)

Cu Ka radiation, A = 1.54178 A

a=27.8992 (10) A

Cell parameters from 8711 reflections

b =10.2709 (4) A 0 =35-71.6°

c=14.6321 (5) A p=331mm?
B =116.603 (2)° T=208K

V =3748.9 (2) A3 Plates, yellow

Z=8

0.15 x 0.05 x 0.03 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3057 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.039

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.4°, Bmin = 3.5°

Absorption correction: multi-scan | h = -34—34
SADABS (Sheldrick, 2014)

Tmin = 0.730, Tmax = 0.915 k=-12512
21109 measured reflections 1=-16—18

3705 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F? > 26(F2)] = 0.041

Hydrogen site location: difference Fourier map

WR(F?) = 0.103

H atoms treated by a mixture of independent and constrained refinement

$=1.03

= U[c*(Fo?) +

w (0.0417P)? +
where P = (Fo? + 2F2)/3

3.5483P]

3705 reflections

(A/6)max < 0.001

253 parameters

A)max =0.28¢ A3

219 restraints

A)min=-0.39 & A2
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-28  sbl270_hy P 21/c A =0.03 RES= 0 25 X

SB1270_HY

ANS-18

(2)-3-((2)-2,6-bis(methylthio)benzylidene)-6-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-

piperazine-2,5-dione — SB1270_HY

Crystal data

C21H2N4O2S,

F(000) = 904

M = 428.56

Dx =1.331 Mg m?®

Monoclinic, P2i/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=15.5291 (4) A

Cell parameters from 9908 reflections

b =14.8828 (4) A 0=28-722°
c=9.3549 (3) A p =246 mm?
B =98.333 (1)° T=123K

V =2139.25 (11) A

Plates, colourless

Z=4

0.16 x 0.06 x 0.02 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3917 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.025

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.2°, Bmin = 2.9°

Absorption correction: multi-scan | h = -19-519
SADABS (Sheldrick, 2014)

Tmin = 0.813, Tmax = 0.929 Kk = -18—»18
23307 measured reflections 1=-11-11

4223 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F? > 26(F?)] = 0.030

Hydrogen site location: difference Fourier map

WR(F?) = 0.081

H atoms treated by a mixture of independent and constrained refinement

$=1.06

= 1U[c*(Fo?) +

w (0.0447P)? +
where P = (Fo? + 2F2)/3

0.8133P]

4223 reflections

(A/6)max = 0.001

273 parameters

Admax = 0.30 e A3

3 restraints

A)min=-0.21 ¢ A?
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Prob = 50
Temp = 123

75 Y

- (70318)

PLATON-Nov 22 10:05:08 2019

Z -113 sbl271 _hy P 21/c

R =0.04

SB1271_HY
ANS-09

with 0.5 water/molecule

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((2)-2,6-dimethoxybenzylidene)-

piperazine-2,5-dione — SB1271_HY

Crystal data

C21H24N404-0.5(H20)

F(000) = 860

r = 405.45

Dx = 1.324 Mg m*®

Monoclinic, P2i/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=11.7919 3) A

Cell parameters from 9886 reflections

b = 15.6508 (4) A 0=4.2-72.2°

¢ =12.4266 (3) A p=0.78 mm?
B = 117.473 (1)° T=123K

V =2034.73 (9) A Plates, yellow

Z=4

0.18 x 0.14 x 0.04 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3487 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.039

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.3°, Bmin = 4.2°

Absorption correction: multi-scan | h = -14—13
SADABS (Sheldrick, 2014)

Tmin = 0.830, Tmax = 0.971 Kk = -19-»19
22602 measured reflections I =-15—-15

4030 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F? > 26(F?)] = 0.038

Hydrogen site location: difference Fourier map

WR(F?) = 0.099

H atoms treated by a mixture of independent and constrained refinement

$=1.03

= U[c*(Fo?) +

w (0.0452P)? +
where P = (Fo? + 2F2)/3

0.8125P]

4030 reflections

(A/6)max = 0.001

288 parameters

Admax = 0.27 ¢ A3

5 restraints

A)min=-0.22 ¢ A?
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(70318)

6 07:26:44 2020

PLATON-Jul
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134

sb1342 hy P 21/c

A = 0.04

SB1342 HY
ALL-52

3-methoxybenzylidene moiety disordered

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((Z)-3-methoxybenzylidene)-

piperazine-2,5-dione — SB1342_HY

Crystal data

C20H22N4Os

F(000) = 776

M = 366.41

Dx = 1.248 Mg m™®

Monoclinic, P2i/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=115196 (2) A

Cell parameters from 9090 reflections

b =14.6170 (2) A 0=49-72.1°
c=11.8196 (2) A p=0.70 mm*
B =101.496 (1)° T=298K

V =1950.28 (5) A

Blocks, yellow

Z=4

0.36 x 0.24 x 0.12 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3513 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.024

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.20, Omin = 3.9°

Absorption correction: multi-scan h=-14—14
Tmin = 0.786, Tmax = 0.915 k =-18-17
25765 measured reflections 1=-14—-13

3836 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F2 > 20(F)] = 0.044

Hydrogen site location: mixed

WR(F?) = 0.130

H atoms treated by a mixture of independent and constrained refinement

$=1.03

= U[o’(Fs?) +

w (0.0744P)? +
where P = (Fo? + 2F2)/3

0.3731P]

3836 reflections

(A/o)max < 0.001

318 parameters

A)max =0.21eA?

646 restraints

A)min=-0.18 ¢ A?
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- (70318)

07:37:06 2020

S

PLATON-Jun 2

Z -66

sb1336_hy P Z1/c

R =0.03

SB1336_HY

ALL-54

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((2)-3,5-dimethoxybenzylidene)-

piperazine-2,5-dione — SB1336 HY

Crystal data

C21H24N4O4

F(000) = 840

M = 396.44

Dx = 1.325 Mg m*®

Monoclinic, P2i1/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=11.2851 (4) A

Cell parameters from 9792 reflections

b =15.2971 (5) A 0=49-72.1°
c=11.6703 (4) A =077 mm?
B =99.474 (1)° T=123 K

V =1987.16 (12) A3

Blocks, yellow

Z=4

0.14 x 0.10 x 0.06 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3736 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.027

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.3°, Bmin = 4.0°

Absorption correction: multi-scan [ h = -13—13
SADABS (Sheldrick, 2014)

Tmin = 0.879, Tmax = 0.958 k=-18-17
29490 measured reflections 1=-13-14

3924 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F2 > 26(F?)] = 0.032

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.085 w = 1U[6X(Fe?) + (0.041P)2 + 0.7398P]
where P = (Fo? + 2F?)/3

$=1.03 (A/G)max = 0.001

3924 reflections Amax=0.30e A2

274 parameters Admin=-0.18 e A3

3 restraints Extinction correction: SHELXL2014/7 (Sheldrick 2014),

Fc"=kFc[1+0.001xFc2\%/sin(20)] 4

Primary atom site location: dual

Extinction coefficient: 0.0010 (2)
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27 Y

™ PLATON-Dec 10 14:08:56 2019 - (70316)

0.05

160 sb1275_hy P -1 R =

SB1275 HY

SUK-99

(3Z,62)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((2,3,6,7-tetrahydro-1H,5H-
pyrido[3,2,1-ij]quinolin-9-yl)methylene)piperazine-2,5-dione SB1275_HY

Crystal data

Ca25H29N502:H20

Z=2

M = 449.55

F(000) = 480

Triclinic, P-1 (no.2)

Dx = 1.304 Mg m*®

a=10.9039 (4) A

Cu Ka radiation, A = 1.54178 A

b =11.3091 (4) A

Cell parameters from 9906 reflections

c=11.9916 (4) A 0=42-72.1°
o = 116.003 (1)° pu=071mm?
B =91.840 (1)° T=123K

y=116.213 (1)°

Plates, orange

V =1144.66 (7) A3

0.18 x 0.08 x 0.04 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

4239 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.022

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.3°, Omin = 4.3°

Absorption correction: multi-scan | h = -13—513
SADABS (Sheldrick, 2014)

Tmin = 0.865, Tmax = 0.971 k = -13—13
18554 measured reflections 1=-14-14

4488 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: mixed

R[F2 > 26(F?)] = 0.050

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.118 w = 1/[c*(F) + (0.042P)? + 1.1534P]
where P = (Fo? + 2Fc?)/3

S=1.02 (AJG)max < 0.001

4488 reflections A)max = 0.67 ¢ A3

308 parameters A)min=-0.61 ¢ A3

59 restraints Extinction correction: SHELXL2014/7 (Sheldrick 2014),

Fc"=kFc[1+0.001xFc2\%/sin(20)] 4

Primary atom site location: dual

Extinction coefficient: 0.0026 (5)
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SB1373 HY

SUK-156

(2)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-((2)-4-(dimethylamino)benzylidene)

piperazine-2,5-dione — SB1373 HY

Crystal data

C21H2s5Ns02

F(000) = 808

M; = 379.46

Dx = 1.329 Mg m*®

Monoclinic, P2i1/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=7.2824(2) A

Cell parameters from 9933 reflections

b =14.1512 (4) A 0=39-72.1°
c=18.4592 (5) A p=0.71 mm?
B =94.740 (1)° T=173K

V =1895.80 (9) Al

Plates, orange

Z=4

0.15 x 0.09 x 0.03 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3420 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.026

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.1°, Omin = 3.9°

Absorption correction: multi-scan | h = -8—8
SADABS (Sheldrick, 2014)

Tmin = 0.876, Tmax = 0.971 k=-17—16
22924 measured reflections | =-22—522

3722 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F2 > 26(F)] = 0.036

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.093 w = 1/[c¥(Fe?) + (0.0443P)? + 0.7553P]
where P = (Fo? + 2F?)/3

$=1.03 (A/G)max = 0.001

3722 reflections Amax=0.25e A3

265 parameters A)min=-0.17e A8

3 restraints Extinction correction: SHELXL2014/7 (Sheldrick 2014),

Fc"=kFc[1+0.001xFc2\%/sin(20)] 4

Primary atom site location: dual

Extinction coefficient: 0.00082 (16)
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SB1492 HY

SUK-188

(32,62)-3-((5-(tert-butyl)-1H-imidazol-4-yl)methylene)-6-(thiophen-2-yl-methylene)piperazine-2,5-

dione water solvate — SB1492 HY

Crystal data

C17H18N4O2S-H.0

F(000) = 760

M = 360.43

Dx = 1.396 Mg m™®

Monoclinic, P21/n (no.14)

Cu Ka radiation, A = 1.54178 A

a=8.1914 (4) A

Cell parameters from 9904 reflections

b = 9.5544 (5) A 0=50-72.2°
€=22.1266 (11) A p =189 mm?
B =98.071 (2)° T=173K

V =1714.56 (15) A3

Plates, orange

Z=4

0.16 x 0.12 x 0.04 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

3148 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.060

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.4°, Bmin = 4.0°

Absorption correction: multi-scan h=-10-10
SADABS (Sheldrick, 2014)

Tmin = 0.703, Tmax = 0.942 k=-11-11
22718 measured reflections | =-27-27

3369 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F? > 26(F?)] = 0.045

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.119

w = 1[6?(Fs?) + (0.0564P)2 + 1.129P]
where P = (Fo? + 2F2)/3

$=1.03

(A/o)max = 0.001

3369 reflections

A)max =0.30e A3

242 parameters

A)min =-0.41 ¢ A?

6 restraints

Extinction correction: SHELXL2014/7 (Sheldrick 2014),
Fc"=kFc[1+0.001xFc\%/sin(20)] V4

Primary atom site location: dual

Extinction coefficient: 0.0021 (4)
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5.5 Synthesis and Characterization of Hemiperazines

5.5.1 Synthesis of Hemipierazines

Compound 33 was also synthesized by my colleague Peter Godtel, who provided me with some
of the corresponding NMR, IR and mass spectra. Usually, 200 — 500 mg of the starting material

1,4-diacetylpiperazine-2,5-dione 2 were applied.

General procedure A

The aldehyde (1.00 equiv.) was dissolved in dry DMF (2.0 mL/1 mmol aldehyde) under argon
atmosphere. 1,4-Diacetylpiperazine-2,5-dione (1.50 equiv.) and Cs,COs3 (1.50 equiv.) were added
and the reaction mixture was stirred at room temperature until the complete consumption of the
aldehyde was detected. The reaction mixture was then poured on ice water and the precipitate was

filtered off and dried under reduced pressure.

General procedure B

The aldehyde (1.00 equiv.) and 1,4-diacetylpiperazine-2,5-dione (1.50 equiv.) were dissolved in
dry THF (6.0 mL/1 mmol aldehyde) under argon atmosphere and cooled down to 0 °C. KO'Bu
(1.10 equiv.) was added carefully and subsequently the reaction mixture was allowed to warm up
to room temperature and stirred until the complete consumption of the aldehyde was detected. The
reaction was quenched by the slow addition of ice water, THF was removed under reduced
pressure and the precipitate was filtered off and dried under reduced pressure. The agueous phase
was additionally extracted with ethyl acetate. The organic phase was concentrated in vacuo and
before purification combined with the precipitate collected before.

(2)-1-Acetyl-3-benzylidenepiperazine-2,5-dione (29)
O O

o

o]
General procedure A.
The crude residue was purified via column chromatography (CH2Cl2:ethyl acetate; 10:1). (2)-1-
Acetyl-3-benzylidenepiperazine-2,5-dione (29) was isolated as a colorless solid in 57% yield
(210 mg, 860 pmol).
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To isolate the E-isomer, a solution of compound 29 in ethyl acetate was irradiated at 365 nm for
1 hour. The two photoisomers were then separated via column chromatography (CH2Cl:ethyl

acetate; 9:1).

Z-isomer

IH NMR (400 MHz, CDCls): 6 = 7.96 (s, 1H, NH), 7.51 — 7.42 (m, 2H, Harom), 7.39 (ddt, J = 6.1,
3.0, 1.9 Hz, 3H, Harom), 7.18 (s, 1H, Ph-CH), 4.51 (s, 2H, CH,), 2.66 (s, 3H, CHz) ppm.

13C NMR (101 MHz, CDCls): § = 172.6 (1C, COCHs), 162.8 (1C, CONH), 160.1 (1C,
CONCOCHpg), 132.7 (1C, Carom-CHz2), 129.7 (2C, Carom-H), 129.6 (2C, Carom-H), 128.7 (1C, Carom-
H), 125.8 (1C, CO-C), 120.1 (1C, Ph-CH), 46.3 (1C, CH>), 27.4 (1C, COCHs) ppm.

IR (ATR): v = 3269 (W), 3125 (W), 3044 (W), 3006 (W), 2939 (W), 1698 (vs), 1677 (vs), 1629 (vs),
1494 (w), 1455 (m), 1428 (m), 1404 (m), 1360 (vs), 1262 (vs), 1222 (vs), 1203 (vs), 1098 (vs),
1077 (s), 1034 (s), 1006 (s), 999 (s), 979 (vs), 960 (s), 933 (s), 873 (m), 860 (m), 853 (m), 837 (s),
790 (m), 768 (vs), 735 (s), 715 (vs), 701 (s), 680 (vs), 653 (vs), 618 (s), 596 (s), 584 (s), 555 (vs),
534 (vs), 476 (vs), 428 (vs), 401 (s) cm™.

HRMS (FAB): m/z calcd. for C13H13N203 [M+H], 245.0921; found, 245.0923.

EA (C13H12N203): calcd. C 63.93; H 4.95; N 11.47; O 19.65; found C 63.95; H 4.98; N 11.28.
UV/Vis (MeCN): Amax = 316 nm.

E-isomer

'H NMR (400 MHz, CDCls): 6 = 9.50 (s, 1H, NH), 7.50 — 7.49 (m, 2H, Harom), 7.39 — 7.99 (m,
3H, Harom), 6.66 (s, 1H, Ph-CH), 4.50 (s, 2H, CH>), 2.57 (s, 3H, CH3) ppm.

13C NMR (101 MHz, CDCls): 6 = 172.5 (1C, COCHzs), 165.6 (1C, CONH), 159.8 (1C, CON
COCHs), 133.1 (1C, Carom-CHz), 130.0 (2C, Carom-H), 129.0 (1C, Carom-H), 128.2 (2C, Carom-H),
127.5 (1C, Ph-CH), 125.3 (1C, CO-C), 45.8 (1C, CH>), 27.4 (1C, COCHz3) ppm.

(2)-1-Acetyl-3-(4-methoxybenzylidene)piperazine-2,5-dione (30)
O O

Joren

O
General procedure A.
The crude residue was purified via column chromatography (cyclohexane:ethyl acetate; 2:1 ->

3:2). The target compound was isolated as a pale-yellow solid in 55% yield.
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To isolate the E-isomer a solution of compound 30 in ethyl acetate was irradiated at 365 nm for
1 hour. The two photoisomers were then separated via column chromatography (cyclohexane:ethyl
acetate; 2:1 -> 3:2).

Z-isomer

1H NMR (400 MHz, DMSO-ds): 6 = 10.28 (s, 1H), 7.58 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.8 Hz,
2H), 6.95 (s, 1H), 4.37 (s, 2H), 3.81 (s, 3H), 2.50 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 171.8, 164.2, 162.1, 159.7, 131.5, 125.4, 124.9, 119.7,
114.2, 55.3, 45.5, 26.6 ppm.

IR (ATR): v = 387 (W), 402 (w), 419 (m), 453 (s), 470 (m), 504 (s), 538 (vs), 550 (s), 574 (M),
603 (m), 626 (m), 652 (M), 721 (s), 745 (vs), 754 (s), 779 (s), 810 (vs), 820 (vs), 882 (m), 894 (m),
933 (m), 948 (m), 982 (s), 1000 (s), 1021 (vs), 1040 (m), 1101 (s), 1119 (m), 1181 (vs), 1205 (vs),
1222 (s), 1261 (vs), 1302 (w), 1356 (vs), 1370 (vs), 1407 (vs), 1445 (m), 1455 (w), 1513 (s),
1570 (w), 1601 (vs), 1622 (vs), 1679 (vs), 1696 (s), 2840 (w), 2904 (w), 2929 (w), 2969 (w),
3000 (w), 3014 (w), 3038 (w), 3065 (w), 3075 (w), 3091 (w), 3099 (w), 3122 (w), 3173 (w),
3206 (w), 3223 (w), 3231 (w) cm™.

HRMS (FAB): m/z calcd. for C1aH14N204 [M+H], 274.0948; found, 274.0947.

EA (C13H12N203): calcd. C 61.31; H 5.15; N 10.21; O 23.33. Found C 61.41; H 5.18; N 10.17.
UV/Vis (MeCN): Amax = 333 nm.

E-isomer

IH NMR (400 MHz, DMSO-dg): d = 10.51 (s, 1H), 7.51 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz,
2H), 6.54 (s, 1H), 4.29 (s, 2H), 3.77 (s, 3H), 2.42 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.9, 164.1, 160.5, 159.1, 131.8, 126.1, 125.5, 124.0,
113.2,55.1, 45.7, 26.9 ppm.

UV/Vis (MeCN): Amax = 343 nm.

(2)-1-Acetyl-3-(3-methoxybenzylidene)piperazine-2,5-dione (31)

General procedure A.
The crude residue was purified via column chromatography (CH2Clz:ethyl acetate; 9:1) followed
by recrystallization from toluene. The target compound was isolated as a colorless solid in 18%

yield.
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IH NMR (400 MHz, DMSO-de): 6 = 10.37 (s, 1H), 7.36 (t, J = 8.2 Hz, 1H), 7.18-7.16 (brm, 1.3
Hz, 2H), 6.99 — 6.92 (brm, 2H), 4.38 (s, 2H), 3.81 (s, 3H), 2.51 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.1, 161.6, 159.2, 134.2, 129.7, 127.0, 122.1,
118.8,114.8, 114.5,55.1, 45.6, 26.7 ppm.

