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1 INTRODUCTION

1 INTRODUCTION

Preface

When 1 started my PhD thesis in the Dube group in July 2015, my experience in the fields of
photochemistry, physical chemistry and theoretical chemistry was very limited, as my previous
internships and theses dealt with solid-state chemistry, inorganic primary explosives, polymers
and synthetic metal organic chemistry.

This introduction is meant to give a brief overview of typical photophysical effects that occur
within the excited states of matter. It also shows possibilities on how to convert photonic energy
into chemical reactions and controllable molecular motions. The intention of this brief
introduction is outlining some of the basic principles in photochemistry to chemists without a
background in photophysics.

As photochemistry is a very interdisciplinary field that can range from synthetic chemistry
to biology over molecular- / supramolecular dynamics and engineering to molecular computing
to controlling of logical gates, only a few relevant aspects of the used photochemistry in this

thesis can be implemented in this introduction.



1.1 PHOTOCHEMISTRY - A BRIEF INTRODUCTION

1.1 Photochemistry - A brief introduction

Biological aspects

The most prominent and important example of a photochemical reaction cascade is
photosynthesis. Its two main biochemical pathways consist of harvesting photons to provide
adenosine triphosphate (ATP) as chemical energy and nicotinamide adenine dinucleotide
phosphate (NADP) as reducing agent for the conversion of carbon dioxide and water into
energetically upcycled glucose and oxygen.™ 231 Without these complex reaction cascades, the
sun’s power to fuel life on earth would be mainly untapped in the ways we are aware of now.
Another important photochemical reaction in biological systems is the vision of animals, which
involves the cis-trans photoisomerization of retinal embedded in variable opsin proteins to
convert photons with different wavelengths and intensities into electrical stimuli within the
retina of the eye.[* ® Recently, the photochemical Hula-Twist mechanism - that was proposed
in 1985 as underlying mechanism of this cis-trans isomerization of incorporated retinal - was
directly evidenced to exist in a model system by our group.] However, for retinal itself, a
recent time-resolved femtosecond x-ray crystallography study suggests an aborted bicycle
pedal- instead of the Hula-Twist mechanism.[! The biosynthesis of vitamin D3 in animal skin
is another photoinduced biosynthetic pathway that utilizes cholesterol as starting material and
UV light. This biosynthetic pathway is crucial to many life forms as vitamin D3 is only scarcely

present in common food sources.®!

Absorption, fluorescence and phosphorescence

Color theory enthralled mankind for millennia and is also a major part of photophysics and -
chemistry.! It describes the impression of dyes, chromophores and pigments to the human eye.
Absorbance and luminescence are hereby the most commonly observed phenomena and can be
described in detail by quantum theory.[*! Besides reflection and scattering, non-transparent
matter shows at least absorption of photons in the visible spectrum of light, which can be
understood as (internal) energy conversion of one or more photonic wavelengths with different
intensities into phononic (heat), electrical or chemical energy.[*Yl This process subtracts the
absorbed wavelengths from the incident light distribution and reflects the complementary color

back to e.g. the opsins of the human eye.
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1 INTRODUCTION

Luminescence can be observed in matter that does not dissipate external stimuli (Phononic
excitation, photons, magnetic- or electric fields, electrons, hadrons...) thermally or chemically,
leaving only emission of a photon as de-excitation pathway.[*?) One prominent example of a
commonly encountered luminescence phenomenon is photoluminescence, which can be
categorized into fluorescence and phosphorescence. Fluorescence, for example, is encountered
naturally by UV irradiation of calcium fluoride crystals or animal teeth.[*3 1 Whitening agents
in textiles or quinine-containing beverages like tonic water also show fluorescent behavior
under UV irradiation.

A theoretical approach to describe fluorescence uses the Born-Oppenheimer approximation
in which the electronic structure of a vibrating molecule is treated with almost no mass
compared to its nuclei with respectively almost infinite masses.[*>! This becomes possible as
electronic and nuclear motions usually take place at vastly different timescales, which facilitates
solving the Schrddinger equation in the ground state but results in unreliable predictions for the
excited states.!*6 17181 Jablonski diagrams (Figure 1), which also utilize the Born-Oppenheimer
approximation, can be used to describe excited state behavior.['*> 2 These diagrams assign
nuclei position on the abscissa and the energies of ground- and excited states on the ordinate.
Vertical excitations between ground- and excited states symbolize the fast time-dependent
change in electronic structure due to photon absorption within femtoseconds while the nuclei’s

positions are virtually frozen in position.
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Figure 1:
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Simplified Jablonski diagram. Absorption of a photon results in excitation of the
molecule e.g. into the singlet state 1 or 2 (S1 or Sz, blue arrow) within an
accessible vibronic state. Lower lying vibronic states can be populated by
phononic de-excitations, which can be simplified as cooling of an excited
vibrating molecule towards a state of lower energy (wavy lines). The lowest
energy vibronic mode of the excited state (here: Si-0) must be in phase with at
least one vibronic mode x (in most cases not the lowest vibronic mode) of the
ground state (singlet state 0 or Sp) to emit a photon (fluorescence). This photon
has the same energy as the energy gap between S1.0 and So.x. The same principle
can be applied to the triplet states with the additional aspect that the required
changes in spin polarization from triplet to singlet states are forbidden. This
circumstance can trap molecules in long-lasting triplet states for time periods

that extend fluorescent phenomena by several orders of magnitude.

The mechanism behind fluorescence consists of photon absorption into the electronic excited

state and instead of thermal deactivation (internal conversion) to the electronic ground state, a

photoemission pathway is taken, immediately emitting the photon within nanoseconds at a

lower energy wavelength. Photon emission requires oscillations from the molecular nuclei, as

the singlet state 1 and singlet state O need to experience an in-phase oscillation for this process.
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Phosphorescence was first reported in 1602 by V. Casciorolo within barium sulfide and can
also be observed on pilot / diving watch faces or on emergency exits that utilize phosphorescent
paint. The mechanism of phosphorescence resembles fluorescent behavior with the exception
that de-excitation takes place via intersystem crossing (see Figure 1). Here, the excited singlet
state is converted into an intermediate triplet state by a forbidden change of spin polarization.
This results in the longevity of the triplet state, which de-excites by emission of low energy

photons over minutes, hours or days after the initial excitation.[*® 1]

From photochemistry to molecular machines

The ability of photons to initiate or drive chemical reactions is a long and well known
phenomenon. An early example of photochemistry is black-white photography where light
sensitive silver bromide (yellow) coated plates are exposed to UV light through a lens
system.[??l Photons catalyze the disproportion of the silver bromide to elemental silver (black)
and bromide within the plate matrix. Fixation by eliminating residual silver bromide in the dark
leaves the negative impression of the photographed image. Another example of a
photochemical reaction starts with the UV light-induced homolytic dissociation of chlorine gas
in presence stoichiometric amounts of hydrogen. The initially formed chlorine radicals react in
chain propagation and termination reactions to form hydrogen chloride within an exothermic
reaction cascade. The dissipated heat will further increase reaction kinetics and gas volume,
leading to an exponential reaction profile, causing a detonation.?*!

Modern applications of photochemistry and -physics consist of e.g. solar cells, photoredox
catalysis and the emerging field of photoswitches and light driven molecular machinery.

Most inorganic solar cells use doped crystalline or amorphous semiconducting silicon to
propagate photon induced charge separations.!?* 2° These accelerated charges can be harvested
on adjacent electrodes to obtain a direct current source that becomes usable in all sorts of
electronic devices upon respective conversion.