IR (ATR): v = 3184 (w), 3160 (w), 3098 (w), 3074 (w), 3030 (w), 3014 (w), 2968 (w), 2919 (w),
2873 (w), 2851 (w), 2842 (w), 1700 (vs), 1677 (vs), 1628 (vs), 1602 (m), 1572 (s), 1487 (w), 1456
(w), 1432 (m), 1408 (s), 1378 (vs), 1366 (vs), 1315 (m), 1300 (m), 1278 (m), 1251 (vs), 1227 (vs),
1197 (vs), 1180 (s), 1162 (vs), 1105 (m), 1047 (vs), 1003 (m), 994 (m), 984 (m), 970 (w), 938 (m),
914 (w), 890 (w), 880 (w), 851 (m), 823 (m), 789 (vs), 775 (s), 747 (vs), 720 (m), 691 (vs), 657
(s), 615 (w), 605 (m), 562 (M), 551 (s), 516 (W), 477 (W), 462 (W), 442 (s), 414 (w) cm™?

HRMS (FAB): m/z calcd. for C14H14N204 [M+H], 274.2022; found, 274.2023.

UV/Vis (MeCN): Amax = 317 nm.

(2)-1-Acetyl-3-(2-methoxybenzylidene)piperazine-2,5-dione (32)

o~ O o
X NJ\
HN\[H

o)

General procedure A.

The crude residue was purified via column chromatography (toluene:ethyl acetate; 1:0 -> 4:1)
followed by recrystallization from toluene. The target compound was isolated as a colorless solid
in 58% yield.

IH NMR (400 MHz, DMSO-ds): 6 = 10.10 (s, 1H), 7.54 (dd, J = 7.8, 1.9 Hz, 1H), 7.36 (ddd, J =
8.8, 7.4, 1.8 Hz, 1H), 7.08 (s, 1H), 7.08 (d, J = 8.5 Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 4.35 (s, 2H),
3.85 (s, 3H), 2.50 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.9, 163.7, 161.4, 157.2, 130.4, 129.7, 126.6, 121.6,
120.5, 114.3, 111.4, 55.6, 45.7, 26.7 ppm.

IR (ATR): v = 3189 (w), 3094 (vw), 3019 (vw), 2978 (vw), 2934 (w), 2836 (vw), 1697 (vs), 1676
(vs), 1630 (s), 1594 (w), 1574 (w), 1486 (w), 1459 (m), 1401 (m), 1373 (vs), 1361 (vs), 1306 (w),
1289 (m), 1259 (s), 1245 (vs), 1221 (vs), 1191 (s), 1157 (s), 1105 (m), 1047 (w), 1017 (m), 1001
(m), 983 (w), 884 (w), 861 (w), 834 (w), 807 (w), 758 (vs), 744 (m), 731 (m), 720 (m), 659 (w),
605 (w), 579 (w), 545 (s), 527 (w), 470 (w), 432 (w) cm.

HRMS (FAB): m/z calcd. for C14aH14N204 [M+H],; 274.2093; found, 274.2094.

UV/Vis (MeCN): Amax = 328 nm.
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(2)-1-Acetyl-3-(3,4,5-trimethoxybenzylidene)piperazine-2,5-dione (33)

(0] (0]
oA
HN
- »
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General procedure A.
The crude residue was purified via column chromatography (CH2Cl2:ethyl acetate; 10:1 -> 4:1).
The target compound was isolated as a pale-yellow solid in 52% vyield.
'H NMR (400 MHz, DMSO-ds): 6 = 10.40 (s, 1H), 6.92 (s, 1H), 6.90 (s, 2H), 4.36 (s, 2H), 3.81
(s, 6H), 3.70 (s, 3H), 2.50 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.1, 161.8, 152.8, 138.1, 128.3, 126.2, 119.4,
107.4, 60.0, 55.9, 45.6, 26.7 ppm.
IR (ATR): v = 3196 (w), 3104 (w), 2999 (w), 2962 (w), 2944 (w), 2844 (w), 1687 (vs), 1623 (s),
1579 (s), 1507 (m), 1468 (w), 1459 (m), 1438 (s), 1408 (s), 1380 (vs), 1361 (vs), 1334 (s), 1305
(w), 1273 (w), 1227 (vs), 1187 (s), 1156 (m), 1125 (vs), 1101 (vs), 1050 (w), 1034 (m), 1003 (vs),
966 (m), 882 (w), 854 (m), 834 (m), 816 (M), 773 (s), 756 (m), 738 (vs), 667 (W), 649 (s), 629 (W),
609 (m), 598 (s), 562 (vs), 530 (w), 526 (w), 494 (m), 456 (s), 443 (m), 419 (w), 408 (w), 399 (W),
377 (w) cm™,
HRMS (FAB): m/z calcd. for C16H18N2Os [M], 334.1159; found, 334.1160.
UV/Vis (DMSO): Jmax = 341 nm.

(2)-1-Acetyl-3-(4-(trifluoromethyl)benzylidene)piperazine-2,5-dione (34)
O O

0
General procedure A.
The crude residue was purified via column chromatography (cyclohexane:ethyl acetate; 3:1 ->
5:2). The target compound was isolated as a pale-yellow solid in 36% yield.
'H NMR (400 MHz, DMSO-ds): 6 = 10.49 (s, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 7.9 Hz,
1H), 4.37 (s, 2H), 2.51 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.1, 161.4, 147.9, 132.5, 131.5, 127.7, 121.1,
118.8, 117.1, 45.7, 26.7 ppm.
IR (ATR): v =3196 (w), 3189 (w), 3088 (w), 3081 (w), 1720 (m), 1683 (vs), 1629 (s), 1606 (m),
1587 (w), 1507 (w), 1458 (w), 1442 (m), 1422 (m), 1415 (m), 1384 (m), 1370 (w), 1353 (w), 1266
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(vs), 1232 (vs), 1203 (vs), 1150 (vs), 1096 (vs), 1040 (s), 1017 (s), 997 (m), 980 (m), 970 (s), 953
(m), 921 (m), 890 (s), 877 (m), 863 (m), 850 (m), 833 (s), 810 (vs), 778 (s), 754 (s), 735 (s), 703
(m), 671 (s), 656 (m), 636 (M), 611 (s), 595 (m), 568 (M), 552 (s), 540 (m), 518 (M), 504 (w), 494
(w), 476 (m), 450 (s), 408 (w), 392 (w) cm™.

HRMS (FAB): m/z calcd. for C14H12N204F3 [M+H], 329.0744; found, 329.0743.

UV/Vis (DMSO): Amax = 325 nm.

(2)-4-((4-Acetyl-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile (35)
O O

Sorsa
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General procedure A.
The crude residue was purified via column chromatography (cyclohexane:ethyl acetate; 4:1 ->
1:1). The target compound was isolated as a pale-yellow solid in 52% vyield.
'H NMR (400 MHz, DMSO-ds): 6 = 10.61 (s, 1H), 7.88 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 8.1 Hz,
2H), 6.96 (s, 1H), 4.37 (s, 2H), 2.50 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.2, 161.1, 138.1, 132.4, 130.3, 129.2, 118.8,
116.2, 110.3, 45.8, 26.8 ppm.
IR (ATR): v =3279 (w), 3268 (w), 3223 (w), 3114 (w), 3104 (w), 3072 (w), 3050 (w), 3041 (w),
3036 (w), 3013 (w), 2997 (w), 2942 (w), 2227 (w), 1686 (vs), 1621 (vs), 1604 (s), 1506 (w),
1436 (m), 1421 (w), 1397 (m), 1358 (vs), 1285 (m), 1256 (vs), 1222 (vs), 1201 (vs), 1098 (s), 1043
(s), 1021 (m), 997 (s), 976 (s), 962 (m), 891 (s), 885 (s), 839 (s), 827 (s), 813 (S), 800 (S), 764 (S),
748 (vs), 718 (s), 696 (s), 654 (m), 632 (s), 599 (M), 561 (vs), 544 (vs), 487 (s), 462 (s), 449 (vs),
429 (vs), 404 (s), 387 (m) cm™.
HRMS (FAB): m/z calcd. for C14H12N3O3 [M+H], 270.0873; found, 270.0870.
UV/Vis (MeCN): Amax = 325 nm.

(2)-1-Acetyl-3-(4-(dimethylamino)benzylidene)piperazine-2,5-dione (36)
O O

Joren

General procedure B.
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The crude residue was purified via column chromatography (CH2Cl,:ethyl acetate; 9:1). The target
compound was isolated as a yellow solid in 57% yield.

To isolate the E-isomer a solution of compound 36 in ethyl acetate was irradiated at 365 nm for
1 hour. The two photoisomers were then separated via column chromatography (CH2Cl:ethyl
acetate; 9:1 -> 9:2).

Z-isomer

'H NMR (400 MHz, DMSO-de): 6 = 10.12 (s, 1H), 7.49 (d, J = 8.9 Hz, 2H), 6.91 (s, 1H), 6.75
(d, J=9.0 Hz, 2H), 4.35 (s, 2H), 2.98 (s, 6H), 2.48 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-ds): 6 = 171.7, 164.1, 162.6, 150.6, 131.5, 122.3, 121.8, 120.2,
111.7, 45.3, 39.7, 26.4 ppm.

IR (ATR): v = 3169 (w), 3084 (w), 3077 (w), 3067 (w), 3014 (w), 3002 (w), 2959 (w), 2891 (w),
2860 (w), 2803 (w), 1679 (vs), 1615 (m), 1589 (vs), 1550 (m), 1523 (s), 1485 (w), 1458 (m),
1441 (m), 1411 (s), 1351 (vs), 1329 (s), 1313 (s), 1262 (vs), 1224 (vs), 1198 (s), 1181 (vs),
1166 (vs), 1098 (s), 1067 (s), 1037 (s), 1003 (s), 982 (s), 963 (s), 942 (S), 899 (S), 882 (S), 854 (S),
812 (vs), 793 (vs), 752 (s), 741 (vs), 718 (s), 694 (s), 657 (s), 628 (S), 599 (vs), 578 (s), 551 (vs),
524 (vs), 506 (vs), 482 (vs), 456 (vs), 428 (s), 419 (s), 404 (s), 390 (s), 378 (s) cm™.

HRMS (FAB): m/z calcd. for C1sH17N303 [M+H], 287.1264; found, 287.1264.

EA (C15H17N3Os3): calcd. C 62.71; H 5.96; N 14.63; O 16.71. Found C 62.64; H 5.98; N 14.28.
UV/Vis (MeCN): Amax = 386 nm.

Fluorescence (DMSO): Zem= 516 nm (excited with 2 = 400 nm).

@r (DMSO): 0.004.

E-isomer

'H NMR (400 MHz, DMSO-ds): 6 = 10.35 (s, 1H), 7.56 (d, J = 9.0 Hz, 2H), 6.66 (d, J = 9.0 Hz,
2H), 6.50 (s, 1H), 4.28 (s, 2H), 2.95 (s, 6H), 2.45 (s, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.1, 161.0, 150.3, 132.3, 126.5, 122.7, 120.6,
111.0, 45.5, 39.5, 26.8 ppm.

(2)-1-Acetyl-3-(4-(diphenylamino)benzylidene)piperazine-2,5-dione (37)

%m@*
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General procedure A.

The crude residue was purified via column chromatography (CH2Clz:ethyl acetate; 1:0 -> 9:1).
The target compound was isolated as a yellow solid in 65% vyield.

'H NMR (400 MHz, DMSO-ds): ¢ = 10.27 (s, 1H), 7.50 (d, J = 8.9 Hz, 2H), 7.35 (dd, J = 8.5,
7.4 Hz, 4H), 7.12 (tt, J = 7.3, 1.3 Hz, 2H), 7.08 (d, J = 7.4 Hz, 4H), 6.93 (d, J = 8.9 Hz, 2H), 6.91
(s, 1H), 4.35 (s, 2H), 2.45 (d, J = 15.3 Hz, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.8, 164.1, 162.0, 147.7, 146.5, 131.1, 129.7, 126.3,
125.1, 124.8, 124.0, 121.3, 119.5, 45.5, 26.6 ppm.

IH NMR (400 MHz, CDCls): 6 = 7.89 (s, 1H), 7.39 — 7.27 (m, 4H), 7.25 (d, J = 8.0 Hz, 3H), 7.16
—7.09 (m, 7H), 7.06 (d, J = 8.8 Hz, 2H), 4.51 (s, 2H), 2.64 (s, 3H) ppm.

13C NMR (101 MHz, CDCls): 6 = 172.7, 162.9, 160.5, 149.2, 146.8, 130.0, 129.7, 125.6, 125.1,
124.4,123.9, 122.1, 120.6, 46.2, 27.3 ppm.

IR (ATR): v = 3234 (w), 3196 (w), 3101 (w), 3057 (w), 3038 (w), 1687 (vs), 1677 (vs), 1618 (m),
1602 (m), 1585 (vs), 1509 (m), 1485 (vs), 1455 (w), 1442 (m), 1432 (m), 1409 (s), 1374 (s),
1366 (s), 1356 (m), 1333 (s), 1302 (m), 1288 (m), 1265 (vs), 1207 (s), 1196 (s), 1176 (s), 1150 (s),
1130 (m), 1099 (m), 1079 (s), 1044 (m), 1038 (m), 1031 (s), 1000 (m), 984 (s), 970 (m), 952 (m),
929 (m), 921 (m), 904 (m), 894 (s), 841 (s), 827 (vs), 793 (s), 778 (s), 751 (vs), 734 (vs), 722 (vs),
694 (vs), 654 (s), 630 (vs), 622 (vs), 603 (s), 595 (s), 569 (M), 560 (s), 543 (vs), 517 (s), 500 (vs),
455 (vs), 428 (vs), 415 (s), 407 (vs), 392 (m), 377 (m) cm™.

HRMS (FAB): m/z calcd. for C2sH21N3Os [M+H], 411.1577; found, 411.1579.

UV/Vis (MeCN): Amax = 389 nm.

Fluorescence (MeCN): Zem= 569 nm (excited with 4 = 400 nm).

Fluorescence (DMSO): Aem= 565 nm (excited with 2 = 400 nm).

@r (DMSO): 0.030.

(2)-4-((4-Acetyl-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile (56)

gEt
1oy

O
General procedure B.
The crude residue was purified via column chromatography (CH.Clz:ethyl acetate; 4:1 -> 7:3).

The target compound was isolated as a yellow solid in 47% vyield.
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1H NMR (400 MHz, DMSO-ds): d = 10.20 (s, 1H), 7.51 (d, J = 9.0 Hz, 2H), 6.99 (d, J = 9.0 Hz,
2H), 6.91 (s, 1H), 4.35 (s, 2H), 3.49 — 3.42 (m, 4H), 3.30 — 3.20 (m, 4H), 2.48 (s, 3H), 1.42 (s, 9H)
ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.7, 164.1, 162.4, 153.8, 150.8, 131.3, 123.7, 123.0,
120.7,114.7,79.0, 47.1, 45.4, 28.0, 26.5 ppm.

IR (ATR): v =3201 (w), 3190 (w), 2972 (w), 2946 (w), 2931 (w), 2918 (w), 2868 (w), 2847 (W),
2837 (w), 1679 (vs), 1622 (s), 1604 (vs), 1513 (m), 1466 (m), 1453 (w), 1441 (m), 1408 (vs), 1364
(vs), 1354 (vs), 1340 (s), 1268 (vs), 1252 (s), 1241 (vs), 1218 (vs), 1196 (vs), 1169 (vs), 1153 (vs),
1140 (vs), 1099 (s), 1065 (s), 1041 (vs), 1014 (m), 997 (s), 979 (s), 960 (M), 945 (m), 935 (m),
908 (s), 897 (s), 884 (m), 864 (s), 834 (s), 817 (s), 798 (s), 771 (S), 759 (S), 748 (S), 741 (s), 720
(s), 705 (m), 656 (m), 640 (w), 628 (m), 599 (s), 577 (M), 557 (s), 543 (s), 516 (M), 492 (M), 459
(s), 435 (w), 419 (w), 409 (w), 392 (m) cm™™,

HRMS (FAB): m/z calcd. for C22H2sN4Os [M], 428.2054; found, 428.2053.

(2)-4-((4-Acetyl-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile (38)

rg

(2)-4-((4-Acetyl-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile (56) (200 mg, 467 umol, 1.00
equiv) was dissolved in 26 mL of a solution of 20% (v/v) TFA (7.70 g, 5.20 mL, 67.5 mmol, 145
equiv) and 80% dry CH2Cl> (20.8 mL) containing 1% (v/v) TIPS (201 mg, 260 uL, 1.27 mmol,
2.72 equiv) at 0 °C (ice bath). Subsequently, the ice bath was removed and the solution was
allowed to warm to ambient temperature. The reaction was monitored via TLC. After 2 hours the
starting material had been consumed and toluene (30 mL) was added and the mixture was
concentrated in vacuo. The crude product was purified via HPLC (gradient of 10-25% MeCN in
H20 within 40 min, 0.1% TFA (v/v) in the solvents). The TFA salt of the target compound was
isolated as a yellow solid in 74% yield.

'H NMR (400 MHz, D20): 6 = 7.48 (d, J = 9.0 Hz, 2H), 7.07 (d, J = 8.9 Hz, 2H), 6.97 (s, 1H),
4.24 (s, 2H), 3.54 (d, J = 5.5 Hz, 4H), 3.42 (d, J = 4.3 Hz, 4H), 2.52 (s, 3H) ppm.

13C NMR (101 MHz, D20): ¢ = 174.9, 165.9, 161.8, 150.1, 131.1, 124.4, 123.0, 122.3, 116.2,
45.7,45.2,42.9, 26.6 ppm.

IR (ATR): v = 3007 (w), 2997 (w), 2844 (w), 2836 (w), 2745 (w), 2495 (w), 1672 (vs), 1625 (s),
1595 (vs), 1519 (m), 1441 (w), 1418 (s), 1364 (vs), 1302 (w), 1258 (s), 1186 (vs), 1129 (vs), 1102
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(vs), 1040 (m), 1001 (m), 982 (w), 926 (m), 830 (s), 798 (s), 754 (w), 738 (m), 721 (vs), 657 (W),
629 (W), 595 (m), 574 (m), 547 (m), 517 (vs), 470 (m), 442 (m), 407 (m), 378 (w) cm™.
HRMS (FAB): m/z calcd. for C17H2:N4O3 [M+H], 329.1608; found, 329.1606.
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Figure 199: 'H NMR spectrum (400 MHz, CDCls) of compound Z-29.
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Figure 200: C NMR spectrum (101 MHz, CDCls) of compound Z-29.
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Figure 201: Extract of NOESY NMR spectrum (400 MHz, CDCls) of compound Z-29. Several
relevant signals were assigned to the corresponding protons via color code.
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Figure 202: 'H NMR spectrum (400 MHz, CDClIs) of compound E-29.
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Figure 203: C NMR spectrum (101 MHz, CDClIs) of compound E-29.
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Figure 204: Extract of NOESY NMR spectrum (400 MHz, CDCIs) of compound E-29. Several
relevant signals were assigned to the corresponding protons via color code.
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Figure 205: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-30.
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Figure 206: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-30.
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Figure 207: Extract of NOESY NMR spectrum (400 MHz, DMSO-ds) of compound Z-30. Several
relevant signals were assigned to the corresponding protons via color code.



222 Experimental Section

& Ll

n nE 28 E 9
= Mo W o = " ~
1 N 1

J SN N

g r T x 4 7 S

= 2 S 2 2 hm a

2 = o N e
T T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 7.5 70 &5 6.0 50 45 40 35 30 25 20 1.5 10 05 00 05 -i8

5.5
f1 (pom)

Figure 208: *H NMR spectrum (400 MHz, DMSO-dg) of compound E-30.
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Figure 209: C NMR spectrum (101 MHz, DMSO-ds) of compound E-30.
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Figure 210: Extract of NOESY NMR spectrum (400 MHz, DMSO-ds) of compound E-30. Several
relevant signals were assigned to the corresponding protons via color code.
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Figure 211: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-31.