A prominent example of a photoredox catalyst is tris(bipyridine)ruthenium(ll) chloride. In
combination with common organocatalysts, new synthetic photon-driven methodologies based
on single electron transfers can be derived.[?®! One trait of photoredox catalysis is the ability to
utilize catalytic amounts of photons to generate the desired products. This can be observed for
the quantum yield (QY, QY = number of absorbed photons divided by the number of formed

product molecules) of the single electron generation of tris(bipyridine)ruthenium(ll) chloride.
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This photoreaction supports a quantum yield of 2.8% but the catalytic nature of the reaction
cascade allows for enlarged quantum yields with respect to the formed products by up to two
orders of magnitude.t?- 2l

A research field that also vastly gains momentum is the development of photoswitches and
light driven molecular machines. The first example of a photochemical transformation was
reported with sunlight irradiation of a-santonin crystals by H. Trommsdorf.[?°l The incident light
turned the crystals yellow before bursting due to substantial changes in crystal volume upon
dimerization.* Likewise, a molecular photoswitch supports two or multiple isomeric forms
that can be interconverted at least from one state to the other by light. One of the first known

examples is the trans to cis double bond isomerization of stilbene by UV light (Scheme 1).E%
32]

UV light N
S ®
O UV light, heating O

trans cis

Scheme 1:  Photoisomerization of trans stilbene to cis stilbene by irradiation with UV-light.

Another prominent photoswitchable molecular transformation is the light induced ring-opening
and -closing reaction of e.g. diarylethenes,® spiropyranes® and Stenhouse adductst®®! (see
Figure 2).

Most of the envisioned applications of photoswitches and light-driven molecular machinery
reside in the fields of photopharmacology,® 371 sensing,[% % 401 information processing,“!
materials sciencel*? and nanorobotics.[*® “ The most prominent application of photoswitches
to date is the sun-light induced tinting of sun glasses using spiropyranes as light responsive
component.[]

Photopharmacology describes the field in which an active pharmaceutical ingredient (API)
is switched on at a specified location within an organism by preferably harmless (visible) light.
This portrays another level of precise temporal and spatial control as the drug is only active at
a desired tissue for precisely controlled time intervals. This is in contrast to common APIs that
are unwanted and possibly dangerous (as metabolites) within other parts of the organism until
conversion towards harmless derivatives by the organisms metabolism or excretion,[46: 47. 48,49

Advanced sensing applications consist e.g. of photoswitches that show fluorescent behavior

in one isomeric form but not in the other.%l For example, switchable spatial fluorescent
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mapping of biological matrices can be utilized to trace dynamics within cells to visualize
biological pathways.["!

Digital molecular information processing strongly relies on interconvertible molecules with
two or multiple different states to assemble logical devices such as memory, various logical
gates (e.g. AND, XOR etc.), keypad locks or half-adders.[**] Quantum computing beyond 0’s
and 1’s requires multiple states and readouts at desirably the smallest possible scale.!!

Photoswitches can be used as a molecular scaffold to build light driven molecular motors,
which are defined by their property of a unidirectional rotation around one bond or by traversing
of different molecular states under continuous irradiation in a favored order and trajectory.[®?
53]

Incorporating molecular switches or motors within macromolecular scaffolds / -polymers or
metal- / covalent organic frameworks can change the overall properties of these materials upon

irradiation of light.[*%]

With these tools on hand, artificial robots at the molecular scale can be envisioned.[*3 54
Photoswitches and molecular motors could be key tools not only to provide specific control of
the principles of molecular motion motions but also to actively power them with high spatio-
temporal precision.[®® Although known systems are far off from being assembled into artificial
autonomous nanomachines,®! the archetypes have already been created by nature: Enzymes,
ribosomes, the cellular apparatus, intercellular communication, muscle tissue and nervous
systems. The orchestration of these molecular machines and signal transductors leads to the
possibility of complex life forms, all constantly utilizing their nanomachines to survive. The
incorporation of a likewise complexity into a synthetic world is achievable in theory but
surpasses human capabilities (at the moment).
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Overview of known photoswitchable scaffolds

Photoswitches and molecular motors / -machines use mainly Z / E- or cis-trans isomerizations
and ring opening- / -closing mechanisms upon photoexcitation to switch from their global

thermodynamic minimum to metastable states. [ 51
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Figure 2: Overview of different classes of photoswitches. In general, thermodynamically

stable forms are shown on the left, metastable products are shown on the right.



1 INTRODUCTION

Rule-of-thumb performances with regard to red-shifted photoswitching and long
thermal half-lives at 25 °C are shown for a respective isomerization direction.
Very fast = ns to s. fast = s to min, medium fast = min to h, medium slow = h to

days, slow = days to years, very slow = years to millennia. NIR = near infrared

Nowadays, photoswitching in general is explained by the excited state topology of the potential
energy surface and its conical intersection towards the ground state potential energy surface,
allowing for the generation of metastable products. The theory of conical intersections links the
observation of short-lived excited states that do not deexcite via e.g. fluorescence to phononic

molecular motion that leads to observable, metastable photoproducts. 2% 58 59

I s,
(0] Conical intersection
c
L

SO
Z isomer E isomer
X
Figure 3: Simplified depiction of a conical intersection for a Z / E double bond

isomerization, X represents the reaction coordinate. The excited state Sy rapidly

de-excites towards the So state of the Z- or E isomer with a 1 to 1 probability.

Figure 3 also visualizes why achieving quantum yields beyond 50% is expected to be
impossible for double bond isomerizations. This can be assumed if the incident photonic energy
is completely converted into electronic excited state energy and only a singular, symmetric
conical intersection is present within the potential energy surface. The latter is not necessarily
the case as electrostatic- or steric bias in the excited state could influence the topology around
the conical intersection. Conical intersections describe the often very fast formations of
metastable photoproducts within few picoseconds very accurately.?% 5% This indicates that after
establishment of the excited state orbital structure, the molecular nucleic scaffold reacts to the
changed electronic environment at a speed above the diffusion limit. If the instantly induced
electronic structure change in the excited state favors the rearrangement of the molecular

structure to a conical intersection that is intermediate to starting- and product structures, a
9
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bifurcation towards two reaction paths that yield either the Z- or E isomers with equal
probability is established. The conical intersection structure is populated more readily when
one or multiple vibrational modes of the molecule already point towards the correct trajectory.
This excited state then de-excites by directly forming either the starting material or the product
species. In addition, hot ground states with a thermal bifurcation of the reaction coordinate can
be used to explain the outcome of photoreactions towards the starting material or different

products.[2% 58611

10
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1.2 Indigo

The synthesis!® and structurel®® of indigo was first described by Adolf von Baeyer in 1870 and
1883. Indigo is still one of the most prominent dyes to date as its deep blue color and stability
towards light and chemicals, accompanied by its low solubility, prevents it from being bleached
out of dyed fabrics during wearing and washing. These properties also makes it unsuitable to
directly apply indigo onto clothes, which is why it is reduced to its colorless and water soluble
leuco form for dyeing processes. (Figure 4) Treated textiles can be left on air for leuco indigo
to be re-oxidized to its blue form, which is now deeply embedded within the fibers. This

indicates that the central double bond in this molecule plays a major role for its deep blue

color.[84
o OH |,
O N O reduction O N O
— N\
. N\
N oxidation N
H o H Ho
indigo leuco indigo
Figure 4: Indigo and its reduced leuco form.

Indigo is a quite intriguing dye as its deep blue color cannot be explained solely by the size of
the conjugated system and is still not fully understood.[5 1 When designing red-shifted dyes,
the rationale consists in bringing the highest occupied molecular orbital (HOMO or So) and the
lowest unoccupied molecular orbital (LUMO or S1) closer together. This can be realized by
incorporating an elongated aromatic system and placing a strong donor and a strong acceptor
at its opposite ends. However, with indigo, all the amine donors and carbonyl acceptors are
located adjacent to the central double bond. Multiple mesomeric forms, which exhibit electron
donating pathways directly from one amine to the closest carbonyl or from one amine to the
carbonyl opposite of the central double bond, can be proposed. All these possible excitation
modes seem to contribute in bringing HOMO and LUMO closer together, resulting in a low
energy absorption maximum at approximately 615 nm (red) that is perceived as the eponymous
indigo blue.