224

Experimental Section

|
0O
250 ‘_éﬂ IIBO lf'ﬂ IIE\O ‘_‘SD 1}10 ‘_‘30 1|20 ‘_‘ID 150 Q‘D BIO ?‘D EIO S‘D -’-IO 3‘0 Z’IO 10 5 i
&/ppm

Figure 212: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-31.
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Figure 213: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-32.
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Figure 214: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-32.
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Figure 215: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-33.
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Figure 216: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-33.
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Figure 218: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-34.
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Figure 219: 'H NMR spectrum (400 MHz, DMSO-dg) of compound Z-35.
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Figure 220: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-35.
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Figure 221: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-36.
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relevant signals were assigned to the corresponding protons via color code.
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Figure 224: 'H NMR spectrum (400 MHz, DMSO-dg) of compound E-36.
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Figure 225: *C NMR spectrum (101 MHz, DMSO-ds) of compound E-36. One signal with a
chemical shift of 5= 39.5 overlaps with the solvent signal and was detected via *H-*C HSQC NMR
spectroscopy.
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relevant signals were assigned to the corresponding protons via color code.
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Figure 227: 'H NMR spectrum (400 MHz, CDClI3) of compound Z-37.
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Figure 228: 3C NMR spectrum (101 MHz, CDCls) of compound Z-37.
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Figure 229: 'H NMR spectrum (400 MHz, DMSO-dg) of compound Z-56.
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Figure 230: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-56.
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Figure 231: 'H NMR spectrum (400 MHz, D,0) of compound Z-38.
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Figure 232: 3C NMR spectrum (101 MHz, D,O) of compound Z-38.

5.5.3 Absorption Spectra of Non-Irradiated Samples
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Figure 233: Compound Z-29 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d =2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 234: Compound Z-30 was dissolved in different solvents (80 uM) and in mixtures of 1%
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(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 235: Compound Z-31 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 236: Compound Z-32 was dissolved in different solvents (80 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d =2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 237: Absorption spectrum of compound Z-33 (80 uM) in DMSO (d = 10 mm).
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Figure 238: Absorption spectrum of compound Z-34 (160 uM) in DMSO (d = 10 mm).
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Figure 239: Absorption spectrum of compound Z-35 (d = 10 mm). Left: 80 uM in CHCly; right:

160 uM in DMSO.
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Figure 240: Absorption spectrum of compound Z-36 (80 uM) in DMSO (d = 10 mm).
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Figure 241: Absorption spectrum of compound Z-37 (d = 10 mm). Left: 80 uM in CHCly; right:

80 uM in DMSO.
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5.5.4 Absorption Spectra of Irradiated Samples
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Figure 242: Compound 29 was dissolved in CH.Cl, (80 uM, top left), DMSO (160 puM, top right)
and 25% PBS in DMSO (v/v) (80 uM, bottom left), respectively. Absorption spectra (d=10 mm)
were first measured in the dark. The samples were then irradiated with 365 nm and with 407 nm. An
absorption spectrum was measured after each irradiation step until the PSS was reached, respectively.
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Figure 243: Compound 30 was dissolved in CH:Cl, (80 uM, left) and DMSO (80 uM, right),
respectively. Absorption spectra (d=10 mm) were first measured in the dark. The samples were then
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irradiated with 365 nm, 407 nm and 430 nm. An absorption spectrum was measured after each
irradiation step until the PSS was reached, respectively.
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Figure 244: Compound 31 was dissolved in CH.Cl, (80 uM, left) and DMSO (80 uM, right),
respectively. Absorption spectra (d=10 mm) were first measured in the dark. The samples were then
irradiated with 365 nm, 380 nm and 407 nm. An absorption spectrum was measured after each
irradiation step until the PSS was reached, respectively.
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Figure 245: Compound 32 was dissolved in CH.Cl, (80 puM, left) and DMSO (80 uM, right),
respectively. Absorption spectra (d=10 mm) were first measured in the dark. The samples were then
irradiated with 365 nm, 380 nm, 407 nm and 430 nm. An absorption spectrum was measured after
each irradiation step until the PSS was reached, respectively.
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Figure 246: Compound 33 was dissolved in DMSO (80 uM) and an absorption spectrum (d=10 mm)
was first measured in the dark. The sample was then irradiated with 365 nm, 380 nm, 407 nm, 430

nm and 455 nm. An absorption spectrum was measured after each irradiation step until the PSS was
reached, respectively.

dark
— PSSB’BE nm
- PSS3BO nm
—— PSS

407 nm

Absorbance (AlL)

300 400 500
Wavelength (nm)

Figure 247: Compound 34 was dissolved in DMSO (80 uM) and an absorption spectrum (d=10 mm)
was first measured in the dark. The sample was then irradiated with 365 nm, 380 nm and 407 nm.

An absorption spectrum was measured after each irradiation step until the PSS was reached,
respectively.
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Figure 248: Compound 35 was dissolved in CH,Cl, (80 uM, left) and DMSO (160 uM, right),
respectively. Absorption spectra (d=10 mm) were first measured in the dark. The samples were then
irradiated with 365 nm, 380 nm and 407 nm. An absorption spectrum was measured after each
irradiation step until the PSS was reached, respectively.
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Figure 249: Compound 36 was dissolved in DMSO (80 uM, top left), 25% PBS in DMSO (v/v) (80
MM, bottom left) and 75% PBS in DMSO (v/v) (80 uM, bottom right), respectively. Absorption
spectra (d=10 mm) were first measured in the dark. The samples were then irradiated with 365 nm,
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380 nm, 407 nm, 430 nm, 455 nm, 470 nm, 490 nm and with 523 nm. An absorption spectrum was
measured after each irradiation step until the PSS was reached, respectively.
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Figure 250: Compound 37 was dissolved in CH,CI; (80 uM, top left), DMSO (80 uM, bottom left)
and 25% PBS in DMSO (v/v) (80 uM, bottom right), respectively. Absorption spectra (d=10 mm)
were first measured in the dark. The samples were then irradiated with 365 nm, 380 nm, 407 nm, 430
nm, 455 nm, 470 nm, 490 nm and with 523 nm. An absorption spectrum was measured after each
irradiation step until the PSS was reached, respectively. In case of the sample in CH,Cl, degradation
was observed upon irradiation with wavelengths < 455 nm.
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5.5.5 Emission Spectra
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Figure 251: Normalized absorption (blue) and emission (red) spectra of 80 uM solutions of the
respective Z-isomers of 36 (left) and 37 (right) in DMSO.

5.5.6 Composition of the Photostationary States (PSSs)

The PSS composition was determined by measuring *H NMR spectra of the respective compounds
after irradiation. The PSS values in the NMR tubes (0.5 mL of the 30-60 mM solutions in DMSO-
ds or CD2Cl>) have been achieved within 1 h (365, 407, 523 nm) or 2 h (430 nm). Signal pairs were

determined for each compound: two signals assigned to the same proton for the respective

photoisomers were integrated and the % of E-isomer = Ig/(le+12)*100% was determined. The final

E/Z ratios result from the average value determined from three signal pairs.

Table 11: PSS composition in DMSO-ds or CD,Cl, determined by measuring *H NMR spectra of
the respective compounds after irradiation.

365nm | 407nm | 430nm | 450nm | 470nm | 490nm | 523 nm
Compound | (% of E- | (Y ofE- | (%0ofE- | (0ofE- | (%0fE- | (Y00f E- | (% of E-
isomer) | isomer) | isomer) | isomer) | isomer) | isomer) | isomer)
29
(DMSO-ds) 19 6 - - - - -
29
(CD2Cl) 10 2 - - - ; ]
30
(CD2Clp) 29 3 <1 - - - -
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31
(CD2Clp) 31 6 - - - - -

32
(CD2Cly) 34 5 <1 - - - -

35
(CD:Cly) 12 4 - - - - -

36
(DMSO-dg) | 71 62 53 20 13 7 3

37
(DMSO-dg) | 58 54 47 26 19 15 14

365 nm | o J}JMH;M B

B J‘Uuik

|
o IS ) S e

T T T T T T T T T T T T T T T T T T T T T T T T T
112 11.0 10,8 106 10,4 102 100 98B 96 94 92 90 88 86 84 BZ B0 T8 V6 74 T2 0 68 66 64
&/ppm

Figure 252: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 29 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm (middle) and 407 nm (bottom).
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Figure 253: Sections of *H NMR spectra (400 MHz, CD,Cl.) of compound 29 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm (middle) and 407 nm (bottom).
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Figure 254: Sections of 'H NMR spectra (400 MHz, CD,Cl.) of compound 30 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm, 407 nm and 430 nm.
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Figure 255: Sections of *H NMR spectra (400 MHz, CD.Cl.) of compound 31 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm and 407 nm.
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Figure 256: Sections of *H NMR spectra (400 MHz, CDCl,) of compound 32 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm, 407 nm and 430 nm.
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Figure 257: Sections of *H NMR spectra (400 MHz, CD,Cl.) of compound 35 in the dark (top) and
after reaching the PSS upon irradiation with 365 nm and 407 nm.
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Figure 258: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 36 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 523 nm.
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Figure 259: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 37 in the dark (top)
and after reaching the PSS upon irradiation with 365 nm, 407 nm and 523 nm.

5.5.7 Photoisomerization Quantum Yield

The measurements to determine the photoisomerization quantum yields were performed by Peter
Gadtel.

A 2.5 mM solution of 37 in DMSO was irradiated with 398 nm (Edison Opto, EDEV-SLC1-03)
and 520 nm (OSRAM Opto Semiconductors Inc., LTCP7P-KXKZ) in succession. Several samples
were taken from the solution during irradiation and the isomer-ratio was analyzed via HPLC. After
reaching the PSS at 398 nm (55.9% E-isomer), the same solution was irradiated with 520 nm for
a maximum of 115 min. The LEDs were driven at 4.0 VV and 100 mA (398 nm) as well as 3.7 V
and 59 mA (520 nm), to ensure the same irradiation intensity at the sample of 3.095 mW/cm? for

both wavelengths of light.

Since continuous irradiation well after the PSS is reached will eventually lead to a measured
reaction quantum yield of ®«» = 0, only samples were taken into account, which still lie in the
linear regime of the reaction progress.™® This ensures that Fmax can be determined accurately,
which more closely represents the switching efficiency of each individual molecule, rather than

the efficiency of reaching the PSS of the whole mixture.
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Figure 260: Content of E-37 upon irradiation with 398 nm over time (left) and content of Z-37 upon
irradiation with 520 nm over time (right) in the isomer mixture, determined via HPLC.

5.5.8 Thermal Relaxation of E-lsomers

Table 12: The thermal relaxation of the respective E-isomers of 29-32, 35, and 37 in MeCN at 60 °C

after one week was monitored via analytical HPLC.

Compound 29 30

31

32

35

37

Decrease of

E-isomer after 4.0% 0.8%

7 days

2.2%

1.3%

0.8%

12.1%
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Figure 261: Thermal relaxation of the E-isomers in MeCN at 60 °C was monitored via analytical
HPLC. The percentage of E-isomer was determined with the integrals of the signals assigned to the

respective isomer.
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5.5.9 Switching Stability
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Figure 262: Solutions of pure Z-isomers in DMSO (1.0 mM) were alternately irradiated with two
wavelengths and after every irradiation step the solutions were analyzed via analytical HPLC. 29:
365 nm for 2 min and with 407 nm for 10 min; 30: 365 nm for 2 min and with 430 nm for 20 min;
31: 365 nm for 2 min and with 407 nm for 5 min; 32, 35: 365 nm for 4 min and with 430 nm for 45
min; 36: 407 nm for 4 min and with 523 nm for 10 min; 37: 407 nm for 5 min and with 523 nm for
35 min.
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5.5.10 DFT Calculations

Cartesian Coordinates of the Optimized Structures

The presented data were obtained and visualized with Avogadro 1.2.0.
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-522.780

-227.214
-163.935
-0.24022
0.49644
-0.14522
-154.676
0.76692
0.68791
187.694
220.139
111.174
-0.22895
-0.51398
-165.147
327.087
-117.979
-252.987
-0.86660
0.30386
172.622
-335.428
-219.980
157.653
-205.235
178.921
259.904
121.184
123.520
-245.469
-299.523
-314.220
193.557
214.060
218.156

-0.13940
0.10903
0.15935
-0.03770
-0.27110
-0.33030
-0.44558
-0.42393
-0.69890
-0.11904
0.78088
0.25861
-0.17443
-0.34920
-0.28146
0.33160
-0.30915
0.88409
0.39917
0.45223
-0.19063
0.25724
-0.00609
-0.53302
-0.59167
-124.593
0.85631
178.170
-130.908
-0.34316
0.28208
0.65015
125.814
-0.49955
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Z-0-OMe-Ph-DKP-Ac (32)

422.552
491.771
424,774
288.215
213.858
285.142
0.70424
-0.36613
-0.30600
-132.496
-258.354
-279.865
-171.708
-185.130
-123.145
-414.825
-445.948
-502.539
214.104
283.496
476.392
598.430
478.321
235.286
0.43152
0.56710
-343.301
-253.557
-381.309
-550.341
-430.863
207.241
358.300
330.734

C
C
C
C
C
C
C
C
N
C
C
N
C
O
O
C
C
O
O
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H

0.33703
-0.72522
-189.706
-198.630
-0.92114
0.24392
-114.989
-0.32960
104.970
180.826
104.293
-0.13273
-0.95479
-209.828
301.179
-0.43585
-153.639
0.23164
123.443
237.711
123.036
-0.63419
-273.302
-289.642
-218.908
151.123
170.691
0.73955
-150.084
-142.114
-250.870
298.425
207.052
294.715

0.07527
-0.49908
-0.83982
-0.61235
-0.07140
0.30092
0.08360
-0.00165
-0.21176
-0.68695
-102.716
-0.16817
0.15860
0.55483
-0.87173
0.13202
111.025
-0.38061
0.91734
143.512
0.35642
-0.66512
-127.183
-0.86993
0.22362
0.03374
-0.91323
-207.868
198.618
139.660
0.64111
191.682
216.907
0.63197

E-0-OMe-Ph-DKP-Ac (32)
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Experimental Section

C
C
C
C
C
C
C
C
N
C
C
N
C
@)
)
C
C
@)
)
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H

-338.453
-451.880
-447.790
-328.627
-212.010
-218.998
-0.90571
0.36579
144.358
263.960
269.432
199.706
0.76457
0.08796
356.200
261.462
197.546
365.101
-106.057
-103.274
-344.194
-543.660
-536.093
-324.263
-106.319
128.470
373.013
225.144
182.655
263.544
0.99119
-0.02209
-174.745
-124.223

-105.045
-0.52195
0.73419
145.302
0.93470
-0.32950
175.548
136.089
226.799
190.339
0.43860
-0.43635
-0.02111
-0.66743
267.567
-168.178
-262.170
-195.932
-0.76087
-207.781
-201.889
-109.802
115.243
243.487
281.619
325.412
0.12585
0.33359
-214.173
-348.185
-293.432
-221.588
-218.190
-282.625

0.53777
-0.07812
-0.67352
-0.65912
-0.08566
0.54751
-0.07981
-0.25012
-0.15394
0.38401
0.77927
-0.17802
-0.68264
-145.370
0.57884
-0.45155
-143.568
0.11949
116.754
171.534
101.402
-0.07816
-114.032
-111.724
0.09853
-0.31978
0.83120
177.566
-240.238
-153.052
-108.671
209.329
253.638
0.94637

Z-m,m,p-(OMe)s-Ph-DKP-Ac (33)

O0O0O0O00O000

-273.188
-368.597
-326.993
-191.563
-0.96086
-137.631

105.762
0.04977
-128.322
-160.531
-0.59649
0.73781

-0.40660
-0.19424
-0.05056
-0.14439
-0.34142
-0.48486
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0.43903
154.039
150.308
254.732
380.050
397.445
287.492
297.945
247.326
530.891
556.944
621.050
-426.191
-390.074
-501.887
-548.353
-323.153
-230.854
-158.385
-0.65782
0.63497
0.64069
377.222
465.800
542.638
660.211
488.920
-483.402
-342.090
-323.670
-654.693
-533.821
-496.206
-291.391
-160.862
-175.314

C
C
N
C
C
N
C
O
O
C
C
O
O
C
O
C
O
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

-0.99824
-0.28589
0.98733
185.870
136.146
-0.09726
-0.93514
-211.283
296.422
-0.55153
-201.528
0.26255
-218.142
-355.464
0.35648
0.77848
231.349
338.945
-262.851
150.769
-201.879
129.342
167.090
183.653
-257.346
-210.588
-243.951
-408.555
-394.259
-369.268
0.98679
-0.01576
168.439
429.194
345.293
328.236

-0.41910
-0.10098
0.48206
0.52152
-0.16257
-0.06596
-0.27203
-0.56105
102.948
0.06836
0.30069
0.03222
0.17314
0.33032
-0.15803
113.542
-0.52997
-0.70856
-0.04453
-0.71672
-0.72381
0.91576
-121.300
0.30034
-0.62462
0.63279
103.821
0.50294
-0.57258
118.836
102.687
187.288
145.454
-0.74753
0.12976
-164.458

E-m,m,p-(OMe)-Phe-DKP-Ac (33)

C -246.206
C -355.329

-118.932
-0.31852

0.13028
0.27870

C -334.603 106.653 0.18659
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Experimental Section

-206.092
-0.96042
-117.685
0.32345
163.606
257.189
381.786
416.122
358.186
223.567
161.942
457.649
442.486
396.196
552.243
-446.104
-431.106
-480.804
-550.645
-276.371
-169.587
-189.552
-0.34458
0.19132
225.642
523.784
379.990
351.640
483.383
320.140
-531.196
-366.559
-390.662
-648.065
-563.767
-496.645
-215.106
-122.659
-0.93964

I T IIIIIIIIIIIIIIITITIOOOOOOCOOOOOLOOOHZOOZOOOOO

156.355
0.69065
-0.69465
135.606
100.864
204.290
210.394
0.89242
-0.33834
-0.34342
-137.583
304.659
-147.779
-273.591
-139.938
183.392
325.112
-0.80490
-124.430
-251.335
-345.000
262.918
-136.079
242.823
285.761
0.77550
105.292
-253.224
-337.946
-323.392
366.011
362.948
354.940
-159.705
-0.41380
-206.036
-443.292
-335.864
-331.562

-0.01570
-0.14400
-0.07736
-0.32797
-0.34738
-0.61347
-0.07527
0.76306
0.20487
-0.17531
-0.37003
-0.22748
0.19221
-0.49154
0.70778
0.30739
0.22218
0.52295
-0.65482
0.20337
0.05177
-0.07814
-0.20785
-0.45125
-112.435
0.79741
178.428
-146.434
-0.59421
0.10995
0.34010
102.015
-0.74953
-0.31952
-135.416
-114.059
0.14970
-0.93191
0.83008

Z-p-OCFs-Ph-DKP-Ac (34)

C 255.720

0.58591

-0.98389
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ITITITIIIIIIITNTOTOOOOOO0OZOO0ZO0000000

342.227
295.707
158.678
0.67600
118.748
-0.75085
-177.505
-161.793
-260.470
-392.274
-418.825
-316.107
-335.345
-243.177
-554.305
-588.960
-638.599
481.000
500.836
546.693
675.235
538.307
295.386
365.844
121.066
0.51951
-103.501
-0.71716
-472.044
-392.930
-520.397
-690.867
-582.912

-0.42684
-165.873
-186.929
-0.85629
0.36928
-115.114
-0.30280
105.466
199.077
146.057
0.07106
-0.87094
-207.184
316.479
-0.24148
-160.280
0.61650
-0.22585
146.694
0.26028
0.38610
-0.55040
152.189
-243.559
-282.894
114.714
-219.346
138.063
208.526
154.229
-191.833
-154.584
-234.661