Another extraordinary trait is the stability of indigo pigments towards irradiation,
temperature, chemicals and dissolution. Destruction by photobleaching is prevented trough
excited state proton transfer (ESPT) which potentially can take place twice per molecule.®

This dissipates the absorbed energy from the excited state not only through phononic radiation

11
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of heat but also by dissociation of protons from the amine towards the carbonyl oxygen or the

matrix, temporarily strengthening the hydrogen bonds within the structure.[’]

Strong intermolecular hydrogen bonding and pi-pi stacking lowers its solubility and hence the
reactivity of indigo compared to indoles or indoxyls. 58!

Altogether, these characteristics are highly beneficial for indigo as a dye but utilizing it as
cis-trans photoswitch in its nitrogen-unsubstituted form is impractical. Another drawback is the
very low thermal bistability of its cis isomer as its half-life lies in the range of picoseconds,
which makes it impossible to analyze without transient or cryogenic spectroscopic methods.

Additionally, it is known that substitution reactions of the amine protons cannot be carried
out easily, as harsh reaction conditions are required and poor yields with many similar and
inseparable side products can be expected.

Recent publications report actual photoswitching and thermal half-lives of the formed
metastable cis-isomers ranging from minutes to hours at 25 °C for mono- and di-N-substituted
indigo derivatives.[® These findings suggest that suppression of the ESPT pathway is one of
the most promising approaches for realizing efficient photoswitching properties of indigo and

for diminishing ultrafast thermal back reactions from the cis to the trans state. !

This work

In this work thermochromic effects on indigo derivatives were studied. The parent indigo
scaffold was substituted by various symmetric and non-symmetric aryls on both nitrogen
positions. Also, methyl groups were introduced on the indigo core adjacent to the nitrogen-aryl
axes. Substitution in general led to good trans to cis photoswitching properties of several
derivatives, especially at low temperatures. The properties beyond trans to cis photoswitching

are outlined in Section 2.4.

12
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1.3 Red-shifting of indigoid photoswitches

Most substituted indigo photoswitches can be addressed with red light at 620 nm, which is
already an ideal property for biological applications, as low energy red light does not destroy
cellular components unlike high energy UV light.[®8 ¢°1 Furthermore, deep tissue penetration is
achieved by red light while blue or UV light is readily absorbed by prevalent molecules of

biological entities. This can be demonstrated by a simple experiment shown in Figure 5 below.

Figure 5: Irradiation of biological tissue with 405 nm (100 mW of light power, left) and
625 nm (130 mW of light power, right) light emitting diodes (LEDs). The lower
measured power (~30%) for the LED on the left is not the main cause for the

significant transmission difference (>> 30%) when compared to the right.

However, thermal stabilities of indigo photoswitches still remain in the realm of nanoseconds
to minutes at 37.5 °C.[%% 6% To address this shortcoming, the nitrogen atoms can be substituted
by sulfur to form thioindigo, as Adolf von Baeyer’s student, Paul Friedlander had shown in
1904.10. 711 This violet dye is soluble in organic solvents and the metastable cis isomer shows
thermal half-lives of several hours at ambient temperatures, depending on its substituents.l’?
Further improvements regarding thermal stability are achieved by formal cleavage of the
thioindigo chromophore at its central double bond and substitution with a hemistilbene.% 3l

This leads to the class of hemithioindigo (HT1) derivatives, which overall exhibit long thermal
13
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half-lives by sacrificing some of the red-shifted absorption of thioindigo. Electron donating
substitutions at the stilbene fragment increase the red-shift of hemithioindigo while
significantly lowering the thermal stabilities of the photoproducts.l’®! To overcome these
drawbacks, the nitrogen of the parent indigo chromophore was introduced again in this work to
obtain hemiindigo (HI), which was also reported by Adolf von Baeyer in 1883.°%1 The
unsubstituted hemiindigo photoswitch is already red-shifted by 50 nm compared to the
respective hemithioindigo and in contrast, electron donating substitutions at the stilbene
fragment do not severely impede the thermal bistability of the chromophores.[”* Figure 6

summarizes the enhancements of thermal stability throughout various classes of indigoid

photoswitches.
o 4 0
N picoseconds S
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Figure 6: Overview of increasing thermal half-lives for different indigoid photoswitches
at 25 °C.
This work

Highly bistable and efficient photoswitching at the biooptical window is demonstrated with
electron donor-substituted hemiindigo derivatives. The peak performance values throughout all
derivatives of this class of photoswitches show almost quantitative switchability from 99% Z-
to 98% E isomer content with low energy red- and green light between Z and E states with
quantum yields of up to 49% and thermal half-lives up to 3400 years at 25 °C.["* ™! Good to
excellent switchability throughout all solvent polarities as well as in gas and polymer phase is
maintained. Repeated photostationary state (PSS) switching over hundreds of cycles and
photobleaching experiments over days showed good fatigue resistance of these compounds
towards irradiation with high-energy blue light.["8!

The two main pitfalls of the photoswitching performance of hemiindigos are discussed. One
factor that disrupts the photoswitchability is addition of significant amounts of Brensted acid /

base. Second, especially for electron donating substitutions at the stilbene fragment, pure water

14
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poses also a problem, as no switching is observed without addition of a few drops or sometimes
up to 20% of water miscible organic solvent, e.g. tetrahydrofuran, N,N-dimethylformamide or
dimethyl sulfoxide. However, utilization of less electron-rich stilbene fragments makes it

possible to obtain hemiindigos that show potent photoswitching in pure water.[“%]

15
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1.4  Switching of ECD responses

Enantiomerically pure chiral compounds twist the plane of polarized light by an angle a
respectively to the polarized input plane as intrinsic property.l’1 A polarimeter can be used to
measure o, which is given as material constant for a specific concentration of enantiopure
compound and used solvent.l”8 Electronic circular dichroism (ECD) spectroscopy measures the
wavelength dependency of this phenomenon and reports the ellipticity similar to UV-Vis
spectroscopy with the unit mdeg (millidegrees) instead of a.u. (arbitrary units) for (chiral)
absorptivity.["®l

The manipulation of ECD signals is not as straightforward as red-shifting chromophores
because the complete geometry and constitution of the molecules in solution contributes to its
ECD signal in an almost unpredictable way. Recent advances show photoswitches with attached
chiral complexing domains, which change their ECD signal upon switching of the binding
geometry of the metal.[”® Enantiomerically pure molecular motors exhibit changes in their ECD
response when switching through different helicities within their rotation cycle.l’ These
systems display changes in shape and intensity of their wavelength dependent ability to rotate
a polarized plane of light. Regardless of the isomer distribution of the molecules, an ECD
response is observed as long as no racemization occurs. Modulation of the entire ECD response
between two photoswitchable isomers while maintaining absorptivity in the visible spectrum

of light was not observed until recently.[

This work

To address the previous point, introduction of (axial) chirality to the hemiindigo photoswitcht!
at the amine functionality leads to intriguing spectral observations, especially regarding its ECD
responses. Derivatives bearing ortho-tolyl moieties have been synthesized and it was observed
that the Z isomers show intense ECD spectra while the spectra of E isomers were diminished.
Repeated cycling between Z- and E states could reliably recover the ECD signal while a
decrease in intensity could be completely attributed to thermal atropisomerization of the axially
chiral ortho-tolyl residue with only little photodegradation. This is the first observation of an
ON-OFF circular dichroism switch that switches its ECD signal while maintaining absorbance
in the same wavelength region.’® The drawback of ECD signal loss caused by thermal
atropisomerization could be reduced for one axially chiral hemiindigo derivative and even
eliminated for a chiroptical switch supporting a permanent stereo center.

16
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15 Molecular machines

By the time of writing, there is still controversy regarding the definition of molecular machines.
A. Coskun, M. Banaszak, R. D. Astumian, J.F. Stoddart and B. A. Grzybowski state that
switchable systems do not carry out work because they will retrieve their starting state by
reversing the initial switching motion. A machine, in contrast, continuously performs work in
form of driving chemical reactions or performing ongoing mechanical motion.