-0.59595
-0.15749
-0.09108
-0.44006
-0.90415
-0.35045
-0.12889
0.16994
0.08209
-0.43382
-0.02618
-0.08951
-0.10338
0.35480
0.25215
0.79027
0.08269
-0.73018
0.73025
0.34203
0.01142
141.608
-135.388
0.11586
0.24186
-124.833
-0.42360
0.49798
-0.04852
-152.599
157.569
116.844
-0.00445

E-p-OCFs-Ph-DKP-Ac (34)

Z 00000000

-220.122
-319.004
-288.912
-155.604
-0.52610
-0.87355
0.84857
201.946
321.170

0.02293

-0.66334
-170.726
-205.999
-136.249
-0.32865
-182.527
-115.800
-187.885

-117.358
-0.48043
0.37972
0.55648
-0.09444
-0.97763
0.11355
0.15884
0.37513
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IITIIIIIIITITITITTOTOOOOO0O0OZ00

oS

Z-p-CN-Ph-DKP-Ac (35)

OCOoOOZO00Z00000000

444.040
443.854
344.220
215.595
121.846
544.754
384.984
294.257
494.154
-454.211
-509.804
-510.300
-637.020
-448.463
-247.469
-368.305
-130.848
-0.10521
0.92954
314.745
541.803
425.284
255.873
352.364
207.881

-367.659
-458.178
-411.610
-276.191
-183.463
-232.201
-0.42385
0.65820
0.60266
163.283
287.713
309.200
201.150
212.908
154.435

-146.381
-0.09615
0.81019
0.33660
106.005
-214.218
216.096
312.963
249.223
-0.34392
0.24937
0.59297
0.74852
178.820
0.81192
-223.785
-288.320
0.19665
-289.930
-282.692
0.35112
-0.21667
271.767
403.085
336.338

0.89600
-0.08957
-136.868
-164.543
-0.65930
0.61168
-102.424
-0.23603
110.778
199.487
143.055
0.00342
-0.87582
-208.262
315.910

-0.03571
-0.68151
-0.08982
0.17050
0.43849
0.06668
0.07013
0.77736
-0.34628
-0.72389
136.865
0.06467
-0.32196
-0.02289
-186.149
0.88804
121.595
-152.518
0.26208
0.72555
-0.55895
-175.408
171.001
0.96402
0.15480

0.43456
0.01634
-0.32247
-0.25301
0.13166
0.48985
0.18356
0.01865
-0.35418
-0.23385
0.41075
0.12073
0.13533
0.22532
-0.57631



Experimental Section

263

IIIIIIIIIIITZOOOO

E-p-CN-Ph-DKP-Ac (35)

ITIITIITZO0000000Z200Z2Z00000000

444.866
476.741
531.755
-597.664
-710.618
-403.912
-481.608
-240.598
-164.771
-0.20092
-0.24853
373.407
281.271
415.546
582.388
457.173

338.361
432.383
396.562
268.119
171.422
209.545
0.39902
-0.86239
-191.754
-319.391
-343.697
-259.395
-124.315
-0.43080
-406.024
-320.268
-247.612
-432.030
564.734
671.904
366.858
469.269
241.251
138.049
0.45617

-0.40062
-181.036
0.42127
0.20427
0.44247
187.433
-213.354
-263.607
137.350
-207.406
146.648
198.430
159.153
-213.587
-183.402
-249.818

0.78489
0.13072
-104.309
-154.265
-0.87552
0.28702
-151.216
-102.671
-192.631
-177.517
-0.49210
0.61966
0.40257
130.403
-261.612
190.193
307.811
200.624
0.65055
107.225
167.783
-155.720
-245.861
0.79700
-259.743

0.00989
-0.40580
0.21893
-0.05030
-0.10511
0.72144
-0.63210
-0.50790
0.85644
0.32623
-0.76917
0.04418
149.212
-124.614
-0.66661
0.41697

-0.73559
0.07348
0.75124
0.61777
-0.15673
-0.84558
-0.26725
-0.29426
-0.53446
-0.08443
0.67409
0.21064
-0.07060
-0.12981
-0.24369
0.23294
-0.36055
0.69639
0.19427
0.29229
-127.660
136.597
113.005
-147.009
-0.30698
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ITTITITTITXIT

-170.129
-447.541
-326.593
-201.072
-320.868
-168.104

-280.993
-0.20615
-0.68119
283.289
387.384
340.612

-0.97900
0.55069
173.934
-131.442
-0.48329
0.30913

Z-p-NMez-Ph-DKP-Ac (36)

IITIITIIITIIIIIIIOOZOOOOOOZO00Z00000000

318.890
413.052
361.983
226.301
131.733
183.348
-0.08138
-119.265
-116.366
-218.638
-337.714
-360.969
-251.768
-264.696
-214.425
-495.417
-525.908
-583.784
546.882
641.818
597.128
352.571
429.219
190.924
117.181
-0.29439
-0.35448
-426.236
-321.975
-460.624
-630.068
-511.121
621.586
639.322
742.138

0.91175
-0.12524
-144.212
-168.402
-0.65186
0.65251
-100.835
-0.24672
110.687
198.383
139.103
-0.01445
-0.89774
-210.636
314.867
-0.40402
-179.424
0.40416
0.13226
-0.96121
148.152
192.689
-227.544
-270.471
148.038
-206.031
144977
196.014
147.835
-209.100
-179.960
-251.607
-153.652
-164.791
-0.54972

-0.22947
-0.00407
0.12525
0.06240
-0.11444
-0.27468
-0.16758
-0.01468
0.37071
0.19440
-0.52742
-0.15858
-0.15343
-0.25681
0.55637
0.01178
0.50376
-0.20547
0.07321
0.22724
-0.14600
-0.38056
0.26780
0.15963
-0.49221
-0.31962
0.87210
-0.26832
-160.797
132.363
0.82008
-0.29948
113.560
-0.62693
0.30578
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H

575.838

183.742

-116.080

H 553.230 218.825 0.56446

H

704.882

148.490

-0.00168

E-p-NMez-Ph-DKP-Ac (36)

C

I T T T T T T O O 2000 0002002000000 0

295.169
401.740
366.697
234.633
127.550
163.444
-0.04832
-134.306
-234.855
-359.603
-386.827
-320.392
-183.553
-113.640
-441.681
-396.781
-339.916
-508.926
531.772
639.224
564.947
316.418
443.320
212.075
0.85891
0.00360
-209.230
-493.532

0.96995
0.03310
-133.410
-171.425
-0.78751
0.57319
-135.565
-0.92246
-191.682
-186.023
-0.56672
0.57116
0.46217
144.876
-276.100
174.534
289.686
179.190
0.42899
-0.55223
184.185
202.550
-209.508
-277.065
132.069
-243.860
-277.621
-0.37758

0.07510
0.05455
-0.08527
-0.18600
-0.15910
-0.02937
-0.24752
-0.22652
-0.40809
0.11690
0.85357
0.20387
-0.10792
-0.27464
0.02349
0.04719
-0.74034
0.51871
0.15965
0.09415
0.28535
0.16629
-0.11295
-0.28609
-0.02517
-0.34257
-0.87667
0.86295
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Experimental Section

I T T T T T T T I T

-

-352.603
-289.540
-422.984
-266.216
639.189
734.579
631.167
518.463
672.735
532.687

-0.66616
256.686
355.833
343.193
-108.785
-0.04052
-128.873
228.382
194.478
241.313

188.939
-164.777
-0.98043
-0.14144
-0.86140
0.19695
0.90017
117.226
0.38143
-0.59201

Z-p-NPhz-Ph-DKP-Ac (37)

C

O O zZ2 0000000000 0z200 2

-330.268
-323.581
-424.467
-547.215
-572.164
-465.071
-480.035
-416.043
-221.781
-0.80752
0.11579
147.615
198.780
108.135
-0.27971
385.133
336.303
430.609
415.923

-0.34333
105.856
189.458
118.442
-0.09717
-0.97516
-216.777
310.980
-115.101
-0.81622
-175.717
-151.142
-0.31051
0.61926
0.37486
128.376
-0.05051
-111.417
-213.063

0.02277
0.06087
-0.30411
-0.83025
-0.15074
0.05833
0.25823
-0.24710
0.05920
0.02329
0.52107
0.53104
0.00858
-0.53135
-0.51657
0.08834
0.01192
-0.05772
-100.696
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508.873
618.132
633.361
539.882
487.818
537.217
483.958
381.253
332.518
-7194.174
-707.606
-740.757
-239.773
-633.483
-535.505
-245.555
-0.25400
215.278
145.531
-0.93081
331.868
496.592
690.742
717.724
551.061
528.468
616.822
522.198
339.785
253.825
-845.070
-726.886
-676.416

-316.371
-318.420
-216.344
-113.608
170.102
299.878
389.610
348.035
217.935
0.33433
-0.41644
-164.741
149.459
182.255
102.586
-220.189
-269.064
-224.718
153.182
109.704
-210.606
-394.682
-398.607
-217.141
-0.34686
100.553
331.209
490.771
416.645
185.197
-156.157
-253.972
-175.409

-107.013
-0.20369
0.73385
0.81425
-0.76414
-0.67690
0.24790
109.480
102.517
-0.31028
0.09686
0.89733
0.42431
-0.67738
-190.776
0.17334
0.92990
0.94403
-0.97550
-0.99054
-168.905
-180.902
-0.26019
141.396
154.712
-148.763
-134.213
0.30966
182.395
169.287
119.655
0.28679
176.975
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E-p-NPh2-Ph-DKP-Ac (37)

IITIIIIIIIITOOOOOOOOOOHOOHOOOOZOOOOOOOOO000O0Z00Z0

344.645
450.989
573.672
591.324
522.414
385.779
309.819
661.054
218.298
0.82118
-0.18547
-152.917
-194.800
-0.96092
0.38334
-378.829
-330.529
-424.137
-397.079
-489.558
-610.406
-637.806
-545.077
-466.115
-515.267
-476.906
-389.525
-341.284
540.864
587.816
720.765
431.646
553.037
697.587
219.460
0.10494
-226.415
-125.854
111.346
-303.907
-467.671

-0.84883
-165.887
-174.580
-0.79554
0.47906
0.42129
134.495
-251.223
-131.015
-0.86449
-181.151
-154.180
-0.28880
0.66738
0.39104
133.394
-0.00039
-103.279
-197.628
-297.682
-303.607
-208.748
-109.388
184.581
314.163
394.231
343.188
213.158
275.607
171.737
167.706
-230.109
-127.265
-0.63487
-229.704
-278.299
-229.376
163.869
114.572
-192.039
-370.317

-0.54797
-103.529
-0.46610
0.70240
0.45803
0.09595
0.30872
-0.83932
-0.76727
-0.54905
-0.85313
-0.68895
-0.20666
0.09215
-0.07636
-0.15240
-0.03620
0.25337
124.965
153.032
0.83678
-0.14766
-0.44551
0.81219
0.68902
-0.38605
-134.566
-123.790
0.23903
0.64710
136.978
-179.304
161.094
0.82546
-122.521
-123.750
-0.94198
0.46412
0.16096
179.834
230.418
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IITITITIIITIITITIIIIT

-682.540
-731.269
-565.815
-495.116
-582.872
-514.864
-359.825
-274.567
798.816

747.560

716.322

-381.190
-212.600
-0.36090
122.469
352.960
495.284
404.246
172.927
125.767
270.361
108.502

106.301
-0.69477
-121.503
165.040
144.186
-0.47654
-219.023
-198.978
0.72946
160.867
228.529

Z-p-Pip-Ph-DKP-Ac (38)

ITIITITOO0OOZ00Z000000000002Z20020

-220.600
-212.821
-312.570
-434.848
-461.873
-355.636
-372.175
-303.762
-112.516
0.28666
120.247
256.841
311.563
219.922
0.83701
499.601
448.205
539.607
639.908
727.351
679.462
-683.295
-597.529
-632.170
-129.574
-520.978
-421.097

-0.26496
109.921
200.189
142.326
0.03757
-0.87786
-208.471
317.797
-106.921
-0.75265
-179.462
-158.145
-0.29702
0.74712
0.52601
121.007
-0.06739
-118.878
148.572
0.37123
-0.85406
0.52368
-0.30533
-166.967
143.826
202.839
147.281

-0.02083
0.31142
0.11656
-0.56122
-0.14518
-0.11697
-0.16735
0.42885
-0.15874
-0.13322
0.10243
0.15171
-0.06727
-0.33872
-0.36829
0.44954
-0.06633
0.15998
-0.07320
0.28746
-0.34818
-0.19705
0.04220
0.57633
0.77632
-0.30312
-164.686
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H -137.309 -211.849 -0.26884
H 0.82384 -279.582 0.27650
H 321.020 -241.983 0.37715
H 255.977 173.975 -0.56727
H 0.19819 135.636 -0.63794
H 434.023 202.297 0.15197
H 501.891 117.742 154.893
H 503.437 -205.909 -0.38539
H 544214 -144538 122.916
H 634492 164.239 -116.400
H 677.299 240.435 0.38410
H 822.151 0.56600 -0.01593
H 746543 -167.926 -0.09969
H 675.305 -0.76671 -144.733
H -736.247 -163.343 0.89330
H -619.739 -241.964 -0.20494
H -567.680 -196.156 140.413

E-p-Pip-Ph-DKP-Ac (38)

TOOO0OOZO00Z00000000000Z20020

-235.490
-341.830
-464.417
-482.259
-413.810
-276.652
-200.857
-551.813
-108.967
0.26857
0.71098
205.224
306.348
262.607
128.160
541.094
440.132
489.077
670.958
718.230
619.773
-432.524
-479.763
-613.800
-322.170

-0.91093
-184.525
-172.321
-0.41181
0.68582
0.50281
144.374
-257.395
-141.858
-0.92739
0.40822
0.72391
-0.26746
-160.509
-191.100
-100.400
0.05607
135.339
-0.55436
0.67993
173.916
271.334
189.769
212.096
-271.749

-0.23330
-0.39859
0.16298
0.90446
0.20771
-0.09732
-0.22972
0.09358
-0.28224
-0.22052
-0.09595
-0.02138
-0.05937
-0.20536
-0.27644
0.01022
0.06703
-0.42006
0.67134
0.04943
0.25953
-0.84859
-0.08780
0.58042
-0.87244
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-588.552 -0.22012 0.96443
-443.502 -0.52168 192.301
-110.157 -250.197 -0.38469
-0.01745 120.074 -0.06397
231.629 176.554 0.08945
333.806 -241.264 -0.28312
0.99717 -295.166 -0.38972
504.363 -187.691 0.54631
560.710 -129.556 -103.223
415417 212.672 -0.22574
504.876  129.922 -150.709
652.579 -0.43396 175.269
745.821 -133.874 0.54114
807.053 0.95055 0.45760
656.278 266.922 -0.18146
599.859 192.174 132.934
-610.513 191.777 165.202
-641.279 315.963 0.41195
-690.797 148.473 0.13612

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

Molecular Orbitals

The orbital energies and the 3D representations (left: HOMO, right: LUMO) of the electron
probability distributions were extracted with Avogadro 1.2.0.

Table 13: HOMO-1 (H-1), HOMO (H), LUMO (L) and LUMO+1 Kohn-Sham orbital energies (in
eV) of the E-isomers and Z-isomers of the compounds 29-38 calculated on the TD-B3LYP-GD3BJ/6-
311G(d,p) level of theory.

Compound €H-1 €H &L gL+
Z -7.218 -6.335 -2.281 -0.803
# E -7.207 -6.287 -2.331 -0.829
YA -7.318 -5.959 -2.197 -0.707
% E -7.288 -5.896 -2.269 -0.691
VA -6.709 -6.213 -2.296 -0.786
. E -6.628 -6.159 -2.338 -0.806
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YA -6.848 -6.134 -2.192 -0.714
. E -6.703 -6.085 -1.962 -0.752
z -6.450 -6.011 -2.273 -0.747
. E -6.341 -5.952 -2.339 -0.786
YA -7.542 -6.463 -2.391 -0.961
. E -7.468 -6.439 -2.366 -0.870
YA -7.604 -6.531 -2.669 -1.263
» E -7.539 -6.545 -2.597 -1.314
z -6.844 -5.358 -2.088 -0.607
% E -6.838 -5.327 -2.153 -0.582
z -6.573 -5.372 -2.252 -0.970
o E -6.543 -5.356 -2.312 -0.911
z -6.457 -5.477 -2.145 -0.644
% E -6.462 -5.423 -2.197 -0.627

Z-Ph-DKP-Ac (29)

E-Ph-DKP-Ac (29)
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Z-p-OMe-Ph-DKP-Ac (30)

E-p-OMe-Ph-DKP-Ac (30)

Z-m-OMe-Ph-DKP-Ac (31)

E-m-OMe-Ph-DKP-Ac (31)
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Z-0-OMe-Ph-DKP-Ac (32)

E-0-OMe-Ph-DKP-Ac (32)

G35
Lo

Z-m,m,p-(OMe)3-Ph-DKP-Ac (33)

E-m,m,p-(OMe)s-Ph-DKP-Ac (33)
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E-p-OCF3-Ph-DKP-Ac (34)

Z-p-CN-Ph-DKP-Ac (35)

E-p-CN-Ph-DKP-Ac (35)
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Z-p-NMez-Ph-DKP-Ac (36)

E-p-NPhz-Ph-DKP-Ac (37)
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E-p-Pip-Ph-DKP-Ac (38)

Excitation Energies

The five lowest transitions computed in the TD calculations (10 states in total) are reported. For
each excited state the energy (in V), the associated wavelength (in nm) and the oscillator strength
of the transition is given. The numbers of the orbitals involved in the transition (with general
formula occupied — unoccupied) and the associated (largest) coefficient in the CI expansion is

presented.

Z-Ph-DKP-Ac (29)
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Excited State 1: 3.6659 eV 338.21 nm f=0.5614
63 -> 65 0.13464
64 -> 65 0.68835
Excited State 2: 3.8710 eV 320.29 nm f=0.0553
61 ->65 0.16695
62 -> 65 -0.12144
63 -> 65 0.62555
63 -> 66 0.14669
64 -> 65 -0.14257
Excited State 3:4.3807 eV 283.02 nm =0.0048
61 ->65 -0.17565
62 -> 65 0.60897
63 -> 65 0.17388
64 -> 67 -0.23825
Excited State 4:4.4377 eV 279.39 nm =0.0353
61 ->65 0.63143
62 -> 65 0.19905
63 -> 65 -0.15136
Excited State 5:4.8883 eV 253.64 nm =0.0500
58 -> 65 0.34338
58 -> 66 0.10534
59 -> 65 0.22563
60 -> 65 0.28207
63 -> 66 -0.23256
63 -> 69 -0.11949
64 -> 66 0.37336
E-Ph-DKP-Ac (29)
Excited State 1:3.5756 eV 346.75 nm f=0.5345
63 -> 65 0.18410
64 -> 65 0.67042
Excited State 2: 3.8216 eV 324.43 nm f=0.0931
61 ->65 0.15493
62 -> 65 0.19230
63 -> 65 0.59700
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63 -> 66 0.14135
64 -> 65 -0.20573
Excited State 3:4.2219 eV
62 -> 65 0.64429
63 -> 65 -0.20771
64 -> 67 0.18412
Excited State 4: 4.3346 eV
61 ->65 0.66557
63 -> 65 -0.16952
Excited State 5:4.8421 eV
58 -> 65 0.19942
59 -> 65 -0.29870
63 -> 66 -0.13519
64 -> 66 0.56144
Z-p-OMe-Ph-DKP-Ac (30)
Excited State 1:3.4188 eV
72->73 0.70342
Excited State 2:4.2986 eV
67 ->73 -0.32573
68 -> 73 -0.32261
71->73 0.49482
Excited State 3:4.3997 eV
69 -> 73 0.24852
70 ->73 -0.43173
72 ->74 0.44380
72 ->75 -0.18940
Excited State 4: 4.5054 eV
68 -> 73 -0.14421
69 -> 73 0.46407
70 ->73 0.42017
71->73 -0.21480
72 ->74 0.12723
Excited State 5:4.7342 eV
68 -> 73 0.10544

293.67 nm

286.03 nm

256.05 nm

362.66 nm

288.43 nm

281.80 nm

275.19 nm

261.89 nm

f=0.0095

f=0.0439

f=0.1842

f=0.7882

f=0.0233

f=0.0131

f=0.0025

f=0.1474
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72->74 0.21583
72->75 0.64538
E-p-OMe-Ph-DKP-Ac (30)
Excited State 1:3.2811 eV 377.87 nm =0.7129
72 ->73 0.70320
Excited State 2:4.1795eV 296.65 nm =0.0019
67 -> 73 -0.30644
68 -> 73 0.28669
69 -> 73 -0.15157
70 -> 73 0.31176
71->73 0.42080
72->75 0.10506
Excited State 3:4.3188 eV 287.08 nm =0.0032
67 -> 73 0.12218
68 -> 73 -0.13517
70 -> 73 0.53737
71->73 -0.29196
72->75 0.28718
Excited State 4:4.4033 eV 281.57 nm f=0.0107
67 -> 73 0.13740
68 -> 73 -0.26550
69 -> 73 0.47813
71->73 0.37451
72->75 0.10067
Excited State 5:4.6794 eV 264.96 nm =0.2732
67 -> 73 -0.17381
69 -> 73 0.13680
72 ->74 0.64568
72->75 -0.10003
Z-m-OMe-Ph-DKP-Ac (31)
Excited State 1: 3.4943 eV 354.82 nm f=0.3787
71->73 0.11538
72 ->73 0.69350
Excited State 2:3.8829 eV 319.31 nm f=0.2400
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71->73 0.68326
72 ->73 -0.11481
Excited State 3:4.3248 eV 286.68 nm f=0.0468
66 -> 73 0.11215
67 ->73 0.34337
68 -> 73 0.12955
69 -> 73 0.55509
70 ->73 0.12009
Excited State 4:4.4718 eV 277.26 nm f=0.0166
69 -> 73 -0.13567
70 ->73 0.67050
Excited State 5:4.7584 eV 260.56 nm f=0.0012
67 ->73 -0.36847
68 -> 73 0.53035
68 -> 74 0.13439
70 ->73 0.10096
70 > 74 -0.11132
E-m-OMe-Ph-DKP-Ac (31)
Excited State 1:3.3839 eV 366.40 nm f=0.3224
71->73 0.15348
72->73 0.68376
Excited State 2: 3.7655 eV 329.27 nm f=0.2875
71->73 0.67619
72 ->73 -0.14705
Excited State 3:4.2930 eV 288.80 nm f=0.0939
67 ->73 -0.33967
69 -> 73 0.42826
70 ->73 0.41285
Excited State 4: 4.3876 eV 282.58 nm f=0.0024
67 ->73 0.16081
69 -> 73 -0.37488
70 ->73 0.55112
Excited State 5:4.7268 eV 262.30 nm f=0.0179
67 ->73 0.47210
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67 -> 74 0.10954
68 -> 73 0.33188
68 -> 74 0.10713
69 -> 73 0.26210
69 -> 74 0.12074
72->74 -0.18479
Z-0-OMe-Ph-DKP-Ac (32)
Excited State 1:3.4915eV 355.11 nm f=0.4938
72 ->73 0.69329
Excited State 2:4.0665 eV 304.89 nm =0.0870
71->73 0.67839
72->75 -0.10584
Excited State 3:4.4285eV 279.97 nm =0.0809
66 -> 73 0.13494
67 ->73 0.37524
69 -> 73 0.53208
69 -> 74 0.11567
70 -> 73 0.12988
Excited State 4:4.4625 eV 277.83 nm =0.0080
69 -> 73 -0.13758
70 ->73 0.67490
Excited State 5:4.7785 eV 259.46 nm f=0.0254
66 -> 73 0.10871
67 -> 73 0.47992
67 ->74 0.10644
68 -> 73 -0.12994
69 -> 73 -0.34232
69 -> 74 -0.13846
72 ->74 0.23275
E-0-OMe-Ph-DKP-Ac (32)
Excited State 1: 3.4567 eV 358.68 nm =0.1699
71->73 -0.11610
72 ->73 0.69294
Excited State 2:4.1009 eV 302.33 nm f=0.1563
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67 ->73 -0.10843
70 ->73 0.10628
71->73 0.65908
72->73 0.11095

Excited State 3: 4.3919 eV 282.30 nm f=0.0066

67 ->73 -0.22448
69 -> 73 -0.29037
70 ->73 0.53223
71->73 -0.15027
72->74 -0.11635
72->75 -0.10587

Excited State 4: 4.6849 eV 264.65 nm f=0.0445

69 -> 73 0.49962
70 ->73 0.23901
72->74 -0.39127

Excited State 5:4.7441 eV 261.34 nm f=0.2603

67 ->73 -0.10228

69 -> 73 0.32182

70 -> 73 0.23959

72 ->74 0.54917
Z-m,m,p-(OMe)s-Ph-DKP-Ac (33)

Excited State 1:3.3717 eV 367.72 nm f=0.5980

88 -> 89 0.70271

Excited State 2:3.5939 eV 344.99 nm f=0.0285

87 ->89 0.69657

Excited State 3:4.2054 eV 294.82 nm f=0.0113

82 -> 89 0.24723
83 -> 89 -0.29434
86 -> 89 0.56978

Excited State 4: 4.4769 eV 276.94 nm f=0.0004

83 -> 89 0.27113
83 ->90 0.11140
85 ->89 0.60030
86 -> 89 0.17553
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Excited State 5: 4.5268 eV 273.89 nm f=0.0869
81 ->89 0.11161
82 ->89 -0.26940
83 ->89 0.40009
85 -> 89 -0.32494
86 -> 89 0.35192
E-m,m,p-(OMe)s-Phe-DKP-Ac (33)
Excited State 1: 3.2666 eV 379.55 nm =0.6036
88 -> 89 0.69958
Excited State 2: 3.4008 eV 364.58 nm =0.0278
87 -> 89 0.69737
Excited State 3:4.1452 eV 299.10 nm f=0.0022
82 ->89 0.25259
83 ->89 -0.19539
84 -> 89 0.22492
86 -> 89 0.56668
Excited State 4: 4.3749 eV 283.40 nm f=0.0020
82 ->89 0.16898
83 -> 89 -0.24504
84 -> 89 0.23474
85 -> 89 0.54954
86 -> 89 -0.16861
Excited State 5:4.4649 eV 277.69 nm f=0.1020
82 ->89 -0.22261
83 ->89 0.21219
84 -> 89 -0.29490
85 -> 89 0.40712
86 -> 89 0.36654
Z-p-OCF3-Phe-DKP-Ac (34)
Excited State 1:3.6780 eV 337.10 nm f=0.6140
84 ->85 0.69942
Excited State 2:4.3078 eV 287.81 nm f=0.0688
79 -> 85 0.27311
80 -> 85 0.17398
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81 ->85 0.56006
81 ->87 0.11911
82 ->85 0.18180
Excited State 3:4.4120 eV 281.02 nm f=0.0140
83 ->85 0.67935
Excited State 4:4.5110eV 274.85 nm f=0.0008
81 ->85 -0.18336
82 ->85 0.52733
84 -> 86 -0.41609
Excited State 5:4.7245eV 262.43 nm f=0.0024
79 -> 85 0.23533
80 -> 85 0.55082
80 -> 87 0.12414
81->85 -0.25499
81 ->87 -0.12045
83 -> 87 0.10361
E-p-OCF3-Phe-DKP-Ac (34)
Excited State 1:3.6151 eV 342.96 nm f=0.4699
84 -> 85 0.70044
Excited State 2:4.1059 eV 301.96 nm f=0.0062
78 -> 85 -0.22462
79 ->85 0.10892
81->85 -0.33374
83 ->85 0.54672
Excited State 3:4.3962 eV 282.03 nm f=0.0431
82 ->85 0.68351
Excited State 4: 4.4622 eV 277.85 nm f=0.0023
81->85 0.53357
83->85 0.36144
84 -> 86 0.11318
84 -> 87 -0.20896
Excited State 5:4.7107 eV 263.20 nm f=0.0023
78 ->85 -0.19061
80 -> 85 0.62143
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80 -> 86 0.15114
Z-p-CN-Ph-DKP-Ac (35)
Excited State 1: 3.5225 eV 351.98 nm f=0.7568
70->71 0.70090
Excited State 2:4.2033 eV 294.97 nm f=0.0934
64 ->71 0.10523
65->71 0.27297
66 -> 71 -0.15079
67 ->71 0.48409
67 -> 72 0.13969
68 ->71 0.32219
Excited State 3:4.2488 eV 291.81 nm f=0.0111
69 ->71 0.68655
Excited State 4:4.3963 eV 282.02 nm =0.0081
67 ->71 -0.32060
68 -> 71 0.50371
70 ->72 -0.11198
70 -> 73 -0.34074
Excited State 5:4.5957 eV 269.78 nm =0.0039
65 ->71 -0.26720
66 ->71 0.53586
66 -> 72 0.13442
67 ->71 0.25797
E-p-CN-Ph-DKP-Ac (35)
Excited State 1: 3.4883 eV 355.42 nm =0.5765
70->71 0.68501
Excited State 2:4.1753 eV 296.95 nm f=0.1761
64 ->71 -0.10829
65 ->71 0.22582
67 ->71 -0.23517
68 -> 71 0.53756
69 ->71 0.13260
70->71 0.15266
70 ->72 0.10768
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70 -> 73 0.10297
Excited State 3:4.2472 eV 291.92 nm f=0.0319
68 -> 71 -0.10236
69 ->71 0.67620
Excited State 4:4.4147 eV 280.84 nm f=0.0523
65->71 -0.18713
66 -> 71 -0.12554
67 ->71 0.47755
68 -> 71 0.35689
70 ->72 -0.10895
70 -> 73 0.20666
Excited State 5:4.5552 eV 272.18 nm f=0.0307
65 ->71 0.15644
66 -> 71 0.35106
67 ->71 0.33220
70 ->72 0.44764
Z-p-NMez-Ph-DKP-Ac (36)
Excited State 1:3.0013 eV 413.11 nm f=0.9372
76 -> 77 0.70538
Excited State 2:4.1325 eV 300.02 nm f=0.0165
74 -> 77 -0.23561
75 ->77 -0.10829
76 -> 78 -0.31753
76 ->79 0.56259
Excited State 3:4.2123 eV 294.34 nm f=0.0115
71->77 -0.21055
72 ->77 -0.29105
75 ->77 0.57360
Excited State 4:4.3014 eV 288.24 nm f=0.1362
76 -> 78 0.61727
76 -> 79 0.31658
Excited State 5:4.5330 eV 273.51 nm f=0.0023
72 ->77 -0.26501
73->77 0.51935
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74 -> 77 -0.33592
75 ->77 -0.12175
E-p-NMez-Ph-DKP-Ac (36)
Excited State 1:2.9135eV 425.55 nm f=0.8714
76 -> 77 0.70512
Excited State 2:4.1381 eV 299.62 nm =0.0051
71->77 0.20759
72 ->77 -0.26265
73 ->77 0.13476
74 -> 77 0.21015
75 -> 77 0.51400
76 -> 78 0.14576
76 -> 79 -0.16012
Excited State 3:4.1915eV 295.80 nm =0.0291
71->77 0.10028
72 ->77 -0.13473
13 ->77 0.13454
74 -> 77 -0.36792
75 ->77 0.20765
76 -> 78 -0.25145
76 ->79 0.44811
Excited State 4:4.2953 eV 288.65 nm f=0.2551
72 ->77 0.12387
74 -> 77 -0.20697
76 -> 78 0.61586
76 ->79 0.19529
Excited State 5:4.4170 eV 280.70 nm f=0.0101
71->77 -0.23912
72 ->77 0.39560
73 ->77 -0.19842
74 -> 77 -0.12830
75 -> 77 0.40340
76 -> 78 -0.14252
76 -> 79 -0.13923
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Z-p-NPh2-Ph-DKP-Ac (37)

Excited State 1:2.7577 eV 449.60 nm f=0.8975
108 ->109 0.70398

Excited State 2:3.7043 eV 334.70 nm f=0.0178
108 ->110 0.69127

Excited State 3: 3.9060 eV 317.42 nm f=0.1705
107 ->109 0.67985

Excited State 4: 3.9695 eV 312.34 nm f=0.1889
108 ->112 0.69138

Excited State 5:4.0934 eV 302.89 nm f=0.0741
108 ->111 0.68039

E-p-NPh2-Ph-DKP-Ac (37)

Excited State 1:2.6959 eV 459.89 nm f=0.8950
108 ->109 0.70404

Excited State 2: 3.7501 eV 330.62 nm f=0.0432
103 ->109 0.19029
104 ->109 -0.35147
105 ->109 -0.12455
106 ->109 -0.31698
107 ->109 0.41356
108 ->110 -0.11484

Excited State 3: 3.7564 eV 330.06 nm f=0.0242
104 ->109 -0.12971
108 ->110 0.67063

Excited State 4: 3.8920 eV 318.56 nm =0.1522
103 ->109 -0.10679
104 ->109 0.31339
106 ->109 0.22729
107 ->109 0.54829

Excited State 5:3.9657 eV 312.64 nm f=0.1728
108 ->112 0.68797

Z-p-Pip-Ph-DKP-Ac (38)

Excited State 1: 3.0366 eV 408.30 nm f=0.9535
87 -> 88 0.70518
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Excited State 2: 3.9287 eV 315.58 nm
86 -> 88 0.70421

Excited State 3:4.1457 eV 299.07 nm
84 -> 88 -0.28083
87 ->90 0.63203

Excited State 4:4.1975eV 295.37 nm
81 ->88 -0.20787
82 ->88 -0.28532
85 -> 88 0.58568

Excited State 5:4.3648 eV 284.05 nm
87 -> 89 0.69309

E-p-Pip-Ph-DKP-Ac (38)

Excited State 1:2.9501 eV 420.28 nm
87 -> 88 0.70478

Excited State 2: 3.8267 eV 324.00 nm
82 -> 88 0.21411
84 -> 88 0.59748
84 -> 89 0.12941
85 -> 88 0.18757

Excited State 3: 3.8691 eV 320.45 nm
86 -> 88 0.69910

Excited State 4:4.1752 eV 296.96 nm
83 -> 88 0.49130
87 ->89 0.16383
87 ->90 -0.46091

Excited State 5:4.2149 eV 294.16 nm
82 ->88 0.23971
84 -> 88 -0.26627
85 -> 88 0.57333
87 ->89 0.13954

f=0.0069

f=0.0164

f=0.0097

f=0.1326

f=0.9165

f=0.0003

f=0.0053

f=0.0078

f=0.0135
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Calculated Absorption Spectra

The absorption spectra were simulated based on TD calculations (10 states in total) with
Gaussview assuming a gaussian band shape (characterized by a standard deviation s = 0.2 eV) and
the extracted data was plotted using OriginPro 2020 9.7.188 with the peaks, furnished by the

calculation.
400004 7isomer
| —— E-isomer
30000 W
o
S 20000 -
W
10000 -
0 T

1 M 1 M 1 M 1 M 1 M M 1
150 200 250 300 350 400 450
Wavelength (nm)

Figure 263: Simulated absorption spectrum of E-29 and Z-29 based on TD calculations (10 states in
total).
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Figure 264: Simulated absorption spectrum of E-30 and Z-30 based on TD calculations (10 states in
total).
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Figure 265: Simulated absorption spectrum of E-31 and Z-31 based on TD calculations (10 states in
total).
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Figure 266: Simulated absorption spectrum of E-32 and Z-32 based on TD calculations (10 states in
total).
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Figure 267: Simulated absorption spectrum of E-33 and Z-33 based on TD calculations (10 states in
total).
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Figure 268: Simulated absorption spectrum of E-34 and Z-34 based on TD calculations (10 states in
total).
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Figure 269: Simulated absorption spectrum of E-35 and Z-35 based on TD calculations (10 states in
total).
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Figure 270: Simulated absorption spectrum of E-36 and Z-36 based on TD calculations (10 states in

total).
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Figure 271: Simulated absorption spectrum of E-37 and Z-37 based on TD calculations (10 states in

total).
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Figure 272: Simulated absorption spectrum of E-38 and Z-38 based on TD calculations (10 states in
total).

5.5.11 Crystal Structure Determinations

Crystal structures in this section were measured and solved by Dr. Martin Nieger at the University
of Helsinki (Finland).

Table 14: Overview of the numbering and sample code of crystal structures solved by Dr. Martin
Nieger.

Entry | Compound Number | Code Assigned by Dr. Martin Nieger | CCDC Number

1 29 SB1440_HY_SUK170
2 30 SB1440_HY
3 33 SB1465_HY
4 35 SB1440_HY_SUK130

5 36 SB1393_HY
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Frob = S50
Temp = 238

a7y

PLATON-May 18 07:57:22 2021

™~

-37 _sukl70 P21 R =0.06 RES= 0 32 X

SUK170

SB1440 HY SUK170
pseudo-merohedral twin with 4
crystallographic independent molecules in the
asymmetric unit

additional refinement as inversion twin failed

(Z)-1-Acetyl-3-benzylidenepiperazine-2,5-dione — SB1440_HY_SUK170

Crystal data

C13H12N203

F(000) = 1024

M = 244.25

Dx = 1.416 Mg m*

Monoclinic, P2; (no.4)

Cu Ka radiation, A = 1.54178 A

a=7.2931(5) A

Cell parameters from 9848 reflections

b =23.1044 (16) A 0=38-723°
¢ =13.5985 (9) A p=0.85mm?
B =90.424 (4)° T=298K

V=22013(3) A®

Blocks, colourless

Z=8

0.36 x 0.18 x 0.06 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

8174 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.061

rotation in ¢ and o, 1°, shutterless scans

Omax = 73.1°, Omin = 1.9°

Absorption correction: multi-scan h=-8-9
SADABS (Sheldrick, 2014)

Tmin = 0.614, Tmax = 0.925 k = -28-»28
46761 measured reflections I=-16—16

8936 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: inferred from neighbouring sites

R[F2 > 26(F?)] = 0.060

H-atom parameters constrained

WR(F?) = 0.165

w = 1/[c¥(Fe?) + (0.0769P)? + 1.2391P]
where P = (Fo? + 2Fc?)/3

S=1.06

(A/6)max < 0.001

8936 reflections

Admax = 0.29 e A3

654 parameters

Admin=-0.21 & A

541 restraints

Absolute structure: Flack x determined using 3539 quotients [(1+)-(I-
Y/[(1+)+(1-)] (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259).

Primary atom site location: dual

Absolute structure parameter: 0.23 (9)
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12y

(1605211

PLATON-Moy 18 08:00:00 2021

Z 110 R = 0.04

sb1440_hy P -1

50
298

RES= 0 -83 X

SB1440 HY

SUK-128

(2)-1-Acetyl-3-(4-methoxybenzylidene)piperazine-2,5-dione — SB1440_HY

Crystal data

C14H14N204

Z=2

M, = 274.27

F(000) = 288

Triclinic, P-1 (no.2)

Dx = 1.383 Mg m*®

a=6.6984 (2) A

Cu Ka radiation, A = 1.54178 A

b=7.3720 (2) A

Cell parameters from 6921 reflections

c=13.9541 (3) A 0=3.1-72.3°
o = 82.063 (1)° p=0.86 mm*
B =89.009 (1)° T=298K

y =74.886 (1)°

Blocks, colourless

V =658.73 (3) A?

0.16 x 0.08 x 0.04 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

2336 reflections with | > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.023

rotation in @, 1°, shutterless scans

Omax = 72.3°, Bmin = 3.2°

Absorption correction: multi-scan [ h = -8—»7
SADABS (Sheldrick, 2014)

Tmin = 0.888, Tmax = 0.971 K =-9-39
9756 measured reflections |=-17517

2584 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F? > 26(F?)] = 0.038

Hydrogen site location: difference Fourier map

WR(F?) = 0.110

H atoms treated by a mixture of independent and constrained refinement

$=1.08

= U[c*(Fo?) +

w = (0.0573P)? +
where P = (Fo? + 2F2)/3

0.093P]

2584 reflections

(A/6)max < 0.001

186 parameters

Admax = 0.16 ¢ A3

1 restraint

A)min=-0.16 ¢ A?
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Prab =

-0y

- (130721

PLATON-Jul 29 09:14:46 2021

S0

Temp = 238

Z -124 sbl465_hy P 2l/e R =0.05 RES= 0 -83 X

(2)-1-Acetyl-3-(3,4,5-trimethoxybenzylidene)piperazine-2,5-dione — SB1465 HY

Crystal data

SB1465 HY

SUK-129

C16H18N206

F(000) = 704

M = 334.32

Dx = 1.402 Mg m3

Monoclinic, P2i1/c (no.14)

Cu Ka radiation, A = 1.54178 A

a=9.7400 (3) A

Cell parameters from 9930 reflections

b =11.6320 (4) A 6=3.8-72.0°
c =14.0685 (5) A =091 mm?
B = 96.509 (2)° T=298K

V =1583.63 (9) Al

Blocks, colourless

Z=4

0.20 x 0.18 x 0.06 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

2789 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.056

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.2°, Omin = 4.6°

Absorption correction: multi-scan h=-12-12
SADABS (Sheldrick, 2014)

Tmin = 0.671, Tmax = 0.958 k =-14—14
19978 measured reflections | =-15-17

3109 independent reflections

Refinement

Refinement on F?

Secondary atom site location: difference Fourier map

Least-squares matrix: full

Hydrogen site location: difference Fourier map

R[F2 > 26(F?)] = 0.046

H atoms treated by a mixture of independent and constrained refinement

WR(F?) = 0.140

W = 1/[o(Fo?) + (0.081P)? + 0.2548P]
where P = (Fo? + 2F?)/3

S=1.07

(A/6)max < 0.001

3109 reflections

Admax = 0.26 & A3

225 parameters

Admin = -0.27 ¢ A3

181 restraints

Extinction correction: SHELXL2014/7 (Sheldrick 2014),

Fc"=kFc[1+0.001xFc2\%/sin(20)] 4

Primary atom site location: dual

Extinction coefficient: 0.0102 (11)
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E s < o SUK130
) SB1440_HY_SUK130
: Due to the bad quality of the crystal,
S incomplete data and possible twinning
o only structure confirmed:
Zl 143 suk130 P -1 R = 0.08 BES= 0 -76 X

(2)-4-((4-Acetyl-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile — SB1440 HY SUK130

Crystal data

C14H15N30s

Z=2

M = 305.29

F(000) = 320

Triclinic, P-1 (no.2)

Dx = 1.393 Mg m*®

a=7.4710(17) A

Cu Ka radiation, A = 1.54178 A

b = 8.0460 (17) A

Cell parameters from 2267 reflections

c=12.747 (3) A 0 =3.6-72.0°
o = 80.540 (15)° p=0.91mm?
B = 74.438 (15)° T=298K

y = 86.632 (15)°

Blocks, colourless

Vv =7280(3) A3

0.16 x 0.08 x 0.04 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

2100 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.047

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.4°, Bmin = 3.6°

Absorption correction: multi-scan | h = -9—9
SADABS (Sheldrick, 2014)

Tmin = 0.723, Tmax = 0.971 K =-9-39
4516 measured reflections | =-15—-15

2736 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F2 > 26(F?)] = 0.077

Hydrogen site location: mixed

WR(F?) = 0.221

H atoms treated by a mixture of independent and constrained refinement

$=1.08

1/[c¥(Fe?)
= (Fo2 + 2F2)/3

+

= (0.1029P)? +

w 0.4381P]
where P

2736 reflections

(A/o)max < 0.001

212 parameters

Admax = 0.28 ¢ A3

6 restraints

A)min=-0.28 ¢ A?
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SB1393 HY

SUK-168

-87 X

(2)-1-Acetyl-3-(4-(dimethylamino)benzyldene)piperazine-2,5-dione — SB1393_HY

Crystal data

C1sH17N3O3

F(000) = 608

M, = 287.32

Dx = 1.340 Mg m*®

Monoclinic, P21/n (no.14)

Cu Ka radiation, A = 1.54178 A

a=11.9836 (3) A

Cell parameters from 9888 reflections

b =7.9926 (2) A 0=53-72.2°
c=15.3272 (4) A w=0.78 mm!
B = 104.010 (1)° T=173K

V =1424.37 (6) A3 Plates, yellow

Z=4

0.24 x 0.24 x 0.06 mm

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

2644 reflections with 1 > 2o(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.022

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.3°, Omin = 5.4°

Absorption correction: multi-scan h=-14—14
SADABS (Sheldrick, 2014)

Tmin = 0.790, Tmax = 0.958 Kk =-9-9
13451 measured reflections 1=-17-18

2789 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F2 > 26(F)] = 0.037

Hydrogen site location: difference Fourier map

WR(F?) = 0.102

H atoms treated by a mixture of independent and constrained refinement

S$=1.05

W = U[c%(Fo?) + (0.0553P)2 + 0.391P]
where P = (Fo? + 2F2)/3

2789 reflections

(A/o)max = 0.001

196 parameters

A)max =0.22eA?

1 restraint

A)min=-0.23 ¢ A?
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5.6 Synthesis and Characterization of ‘Locked’ Plinabulin 40 and Derivatives

5.6.1 Precursor Synthesis

Methyl 2-(1H-indole-2-carbonylamino)acetate (43)

Q EDC-HCI. (1.20 eq), 0 5
ST+ oy NGO?\ L = H/\f( h
NH 3 0~ CH,Cl,, 0°C, 24 h NH o

66%
To a solution of 1H-indole-2-carboxylic acid (10.0 g, 62.1 mmol, 1.00 equiv.) and the methyl 2-
aminoacetate hydrochloride (9.35 g, 74.5 mmol, 1.20 equiv.) in 620 mL CH.Cl,, EDC+HCI (14.3
g, 74.5 mmol, 1.20 equiv.) and DMAP (12.1 g, 99.3 mmol, 1.60 equiv.) were added at 0 °C. After
stirring for 4 h at 0 °C, the solution was allowed to warm to ambient temperature and stirred for
additional 20 h. The precipitate was filtered off and the mother liquor was washed with water
(300 mL) and 10% HCI solution (300 mL) and evaporated in vacuo. The residual solid was
combined with the precipitate from the first filtration step and purified by recrystallization from
methanol to vyield 9.05g (409 mmol, 66% vyield) of methyl 2-(1H-indole-2-
carbonylamino)acetate (43) as a colorless solid.
1H NMR (400 MHz, DMSO-de): 6 = 11.62 (s, 1H), 8.95 (t, J = 6.0 Hz, 1H), 7.63 (d, J = 7.9, 1.1
Hz, 1H), 7.44 (d, J = 8.3, 1.0 Hz, 1H), 7.19 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.16 (dd, J=2.2, 0.9
Hz, 1H), 7.04 (t, J = 1.0 Hz, 1H), 4.06 (d, J = 5.9 Hz, 2H), 3.67 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 170.5, 161.5, 136.5, 131.0, 127.0, 123.5, 121.6, 119.8,
112.3, 103.0, 51.7, 40.8 ppm.
IR (ATR): v=3367 (m), 3271 (vs), 3194 (w), 3153 (w), 3132 (w), 3084 (w), 3055 (w), 3043 (w),
3027 (W), 2996 (W), 2946 (w), 1737 (vs), 1639 (vs), 1621 (s), 1577 (m), 1548 (vs), 1511 (m), 1497
(w), 1449 (w), 1438 (m), 1421 (s), 1409 (s), 1370 (m), 1344 (w), 1315 (s), 1275 (s), 1215 (vs),
1184 (s), 1159 (m), 1140 (s), 1116 (m), 1077 (w), 1023 (w), 1001 (w), 983 (m), 949 (w), 932 (w),
849 (w), 822 (vs), 781 (vs), 773 (s), 747 (vs), 730 (vs), 703 (s), 628 (s), 611 (m), 585 (w), 558 (vs),
538 (s), 469 (s), 441 (vs), 375 (s) cm ™,
HRMS (FAB): m/z calcd. for C12H12N203 [M+H], 232.0922; found, 232.0921.
EA (C12H12N203): calcd. C 62.06; H 5.21; N 12.06; O 20.67; found C 61.95; H 5.27; N 11.96.

2-(1H-Indole-2-carbonylamino)acetic acid (44)
o)

o)
— N/\H/O\ LiOH (2.00 eq) - N/\WOH
L > H

N THF/H50, rt, 10 min NH O
81%
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To a solution of methyl 2-(1H-indole-2-carbonylamino)acetate (43) (8.50 g, 36.6 mmol, 1.00
equiv.) in THF (170 mL) LiOH (1.75 g, 73.2 mmol, 2.00 equiv.) in water (170 mL) was added and
the reaction mixture was stirred at room temperature for 10 min. The reaction was quenched by
adding ag. solution of HCI (2 M, 50 mL). Subsequently, THF was removed in vacuo and the
precipitate was filtered off and dried. 2-(1H-Indole-2-carbonylamino)acetic acid (6.50 g, 29.8
mmol, 81% yield) was obtained as a yellow solid and used for the next reaction step without further
purification.

'H NMR (400 MHz, DMSO-ds): 6 = 12.64 (s, 1H), 11.60 (s, 1H), 8.83 (t, J = 6.0 Hz, 1H), 7.63
(d, J = 8.0 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.15 (d, J = 2.1 Hz, 1H),
7.04 (t, J=7.5Hz, 1H), 3.97 (d, J = 5.9 Hz, 2H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.4, 161.4, 136.5, 131.3, 127.1, 123.4, 121.6, 119.8,
112.3, 102.9, 40.8 ppm.

IR (ATR): v = 3395 (s), 3238 (m), 3189 (w), 3152 (w), 3116 (w), 3102 (w), 3080 (w), 3058 (w),
3041 (w), 3034 (w), 3014 (w), 2982 (w), 2942 (w), 2925 (w), 2776 (w), 2755 (w), 2703 (w), 2680
(w), 2633 (w), 2626 (w), 1752 (w), 1718 (s), 1679 (w), 1615 (vs), 1578 (w), 1541 (vs), 1499 (m),
1424 (s), 1402 (m), 1370 (w), 1339 (m), 1315 (m), 1286 (m), 1256 (s), 1239 (vs), 1227 (vs), 1157
(w), 1137 (m), 1119 (w), 1078 (w), 1045 (w), 1028 (m), 1001 (w), 976 (w), 943 (w), 907 (m), 899
(m), 875 (m), 864 (w), 832 (m), 813 (s), 771 (s), 754 (vs), 742 (vs), 713 (m), 680 (s), 611 (m), 591
(m), 571 (w), 565 (m), 535 (s), 510 (vs), 492 (vs), 436 (vs), 399 (w), 395 (w), 387 (w) cm™2.
HRMS (El): m/z calcd. for C11H10N203 [M], 218.0686; found, 218.0687.

2,3-Dihydropyrazino[1,2-a]indole-1,4-dione (45)

0 (0]
OH ic aci NH
= N/\[( Polyphosphoric acid —~
H > N
NH 0O 110°C, 3 h.
76% o

2-(1H-Indole-2-carbonylamino)acetic acid (55) (6.40 g, 29.3 mmol, 1.00 equiv.) in
polyphosphoric acid (265 g, 1.49 mol, 50.8 equiv.) was stirred at 110 °C for 3 hours. The reaction
was quenched carefully by adding an ice/water mixture and subsequently extracted with ethyl
acetate. The combined organic layers were dried over Na2SO4 and concentrated in vacuo to yield
2,3-dihydropyrazino[1,2-a]indole-1,4-dione (45) (4.47 g, 22.4 mmol, 76%) as a brown solid.

'H NMR (400 MHz, DMSO-ds): 6 = 8.49 (s, 1H), 8.37 (dd, J = 8.3, 1.0 Hz, 1H), 7.80 (d, J = 7.9
Hz, 1H), 7.52 (ddd, J = 8.5, 7.3, 1.4 Hz, 1H), 7.41 (td, J = 7.6, 1.2 Hz, 1H), 7.36 (s, 1H), 4.42 (d,
J=2.1Hz, 2H) ppm.
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13C NMR (101 MHz, DMSO-de): 6 = 163.5, 156.4, 134.2, 129.9, 128.5, 127.2, 124.8, 122.5,
115.7,111.8, 46.7 ppm.

IR (ATR): v = 3390 (vw), 3367 (vw), 3350 (vw), 3322 (vw), 3308 (vw), 3291 (vw), 3284 (vw),
3275 (vw), 3267 (vw), 3254 (vw), 3245 (vw), 3170 (w), 3129 (w), 3102 (w), 3041 (w), 3034 (w),
2952 (w), 2911 (w), 2873 (w), 2825 (w), 2751 (vw), 2738 (vw), 1703 (vs), 1672 (vs), 1605 (m),
1592 (vs), 1574 (s), 1499 (w), 1477 (w), 1434 (vs), 1417 (s), 1380 (vs), 1356 (s), 1332 (vs), 1309
(m), 1298 (m), 1259 (w), 1241 (w), 1203 (m), 1187 (w), 1153 (m), 1132 (s), 1109 (m), 1079 (s),
1037 (m), 1010 (w), 986 (w), 953 (w), 919 (w), 898 (w), 867 (w), 841 (s), 823 (s), 752 (vs), 731
(vs), 693 (m), 653 (m), 623 (w), 609 (w), 595 (w), 571 (m), 538 (vs), 484 (s), 469 (vs), 433 (),
412 (m), 398 (m) cm2.

HRMS (EI): m/z calcd. for C11HsN2O> [M+H], 200.0580; found, 200.0580.

2-Acetyl-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (39)
o) O O

=~ "NH Ac,0 =

Nm) 140°C, 22 h Nm)

o 95% o

2,3-Dihydropyrazino[1,2-a]indole-1,4-dione (45) (2.00 g, 9.99 mmol, 1.00 equiv.) was dissolved
in acetic anhydride (229 g, 212 mL, 2.24 mol, 224 equiv.) and stirred under reflux at 140 °C for
22 hours. The solvent was removed under reduced pressure and the product was washed with
diethyl ether and filtered off to vyield 2.30 g (9.50 mmol, 95%) of 2-acetyl-2,3-
dihydropyrazino[1,2-a]indole-1,4-dione (39) as a beige solid.

IH NMR (400 MHz, DMSO-ds): 6 = 8.35 (d, J = 8.3 Hz, 1H), 7.87 (dt, J = 7.9, 1.0 Hz, 1H), 7.70
(s, 1H), 7.60 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.46 (td, J = 7.6, 7.2, 1.1 Hz, 1H), 4.69 (s, 3H), 2.58
(s, 3H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 171.7, 162.1, 156.9, 134.2, 129.2, 128.7, 128.4, 125.2,
123.1, 115.7, 115.6, 48.9, 27.2 ppm.

IR (ATR): v = 1720 (vs), 1696 (vs), 1679 (vs), 1606 (w), 1557 (s), 1436 (s), 1404 (vs), 1370 (s),
1360 (vs), 1336 (vs), 1266 (vs), 1234 (s), 1210 (vs), 1160 (s), 1139 (s), 1115 (m), 1099 (s), 1069
(m), 1044 (m), 1010 (m), 979 (m), 967 (s), 948 (m), 878 (m), 853 (s), 839 (M), 800 (w), 755 (vs),
739 (vs), 694 (m), 670 (m), 642 (w), 618 (m), 602 (m), 585 (m), 575 (m), 550 (m), 537 (s), 499
(w), 484 (w), 448 (w), 432 (s), 407 (w), 388 (w), 375 (m) cm2.

HRMS (EI): m/z calcd. for C13H10N203 [M+H], 242.0686; found, 242.0687.

UV/Vis (MeCN): Amax = 211, 235, 299 nm.
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5.6.2 Synthesis of ‘Locked’ Derivatives

O O o)
== N/lk R-CHO, CSZCO3 = NH
NW) DMF, 23 °C, 2-22 h NW)\/R
o) o)
39 40, 46-54, 57
o)
S
) P wd D o”
~NH }{K/NH N
H
O—
40: 61% 46:64%  57:66%  48:55% 47: 63% 49: 31% 50: 42%
s
| ﬁN o) ﬁNH
}{©/N02 }Q/N\ N }{@/N\) /}\ X@/N\)
51:81% 52: 70% 53: 53% 54: 62% 55: 89% from Boc

deprotection

The respective aldehydes (1.00 equiv.) were dissolved in dry DMF (2.0 mL/1 mmol aldehyde)
under argon atmosphere. Diketopiperazine 39 (1.00 equiv.) and Cs,CO3 (2.00 equiv.) were added
and the mixture was stirred for 2-22 hours under argon atmosphere at room temperature. The
reaction mixture was poured on an ice water/brine mix (30 mL) and the precipitate was filtered off

and dried. Usually, 200 — 250 mg of the starting material diketopiperazine 39 were applied.

Compounds 48, 50-52 were synthesized under my supervision by Rabia Elbuga-Ilica during an
internship and compound 53 was synthesized by my colleague Peter Godtel, who provided me

with the corresponding NMR, IR and mass spectra.

(2)-3-((5-(tert-Butyl)-1H-imidazol-4-yl)methylene)-2,3-dihydropyrazino[1,2-a]indole-1,4-
dione (40)

The crude product was purified via HPLC (gradient of 40-80% MeCN in H20 within 40 min, 0.1%
TFA (v/v) in the solvents) and washed with sat. ag. solution of NaHCO3. (2)-3-((5-(tert-Butyl)-
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1H-imidazol-4-yl)methylene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (40) (210 mg, 628
umol, 61% yield) was obtained as a yellow solid.

1H NMR (400 MHz, DMSO-ds): 6 = 12.49 (s, 1H), 12.40 (s, 1H), 8.51 (dd, J = 8.3, 0.9 Hz, 1H),
7.94 (d, J = 0.8 Hz, 1H), 7.85 (dt, J = 7.9, 1.1 Hz, 1H), 7.56 (ddd, J = 8.4, 7.3, 1.3 Hz, 1H), 7.51
(d, J=0.9 Hz, 1H), 7.43 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.27 (d, J = 0.8 Hz, 1H), 1.44 (s, 9H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 156.3, 153.5, 142.3, 135.1, 135.0, 130.8, 128.9, 128.5,
127.4,124.9, 124.0, 122.9, 116.2, 112.2, 109.2, 32.2, 30.7 ppm.

IR (ATR): v = 3207 (s), 3084 (m), 3053 (M), 3029 (M), 2955 (M), 2925 (m), 2904 (m), 2868 (M),
2803 (w), 1693 (vs), 1657 (vs), 1606 (vs), 1582 (s), 1568 (s), 1502 (s), 1475 (w), 1453 (s), 1442
(vs), 1404 (vs), 1395 (vs), 1373 (vs), 1366 (vs), 1349 (vs), 1336 (vs), 1295 (s), 1245 (s), 1197 (vs),
1183 (vs), 1135 (vs), 1099 (vs), 1055 (vs), 1030 (vs), 1004 (s), 949 (vs), 933 (s), 849 (vs), 834
(vs), 829 (vs), 815 (vs), 802 (vs), 744 (vs), 732 (vs), 725 (vs), 704 (vs), 666 (S), 652 (vs), 612 (S),
589 (vs), 582 (vs), 537 (vs), 513 (vs), 477 (vs), 458 (vs), 446 (vs), 429 (vs), 405 (s), 388 (s) cm™2.
HRMS (EI): m/z calcd. for C19H1sN4O2 [M], 334.1424; found, 334.1424.

UV/Vis (MeCN): Amax = 209, 263, 271, 389 nm.

Fluorescence (MeCN): Zem= 470 nm (excited with A = 380 nm).

@r (MeCN): 0.242.

@r (DMSO): 0.233.

@r (DMSO/ascorbic acid): 0.388.

(2)-3-((1H-Imidazol-4-yl)methylene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (46)
o]

= NH N=\

N S ~_NH

o)
The crude product was purified via HPLC (gradient of 40-80% MeCN in H20 within 40 min, 0.1%
TFA (v/v) in the solvents) and washed with sat. ag. solution of NaHCOa. The target compound
was isolated as a yellow solid in 64% yield.
IH NMR (400 MHz, DMSO-ds): d = 8.54 (d, J = 8.3 Hz, 1H), 7.84 (d, J = 7.3 Hz, 2H), 7.61 (s,
1H), 7.53 (t, J = 7.1 Hz, 1H), 7.46 (s, 1H), 7.42 (t, J = 7.3 Hz, 1H), 7.10 (s, 1H) ppm.
13C NMR (101 MHz, DMSO-de): 6 = 156.9, 153.9, 141.5, 141.4, 136.7, 135.5, 129.8, 128.9,
127.5,125.1, 123.2, 122.8, 116.8, 111.9, 49.1 ppm.
HRMS (El): m/z calcd. for C15sH10N4O2 [M], 278.0798; found, 278.0797.
UV/Vis (MeCN): Amax = 378 nm.
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Fluorescence (DMSO): Aem= 473 nm (excited with 2 = 380 nm).
@r (DMSO): 0.347.

(2)-3-((1H-Pyrrol-2-yl)methylene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (57)
o)

= NH B

N NN
I H

The crude product was purified via HPLC (gradient of 40-80% MeCN in H20 within 40 min, 0.1%

TFA (v/v) in the solvents) and washed with sat. ag. solution of NaHCOs. The target compound

was isolated as a yellow solid in 66% yield.

'H NMR (400 MHz, DMSO-de): 6 = 11.49 (s, 1H), 9.98 (s, 1H), 8.52 (d, J = 8.3 Hz, 1H), 7.84

(d, J=7.8 Hz, 1H), 7.55 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H), 7.49 (s, 1H), 7.43 (t, J = 7.2 Hz, 1H), 7.20

(s, 1H), 7.13 (d, J = 1.6 Hz, OH), 6.97 (d, J = 3.8 Hz, 1H), 6.30 (t, J = 3.0 Hz, 1H) ppm.

13C NMR (101 MHz, DMSO-ds): ¢ = 156.9, 154.6, 135.0, 129.0, 128.5, 127.1, 126.2, 124.8,

123.1,122.8,120.8, 116.3, 114.4,111.7,111.2, 111.0 ppm.

IR (ATR): v = 3330 (m), 3293 (m), 3142 (m), 1664 (vs), 1645 (s), 1605 (s), 1594 (vs), 1581 (s),

1565 (s), 1476 (W), 1442 (s), 1391 (vs), 1375 (vs), 1351 (vs), 1333 (vs), 1264 (s), 1227 (m), 1196

(s), 1145 (m), 1129 (vs), 1103 (s), 1069 (m), 1047 (m), 1027 (vs), 1004 (m), 967 (m), 938 (m),

901 (w), 878 (s), 858 (w), 829 (m), 816 (s), 799 (M), 734 (vs), 700 (vs), 677 (vs), 647 (s), 629 (s),

612 (m), 591 (vs), 569 (vs), 517 (m), 503 (m), 470 (m), 428 (s) cm™.

HRMS (EI): m/z calcd. for C1sH1:N3O2 [M], 277.0846; found, 277.0844.

UV/Vis (MeCN): Amax = 196, 215, 265, 273, 395, 404 nm.

(2)-3-Benzylidene-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (48)
o)

= NH
N AN

o)
The residual solid was purified by recrystallization from toluene and the target compound was
isolated as a pale-yellow solid in 55% vyield.
IH NMR (400 MHz, DMSO-ds): 6 = 10.45 (s, 1H), 8.50 (d, J = 8.4 Hz, 1H), 7.86 (d, J = 7.9 Hz,
1H), 7.66 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.53 (s, 1H), 7.46 (m, 3H), 7.38 (t, J = 7.4
Hz, 1H), 7.16 (s, 1H) ppm.
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IR (ATR): v =3162 (w), 3123 (w), 3114 (w), 3097 (w), 3081 (w), 3051 (w), 3027 (w), 3014 (w),
1697 (w), 1673 (vs), 1612 (s), 1588 (s), 1572 (m), 1453 (w), 1445 (m), 1404 (vs), 1381 (vs), 1358
(vs), 1336 (vs), 1313 (s), 1296 (m), 1247 (m), 1221 (m), 1197 (s), 1184 (m), 1162 (w), 1145 (w),
1111 (w), 1099 (w), 1030 (s), 1006 (w), 997 (w), 925 (w), 884 (w), 854 (w), 813 (s), 762 (s), 747
(vs), 721 (s), 688 (vs), 662 (M), 616 (W), 595 (w), 579 (m), 543 (vs), 482 (s), 462 (S), 429 (m), 411
(w) cm™.

HRMS (EI): m/z calcd. for C1gH12N202 [M], 288.0893; found, 288.0894.

UV/Vis (DMSO): Amax = 271, 362 nm.

Fluorescence (MeCN): Zem= 454 nm (excited with A = 350 nm).

Fluorescence (DMSO): Zem= 460 nm (excited with 2 = 350 nm).

(2)-3-(4-(tert-Butyl)benzylidene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (47)
o)

The crude residue was purified via column chromatography (toluene:acetone; 10:1 -> 9:1). The
target compound was isolated as a pale-yellow solid in 63% yield.

IH NMR (400 MHz, DMSO-ds): d = 9.55 (s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 7.05 (d, J = 7.9 Hz,
1H), 6.81 — 6.74 (m, 3H), 6.73 — 6.66 (m, 3H), 6.64 (t, J = 7.5 Hz, 1H), 6.33 (s, 1H), 0.50 (s, 9H)
ppm.

IR (ATR): v = 3150 (w), 3115 (w), 3050 (w), 3030 (w), 2959 (w), 2901 (w), 2868 (w), 1710 (w),
1660 (vs), 1623 (s), 1587 (m), 1570 (m), 1507 (w), 1475 (w), 1446 (w), 1400 (s), 1384 (vs), 1358
(vs), 1337 (s), 1313 (m), 1296 (m), 1269 (w), 1251 (m), 1225 (w), 1203 (m), 1160 (w), 1142 (m),
1111 (w), 1034 (m), 1018 (w), 1004 (w), 975 (w), 945 (w), 880 (w), 870 (w), 847 (w), 837 (w),
817 (s), 748 (vs), 728 (s), 696 (w), 677 (w), 654 (w), 635 (W), 611 (w), 582 (m), 560 (s), 517 (W),
493 (W), 477 (s), 432 (m), 416 (w), 407 (w), 380 (w) cm™.

HRMS (EI): m/z calcd. for C22H21N202 [M+H], 345.1598; found, 345.1596.

UV/Vis (MeCN): Amax = 206, 268, 359, 361 nm.

Fluorescence (DMSO): Zem= 461 nm (excited with 2 = 350 nm).

@r (DMSO0): 0.0009.
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(2)-3-(2,6-Dimethoxybenzylidene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (49)

The residual solid was purified by recrystallization from acetone and the target compound was
isolated as a yellow solid in 31% yield.

'H NMR (400 MHz, DMSO-ds): 6 = 9.60 (s, 1H), 8.50 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 7.9 Hz,
1H), 7.59 (ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 7.53 (s, 1H), 7.50 — 7.42 (m, 1H), 7.40 (t, J = 8.4 Hz,
1H), 7.19 (s, 1H), 6.76 (d, J = 8.5 Hz, 2H), 3.87 (s, 6H) ppm.

13C NMR (101 MHz, DMSO-de): 6 = 158.3, 156.7, 154.1, 135.7, 131.7, 129.2, 129.1, 128.1,
127.3, 125.6, 123.5, 116.8, 113.4, 112.7, 110.5, 104.7, 56.4 ppm.

IR (ATR): v = 3179 (w), 3099 (w), 3068 (w), 3055 (w), 3016 (w), 3002 (w), 2973 (w), 2945 (w),
2918 (w), 2836 (w), 1703 (w), 1663 (vs), 1630 (m), 1584 (s), 1570 (m), 1469 (m), 1445 (m), 1441
(m), 1426 (w), 1401 (m), 1381 (vs), 1357 (s), 1333 (s), 1315 (m), 1302 (m), 1276 (m), 1247 (vs),
1217 (s), 1194 (m), 1181 (m), 1171 (m), 1142 (m), 1103 (vs), 1098 (vs), 1030 (s), 1004 (m), 977
(m), 956 (w), 938 (w), 908 (w), 902 (w), 870 (w), 860 (w), 839 (m), 820 (m), 778 (s), 751 (vs),
742 (vs), 715 (vs), 697 (s), 659 (m), 622 (m), 606 (m), 572 (s), 543 (w), 524 (s), 507 (m), 487 (m),
459 (s), 426 (s), 409 (m), 398 (m), 390 (m), 377 (m) cmL.

HRMS (EI): m/z calcd. for C20H17N204 [M+H], 349.1183; found, 349.1181.

UV/Vis (MeCN): Amax = 211, 269, 361, 365 nm.

Fluorescence (MeCN): Zem= 456 nm (excited with 1 = 380 nm).

@r (MeCN): 0.007.

@r (DMSO): 0.006.

Methyl (2)-4-((1,4-dioxo-1,2-dihydropyrazino[1,2-a]indol-3(4H)-ylidene)methyl)benzoate (50)
o) o)

=~ “NH o~

The residual solid was purified by recrystallization from toluene and the target compound was
isolated as a yellow solid in 42% yield.

IH NMR (400 MHz, DMSO-ds): 6 = 10.71 (s, 1H), 8.45 (d, J = 8.6 Hz, 1H), 8.15 (d, J = 8.6 Hz,
2H), 7.92 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.3 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.37 (t, J = 7.3
Hz, 1H), 7.17 (s, 1H), 6.88 (s, 1H), 3.86 (s, 3H) ppm.
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IR (ATR): v = 3220 (w), 3112 (w), 3064 (w), 3034 (w), 3016 (w), 2953 (w), 2936 (W), 2844 (w),
1731 (vs), 1698 (m), 1673 (vs), 1618 (s), 1584 (m), 1568 (m), 1446 (m), 1434 (m), 1402 (vs), 1357
(s), 1339 (s), 1313 (m), 1285 (vs), 1251 (s), 1222 (m), 1188 (s), 1143 (m), 1112 (vs), 1071 (w),
1044 (m), 1021 (s), 1004 (m), 982 (w), 963 (m), 938 (w), 929 (w), 905 (w), 891 (m), 882 (m), 867
(m), 844 (m), 826 (w), 813 (m), 766 (vs), 748 (vs), 739 (vs), 708 (w), 691 (vs), 666 (m), 640 (w),
626 (w), 611 (w), 578 (w), 568 (w), 543 (m), 527 (w), 487 (m), 477 (m), 462 (m), 446 (m), 429
(m), 408 (w), 382 (w) cm™,

HRMS (El): m/z calcd. for C20H14N204 [M], 346.0948; found, 346.0947.

UV/Vis (MeCN): Amax = 269, 357 nm.

UV/Vis (DMSO): Amax = 273, 370 nm.

Fluorescence (MeCN): Jem= 488 nm (excited with A = 350 nm).

Fluorescence (DMSO): Zem= 487 nm (excited with 2 = 380 nm).

(2)-3-(4-Nitrobenzylidene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (51)
o)
NO,

=~ NH

N N
o]

The residual solid was purified by recrystallization from acetone and the target compound was

isolated as a yellow solid in 81% yield.

'H NMR (400 MHz, DMSO-ds): 6 = 10.99 (s, 1H), 8.46 (d, J = 8.1 Hz, 1H), 8.24 (d, J = 8.9 Hz,

2H), 8.05 (d, J = 8.9 Hz, 2H), 7.83 (d, J = 7.9 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.4

Hz, 1H), 7.40 (s, 1H), 7.06 (s, 1H) ppm.

IR (ATR): v = 3228 (w), 3101 (w), 3058 (w), 1694 (m), 1670 (vs), 1616 (s), 1595 (w), 1587 (m),

1568 (m), 1520 (vs), 1493 (w), 1448 (m), 1402 (vs), 1357 (m), 1341 (vs), 1292 (m), 1247 (s), 1222

(m), 1200 (m), 1186 (w), 1146 (w), 1106 (w), 1028 (w), 1014 (w), 1006 (w), 945 (w), 904 (vw),

891 (w), 870 (w), 844 (s), 816 (w), 764 (s), 749 (vs), 730 (m), 687 (s), 667 (W), 640 (w), 611 (W),

578 (W), 569 (W), 544 (w), 476 (W), 462 (W), 429 (w), 411 (w) cmL.

HRMS (El): m/z calcd. for C1gH11N304 [M], 333.0744; found, 333.0745.

UV/Vis (MeCN): Amax = 268, 369 nm.

UV/Vis (DMSO): Amax = 277, 386 nm.

Fluorescence (MeCN): Jem= 515 nm (excited with A = 380 nm).

Fluorescence (DMSO): Zem= 525 nm (excited with 2 = 380 nm).
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(2)-3-(4-(Dimethylamino)benzylidene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (52)
Q |
= NH N~

The residual solid was purified by recrystallization from toluene and the target compound was
isolated as a yellow solid in 70% yield.

'H NMR (400 MHz, DMSO-ds): 6 = 10.18 (s, 1H), 8.52 (dd, J = 8.3, 0.9 Hz, 1H), 7.86 (d, J =
7.8 Hz, 1H), 7.57 (m, 3H), 7.51 (s, 1H), 7.47 — 7.42 (m, 1H), 7.14 (s, 1H), 6.79 (d, J = 9.0 Hz, 2H),
3.01 (s, 6H) ppm.

IH NMR (400 MHz, CDCls): 6 = 8.66 (dd, J = 8.4, 0.9 Hz, 1H), 8.22 (s, 1H), 7.77 (d, J = 8.0 Hz,
1H), 7.60 — 7.52 (m, 2H), 7.47 — 7.39 (m, 3H), 7.32 (s, 1H), 6.76 (d, J = 9.0 Hz, 2H), 3.06 (s, 6H).
13C NMR (101 MHz, CDCls): § = 156.4, 154.8, 150.9, 136.0, 130.7, 128.7, 128.0, 127.8, 125.2,
123.0, 122.8, 121.6, 120.2, 117.2, 114.0, 112.5, 40.1 ppm.

IR (ATR): v = 3225 (w), 3109 (w), 3054 (w), 2895 (w), 2854 (w), 2803 (w), 1694 (w), 1666 (vs),
1611 (m), 1584 (vs), 1524 (s), 1477 (w), 1442 (s), 1422 (w), 1401 (vs), 1363 (vs), 1334 (vs), 1261
(s), 1231 (s), 1213 (m), 1188 (vs), 1171 (vs), 1160 (s), 1143 (s), 1119 (m), 1065 (m), 1028 (vs),
1003 (m), 945 (m), 936 (m), 902 (w), 890 (m), 857 (w), 827 (m), 809 (vs), 769 (s), 756 (m), 744
(vs), 731 (vs), 705 (s), 632 (m), 609 (M), 577 (m), 544 (s), 521 (s), 507 (s), 496 (s), 477 (m), 469
(s), 428 (s), 418 (m) cm™,

HRMS (EI): m/z calcd. for C20H17N302 [M], 331.1315; found, 331.1317.

UV/Vis (DMSO): Amax = 269, 275, 444 nm.

Fluorescence (MeCN): Zem= 558 nm (excited with 1 = 410 nm).

Fluorescence (DMSO): Aem= 568 nm (excited with 2 = 410 nm).

(2)-3-((2,3,6,7-Tetrahydro-1H,5H-pyrido[3,2,1-ij]Jquinolin-9-yl)methylene)-2,3-

dihydropyrazino-[1,2-a]indole-1,4-dione (53)
o)
N

The residual solid was washed with diethyl ether and the target compound was isolated as a yellow
solid in 53% yield.
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1H NMR (400 MHz, CDCls): 6 = 8.66 (dd, J = 8.4, 1.0 Hz, 1H), 8.25 (s, 1H), 7.76 (dt, J = 7.9,
1.1 Hz, 1H), 7.59 — 7.52 (m, 1H), 7.52 (s, 1H), 7.41 (ddd, J = 8.3, 7.3, 1.1 Hz, 1H), 7.23 (s, 1H),
6.97 (s, 2H), 3.26 (dd, J = 6.7, 4.8 Hz, 4H), 2.77 (t, J = 6.4 Hz, 4H), 2.04 — 1.93 (m, 4H) ppm.
13C NMR (101 MHz, CDCls): 6 = 156.6, 154.9, 144.3, 136.1, 128.8, 128.5, 128.0, 127.9, 125.2,
122.8,122.6,122.1, 121.9, 119.4, 117.3, 113.8, 50.0, 27.9, 21.6 ppm.

IR (ATR): v = 3116 (s), 3020 (s), 3007 (s), 2936 (s), 2928 (s), 2849 (s), 2805 (s), 2660 (W), 2514
(w), 1756 (w), 1742 (w), 1662 (m), 1588 (m), 1520 (w), 1442 (m), 1390 (vs), 1383 (vs), 1336 (vs),
1310 (vs), 1279 (s), 1242 (s), 1208 (s), 1173 (s), 1160 (s), 1145 (s), 1103 (m), 1077 (m), 1051 (w),
1028 (m), 1006 (w), 983 (w), 935 (w), 904 (w), 860 (w), 820 (w), 789 (w), 745 (m), 735 (m), 703
(w), 635 (W), 612 (w) cm™,

HRMS (FAB): m/z calcd. for C24H21N30. [M], 383.1628; found, 383.1630.

UV/Vis (DMSO): Amax = 269, 481 nm.

Fluorescence (DMSO): Zem= 599 nm (excited with 4 = 430 nm).

@r (DMSO): 0.011.

@r (CH2Cl2): 0.007.

tert-Butyl (2)-4-(4-((1,4-dioxo-1,2-dihydropyrazino[1,2-a]indol-3(4H)-ylidene)methyl)phenyl)-

piperazine-1-carboxylate (54)

The crude residue was purified via column chromatography (CH2Cl.:ethyl acetate; 4:1 -> 3:2).
The target compound was isolated as a orange solid in 62% yield.

'H NMR (400 MHz, CDCls): 6 = 8.64 (dt, J = 8.4, 0.9 Hz, 1H), 8.19 (s, 1H), 7.76 (d, J = 7.9 Hz,
1H), 7.61 — 7.52 (m, 2H), 7.47 — 7.38 (m, 3H), 7.30 (s, 1H), 6.96 (d, J = 8.9 Hz, 2H), 3.60 (t, J =
5.3 Hz, 4H), 3.28 (t, J = 5.3 Hz, 4H), 1.50 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3): 6 = 156.2, 154.9, 154.8, 151.5, 136.2, 130.6, 128.8, 128.3, 127.8,
125.5, 124.6, 123.5, 123.0, 120.6, 117.3, 116.0, 114.6, 80.3, 48.0, 28.6 ppm.

IR (ATR): v = 3235 (w), 2970 (w), 2929 (w), 2905 (vw), 2868 (vw), 2851 (vw), 2829 (w), 1697
(s), 1662 (vs), 1592 (vs), 1519 (w), 1476 (w), 1462 (w), 1445 (w), 1402 (vs), 1380 (vs), 1366 (vs),
1357 (vs), 1337 (s), 1312 (w), 1290 (w), 1255 (m), 1238 (s), 1225 (vs), 1193 (vs), 1160 (vs), 1118
(s), 1082 (m), 1054 (m), 1028 (s), 1003 (M), 962 (w), 949 (w), 941 (w), 921 (m), 904 (w), 891 (w),
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863 (w), 829 (m), 812 (m), 769 (s), 756 (w), 745 (vs), 731 (s), 708 (m), 662 (w), 633 (w), 609 (W),
602 (w), 568 (M), 545 (s), 509 (m), 497 (m), 469 (w), 453 (W), 428 (w), 385 (w) cm .

HRMS (EI): m/z calcd. for C27H2sN4O4 [M], 472.2105; found, 472.2104.

UV/Vis (MeCN): Amax = 266, 272, 409, 411 nm.

Fluorescence (DMSO): Aem= 561 nm (excited with 2 = 400 nm).

@r (MeCN): 0.0009.

(2)-3-(4-(Piperazin-1-yl)benzylidene)-2,3-dihydropyrazino[1,2-a]indole-1,4-dione (55)

0 ﬁNH
=~ “NH N

o)
tert-Butyl (2)-4-(4-((1,4-dioxo-1,2-dihydropyrazino[1,2-a]indol-3(4H)-ylidene)methyl)phenyl)-
piperazine-1-carboxylate (54) (100 mg, 212 umol, 1.00 equiv) was dissolved in 11 mL of a solution
of 20% (v/v) TFA (3.26 g, 2.20 mL, 28.6 mmol, 135 equiv) and 80% dry dichloromethane (8.80
mL), containing 1% (v/v) TIPS (85.0 mg, 110 uL, 537 umol, 2.54 equiv) at 0 °C (ice bath).
Subsequently, the ice bath was removed and the solution was allowed to warm to ambient
temperature. The reaction was monitored via TLC. After 2.5 hours the starting material had been
consumed and toluene (50 mL) was added and the mixture was concentrated in vacuo. The TFA
salt of the target compound was isolated as a yellow solid in 89% yield. A part of the compound
was washed with sat. ag. solution of NaHCO3s and extracted with ethyl acetate to obtain the
neutralized compound.
'H NMR (400 MHz, DMSO-ds): 6 = 8.52 (d, J = 8.3 Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.57 (dd,
J=8.4,5.4Hz 3H), 7.52 (s, 1H), 7.45 (t, = 7.6 Hz, 1H), 7.12 (s, 1H), 7.00 (d, J = 9.0 Hz, 2H),
3.26 - 3.17 (m, 4H), 2.89 — 2.81 (m, 4H) ppm.
IH NMR (400 MHz, acetic acid-ds): 6 = 8.62 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.66
(s, 1H), 7.59 (m, 3H), 7.45 (t, J = 7.6 Hz, 1H), 7.41 (s, 1H), 7.11 (d, J = 8.9 Hz, 2H), 3.65 — 3.58
(m, 4H), 3.53 — 3.46 (m, 4H) ppm.
IR (ATR): v = 3245 (w), 3054 (w), 2921 (w), 2850 (w), 1664 (vs), 1591 (vs), 1519 (s), 1469 (w),
1445 (s), 1400 (vs), 1381 (vs), 1341 (vs), 1273 (vs), 1256 (vs), 1239 (vs), 1224 (vs), 1193 (vs),
1142 (vs), 1098 (s), 1067 (m), 1048 (m), 1027 (vs), 1001 (s), 990 (s), 960 (m), 938 (m), 912 (s),
892 (m), 866 (m), 824 (s), 806 (vs), 768 (s), 745 (vs), 732 (vs), 720 (s), 710 (s), 662 (M), 649 (s),
636 (M), 623 (m), 609 (s), 602 (s), 567 (vs), 544 (vs), 523 (vs), 509 (vs), 496 (vs), 469 (s), 456 (s),
443 (m), 426 (vs), 416 (), 401 (s), 387 (s) cm™.
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HRMS (EI): m/z calcd. for C22H20N4O2 [M], 372.1581; found, 372.1579.
UV/Vis (MeCN): Amax = 265, 271, 397 nm.

UV/Vis (DMSO): Amax = 268, 274, 413 nm.

Fluorescence (DMSO): Zem= 543 nm (excited with 2 = 400 nm).

@r (DMSO): 0.008.

5.6.3 NMR Spectra
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Figure 273: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-43.
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Figure 274: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-43.
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Figure 275: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-44.
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Figure 276: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-44.
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Figure 277: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-45. *ethyl acetate, **acetone.
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Figure 278: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-45.
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Figure 279: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-39.
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Figure 280: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-39.
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Figure 281: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-40.



Experimental Section

319

| e N

o0 190 1’33 170 160 o 1110 ‘_I3:J 1|2C 1;13 1‘0c§ Br:J S‘C 7-50 SID 5‘0 ‘{D E:C 2r:J I‘C 5 -1n
ppm
Figure 282: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-40.
ui\/:drl:;:;‘:r:ﬁnp;ﬁ«'rc o
O
= NH N=\
N « < NH
O
*
% *
k_._,—,_/—JJuu_J
3 TETYES
.“-’.5 ?‘.:J EI.S SI.C 5’.5 5‘.3 4‘.5 4I.C 3r.5 3‘.0 2‘.5 ZI.D lr.S ‘_I.O D‘.S CI.D -0r.5 _IO

T T T T T T T T T
120 115 110 105 100 95 90 85 80
G/ppm

Figure 283: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-46. *unidentified impurities.
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Figure 284: C NMR spectrum (101 MHz, DMSO-ds) of compound Z-46.
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Figure 285: 'H NMR spectrum (400 MHz, DMSO-dg) of compound Z-57.
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Figure 286: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-57.
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Figure 287: 'H NMR spectrum (400 MHz, DMSO-ds) of compound Z-48.

321



Experimental Section

322

)

-

EE'S
e's
¥o'2
P
69°9
L's
T
LL°3

6L
v:.h\
S0
hu.hv

B8

555 —

——

06

S50T

T
Mn.m
SL'E
T

Feot

T T T T T
5.0

T

12.0 11,5 11.0 105 10.0 9.5

&/'ppm

Figure 288: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-47.
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Figure 289: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-49.
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Figure 290: 3C NMR spectrum (101 MHz, DMSO-ds) of compound Z-49.
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Figure 291: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-50. *unidentified impurities.
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Figure 292: *H NMR spectrum (400 MHz, DMSO-ds) of compound Z-51. *unidentified impurities.
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Figure 293: *H NMR spectrum (400 MHz, DMSO-dg) of compound Z-52.
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Figure 294: 'H NMR spectrum (400 MHz, CDCls) of compound Z-52.
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Figure 295: C NMR spectrum (101 MHz, CDCls) of compound Z-52.
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Figure 297: C NMR spectrum (101 MHz, CDCls) of compound Z-53.
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Figure 298: 'H NMR spectrum (400 MHz, CDCls) of compound Z-54.
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Figure 299: C NMR spectrum (101 MHz, CDCls) of compound Z-54.
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5.6.4 Absorption Spectra of Non-Irradiated Samples
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Figure 302: Compound Z-40 was dissolved in different solvents (80 uM), respectively. Absorption
spectra were measured in the dark (d = 2 mm). The spectra are assigned to the respective solvents

via color code. In the mixture of DMSO/ascorbic acid a saturated solution of ascorbic acid in DMSO
was used.
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Figure 303: Compound Z-46 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 304: Absorption spectrum of compound Z-48 (160 pM) in DMSO (d = 2 mm).

MeCN
104 ——pmso| 0]
MeOH
=) 0.8 =) 0.8 /
< < MeCN
@ @ MeCN/EtN
S 06 S 06 Y
© © ! MeCN/TFA
sl sl
5 5
w w
< 044 < 04+
0.2+ 024
0.0 T T 1 0.0 T — T 1
300 400 500 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 305: Compound Z-47 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 306: Compound Z-49 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.
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Figure 307: Absorption spectrum of compound Z-50 (160 uM) in DMSO (d = 2 mm).

1,24
1,0
0,8

0,6

Absorbance (AU)

0,4

0,2

0,0

T T T 1
300 400 500 600
Wavelength (nm)

Figure 308: Absorption spectrum of compound Z-51 (160 uM) in DMSO (d =2 mm).
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Figure 309: Absorption spectrum of compound Z-52 (160 uM) in DMSO (d = 2 mm).
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Figure 310: Absorption spectrum of compound Z-53 (160 uM) in DMSO and different mixtures of
water and DMSO (d =2 mm).
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Figure 311: Compound Z-54 was dissolved in different solvents (160 uM) and in mixtures of 1%
(v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra were measured
in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color code.



Experimental Section 333

MeCN
104 —— DM SO 07
MeOH MeCN
MeCN/Et,N
= 08 — 0.8
2 2 MeCN/TFA
@ i
S 06 S 06
(0] o
sl 0
5 5
w w
T 044 T 044
0.2+ 0.2
0.0 4 T T T 0.0 T T T 1
300 400 500 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 312: The TFA salt of compound Z-55 was dissolved in different solvents (160 uM) and in
mixtures of 1% (v/v) TFA in MeCN and 1% (v/v) EtsN in MeCN, respectively. Absorption spectra

were measured in the dark (d = 2 mm). The spectra are assigned to the respective solvents via color
code.

5.6.5 Absorption Spectra of Irradiated Samples
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Figure 313: Compound 40 in saturated solution of ascorbic acid in DMSO (200 puM) was irradiated

and an absorption spectrum (d = 2 mm) was measured after each irradiation step until the PSS was
reached, respectively.
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Figure 314: Compound 48 was dissolved in DMSO (160 uM) and an absorption spectrum
(d =2 mm) was first measured in the dark. The sample was then irradiated and an absorption
spectrum was measured after each irradiation step until the PSS was reached, respectively.
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Figure 315: Compound 49 was dissolved in DMSO (160 uM) and an absorption spectrum
(d =2 mm) was first measured in the dark. The sample was then irradiated and an absorption
spectrum was measured after each irradiation step until the PSS was reached, respectively.
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Figure 316: Compound 50 was dissolved in DMSO (160 uM) and an absorption spectrum
(d=2mm) was first measured in the dark. The sample was then irradiated and an absorption
spectrum was measured after each irradiation step until the PSS was reached, respectively. Upon
irradiation with 410 nm no PSS was reached.
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Figure 317: Compound 51 was dissolved in DMSO (160 uM) and an absorption spectrum
(d=2mm) was first measured in the dark. The sample was then irradiated and an absorption
spectrum was measured after each irradiation step. No PSS was reached.
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Figure 318: Compound 52 was dissolved in DMSO (160 uM) and an absorption spectrum
(d =2 mm) was first measured in the dark. The sample was then irradiated and an absorption
spectrum was measured after each irradiation step until the PSS was reached, respectively.
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Figure 319: Compound 53 was dissolved in DMSO (80 uM) and an absorption spectrum (d = 2 mm)
was first measured in the dark. The sample was then irradiated and an absorption spectrum was
measured after each irradiation step until the PSS was reached, respectively.
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Figure 320: The TFA salt of compound 55 was dissolved in DMSO (160 uM) and an absorption
spectrum (d =2 mm) was first measured in the dark. The sample was then irradiated and an
absorption spectrum was measured after each irradiation step until the PSS was reached, respectively.
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5.6.6 Emission Spectra
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Figure 321: Normalized absorption (blue) and emission (red) spectra of solutions of the respective
Z-isomers of 40 in MeCN and 46-55 in DMSO.
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Figure 322: Left: Fluorescence spectra of compound 40 (200 uM) in saturated solution of ascorbic
acid in DMSO before and after irradiation (excitation at 380 nm) The spectra are assigned to the
respective mixture via color code. Right: Compound 40 (200 uM) in saturated solution of ascorbic
acid was analyzed via fluorescence spectroscopy before and after irradiation with first 410 nm and
subsequently 490 nm (indicated by the color of the background). The maximal fluorescence was
plotted against the irradiation time.

5.6.7 Composition of the Photostationary States (PSSs)

Compound 40: Via analytical HPLC

800

The PSS composition was determined by analyzing 1 mM solutions of compound 40 in DMSO

after irradiation via analytical HPLC. The PSS values in have been achieved within 10 min (365,

410, 450 nm) or 20 min (490 nm). Triplicates were obtained by including two samples that were

irradiated further after the PSS was reached. The signals assigned to the Z-isomer were integrated

and divided by the signal area determined before irradiation:

% Z-isomer = lafter irradiation /ldark*100% (% E-isomer = 100% - % of Z-isomer).

Table 15: PSS composition in DMSO determined by analytical HPLC measurements performed

with samples of 40 before and after irradiation.

365 nm 410 nm 450 nm 470 nm 490 nm

(% of E- (% of E- (% of E- (% of E- (% of E-

isomer) isomer) isomer) isomer) isomer)
75 93 85 70 67
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Figure 323: HPLC trace of 1 mM solutions of 40 in DMSO before irradiation (top) and after reaching
the PSS upon irradiation with 490 nm (middle) and 410 nm (bottom).

Compound 52: Via NMR spectroscopy

The PSS composition was determined by measuring *H NMR spectra of 52 before and after
irradiation. The PSS values in the NMR tube (0.5 mL of the 30-60 mM solution in DMSO-dg)
have been achieved within 1 h (523 nm) or 2 h (430, 470 nm). Signal pairs were determined for
each compound: two signals assigned to the same proton for the respective photoisomers were

integrated and the % of E-isomer = Ie/(le+12)*100% was determined. The final E/Z ratios result

from the average value determined from three signal pairs.

Table 16: PSS composition in DMSO-dg determined by measuring *H NMR spectra of the respective
compounds after irradiation.

430 nm 470 nm 523 nm

Compound _ ) )
(% of E-isomer) (% of E-isomer) (% of E-isomer)

52 64 51 17
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Figure 324: Sections of *H NMR spectra (400 MHz, DMSO-ds) of compound 52 in the dark (top)
and after reaching the PSS upon irradiation with 430 nm, 470 nm and 523 nm.

5.6.8 Thermal Relaxation of E-Isomers
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Figure 325: The thermal relaxation of E-40 in DMSO (1:1) at 25 °C was monitored via analytical
HPLC. The integrals of the signals assigned to the respective E-isomer were determined at 330 nm:
lo = initial integral, | = integral at given time point.
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Figure 326: The thermal relaxation of E-40 in H.O/DMSO (1:1) at 37 °C was monitored via
analytical HPLC. The integrals of the signals assigned to the respective E-isomer were determined
at 330 nm: lo = initial integral, | = integral at given time point.

5.6.9 Switching Stability
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Figure 327: A solution of pure Z-40 in a saturated solution of ascorbic acid in DMSO (200 uM) was
irradiated with 410 nm for 30 s and with 490 nm for 12 min, respectively. The irradiation cycle was
repeated ten times and after every irradiation step the solution was analyzed via absorbance (left) and
fluorescence (right) spectroscopy.
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5.6.10 Cell Penetration Assays

53
no fixation
DMEM

53
after fixation
PBS

55
after fixation
PBS

Figure 328: Imaging of compounds 53 and 55 in HeLa cells via confocal microscopy after 15 h
treatment with the respective compounds (8.0 uM) (scale bars 20 um). The results were processed
and visualized with LEICA Application Suite X 3.7.4.23463 from LEICA Microsystems CMS GmbH.
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5.6.11 Crystal Structure Determinations

Crystal structures in this section were measured and solved by Dr. Martin Nieger at the University
of Helsinki (Finland).

Table 17: Overview of the numbering and sample code of crystal structures solved by Dr. Martin
Nieger.

Entry | Compound Number | Code Assigned by Dr. Martin Nieger | CCDC Number

1 39 SB1376_HY -

2 40 SB1368_HY -
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2-Acetyl-2,3-dihydropyrazino[1,2-a]indole-1,4-dione — SB1376_HY

Crystal data

SB1376_HY

SUK-152

C13H10N203

Dx = 1.423 Mg m*®

M = 242.23

Cu Ka radiation, A = 1.54178 A

Orthorhombic, Pbca (no.61)

Cell parameters from 9904 reflections

a=15.4147(2) A 0=37-72.1°
b=6.1889 (1) A p=0.86 mm*
c=23.7010 3) A T=298K

V =2261.08 (5) A

Plates, colourless

Z=8

0.18 x 0.12 x 0.02 mm

F(000) = 1008

Data collection

Bruker D8 VENTURE diffractometer with Photonll CPAD detector

1986 reflections with 1 > 2¢(1)

Radiation source: INCOATEC microfocus sealed tube

Rint = 0.039

rotation in ¢ and o, 1°, shutterless scans

Omax = 72.1°, Omin = 4.7°

Absorption correction: multi-scan h=-19-19
SADABS (Sheldrick, 2014)

Tmin = 0.849, Tmax = 0.971 k=-7-7
36062 measured reflections | =-29—-29

2223 independent reflections

Refinement

Refinement on F?

Primary atom site location: dual

Least-squares matrix: full

Secondary atom site location: difference Fourier map

R[F2 > 26(F)] = 0.038

Hydrogen site location: inferred from neighbouring sites
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where P = (Fo? + 2Fc?)/3

2223 reflections
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Secondary atom site location: difference Fourier map

R[F? > 26(F?)] = 0.068
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H atoms treated by a mixture of independent and constrained refinement
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3119 reflections
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6 Abbrevation Index

%

A
Ac
ATR

Boc
°C
CA4
cm
conc.

DCM

dd

ddd

DFT
DMF
DMSO
DMSO-ds

EA
EDC
El
ESI
et al.
eV
FAB

GDP
GTP

HITub
HOMO
HOTub
HPI
HPLC
HRMS

percent

degree (unit of angle measurement)
Angstrom (107 m)

acetyl

attenuated total reflection (IR)
degree (unit of angle measurement)
tert-Butyloxycarbonyl

degree Celsius (unit of temperature )
combretastatin A-4

centimeter

concentrated

chemical shift (in ppm)

doublet (NMR)

dichloromethane

doublet of doublets (NMR)

doublet of doublets of doublets (NMR)
density functional theory
N,N-dimethylformamide
dimethylsulfoxid

deuterated dimethylsulfoxide
energy

elemental analysis
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
electron ionization

electrospray ionization

et alia

electronvolt

fast atom bombardment

grams

guanosine diphosphate

guanosine triphosphate

hours

hemithioindigo-based indanone-like tubulin inhibitors

highest occupied molecular orbital
hemithioindigo-colchicinoid tubulin binders
hemipiperazine

high pressure liquid chromatography

high resolution mass spectrometry (NMR)
Hertz

integral

infrared

coupling constant (NMR)
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K kelvin

KHYS Karlsruhe House of Young Scientists
KIT Karlsruhe Institute of Technology

L liter

A wavelength

LED light-emitting diode

LUMO lowest unoccupied molecular orbital
M Molar concentration

m mass, multiplett (NMR), medium (IR)
MAP microtubule-associated proteins
max. maximal

MDA microtubule destabilizing agent

Me methyl

MeCN acetonitrile

mg milligram

MHz megahertz

pm mikrometer

MM micromolar concentration

Ms microsecond

min minutes

mL millilitre

mm millimetre

mM millimolar concentration

mmol millimole

MS mass spectrometry

MSA microtubule stabilizing agent

m/z mass to charge ratio

nBuL.i n-butyllithium

nm nanometer

NMR nuclear magnetic resonance
NOESY nuclear overhauser effect spectroscopy
oD Optical Density

Ph phenyl

PHT pyrrole hemithioindigo

PHTub PHT-based photopharmaceuticals
ppm parts per million, 10

PSS photostationary state

PST photostatin

quant. guantitative

R not defined substituents

Rt retention factor

ROS reactive oxygen species

S singlet (NMR), strong (IR), seconds
SBT styrylbenzothiazole

SBTax

SBT-taxane
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SBTub
ST
STEpo
T

t

tBu

td
TD-DFT
TFA
THF
TIPS
TLC
Tol
uv

Vis
VS
VS.

=

SBT-based tubulin inhibitors
styrylthiazole
epothilone-based microtubule stabilisers
temperature

triplet (NMR)

tert-butyl

triplet of doublets (NMR)
time-dependent density functional theory
trifluoroacetic acid
tetrahydrofurane
triisopropylsilyl

thin-layer chromatography
toluene

ultraviolet

wavenumber [cm™]

volt

visible

very strong (IR)

Versus

very weak (IR)

watt

weak (IR)
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