A hotel elevator, for example, would not be considered as a machine from this point of view.
If a person decides to ride to the 17" floor and notices that they forgot something in the lobby,
the elevator will not have performed any work by arriving at the ground floor again, except
overcoming mechanical friction and air resistance. Elevating a person to the 17" floor stores
potential energy, which will be released when the person leaves again or eventually at the
demolition of the building.

In this work a molecular machine is defined as an entity that converts different forms of
energy into each other to carry out work (in principle) against an equilibrating force, e.g. lifting
a weight onto a table to store potential energy against gravity.

At the macroscopic scale, motions often do not store energy directly but always have to
overcome friction and the momentum of acceleration / deceleration. Macroscopic rotary motors
are mostly attached to a winch, pinion and rack, gears or a pump to translate rotary motion into
another rotary- / linear motion or into pressure. In order to achieve observable work, the
machine must deliver enough force to induce a positional change or to reside in a higher state
of energy, which can be used later on.

An electrical capacitor or accumulator, for example, wired to a generator with a diode in
series would be considered as machine in this point of view, as turning of the DC generator
would result in an electrical current that is forwarded by the diode and charges the capacitor
until its saturation or voltage limit. Uncoupling of the generator shaft and shorting the diode
would result in rotation of the shaft powered by the capacitor until all stored potential electrical
energy is depleted.

A bistable photoswitch can be considered as a similar setup, with the thermodynamic
minimum being the e.g. Z- or E state or respective equilibrium composition and a PSS
constituting the charged form with a higher heat of formation and potentially strained geometry.
The energy of the switch is slowly released by thermally overcoming the activation barrier
towards the favored state or equilibrium. Shorting of the diode in the generator setup is

equivalent to heating the photoswitch for faster retrieval of the stored potential energy.
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The molecular motor published by M. Glntner provides a fully unidirectional rotation around
the central double bond in four distinct steps (see Figure 7).821 Starting from the
thermodynamically most stable Z-(S)-(P) isomer a light induced double bond isomerization to
the E-(S)-(M) isomer takes place. The metastable E-(S)-(M) form, is able undergo a thermal
helix inversion, yielding the E-(S)-(P) isomer. This property is often described as thermal
ratcheting as the photochemistry of the thermally obtained E-(S)-(P) derivative is entirely
different from the E-(S)-(M) isomer and shows complete selectivity towards the Z-(S)-(M)
product formation. The latter can also thermally invert its helicity, yielding the
thermodynamically favored Z-(S)-(P) isomer and completing the unidirectional rotational
cycle. The intermediates prevent a photochemical or thermal back reaction to an extent where

the number of forward rotations entirely overcome the number of backward pathways.
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Figure 7: Energy profile of the unidirectional rotational cycle of the molecular motor as
published by M. Giintner.[® Black lines represent theoretically obtained values
calculated at the MPW1K/6-31+G(d,p) level of theory, blue values indicate

experimentally measured values.

Molecular setups as described by Figure 7 could make it possible for the motor to transport
itself on a surface,’® to drive molecular gears, racks or to act as winch or pump, which is

already observed for natural molecular motors within cells, bacteria and higher life forms.

18



1 INTRODUCTION

This work

Axially chiral disubstituted indigo photoswitches were synthesized and characterized. One
derivative in particular showed enrichment of the thermodynamically disfavored anti-trans

state that was inaccessible by pure photochemistry starting from the syn-trans isomer as global

minimum.
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Figure 8: Simplified motional cycle of an axially chiral di-N-arylated indigo derivative.

Experimental data and theoretical evaluation supported the molecule in Figure 8 to undergo a
photoinduced unidirectional two-step double bond rotation and a unidirectional four-step single
bond rotation. The findings also suggest this setup to be a prospective molecular motor that can
selectively modulate the rates of rotation of its two rotatable axes relatively to each other by
changing the temperature of the sample. In addition, a combined photoinduced- and thermal
Hula-Twist motion over three bonds can be proposed by observations via low temperature
NMR spectroscopy. This also implies a geared motion between the photoinduced power stroke
of the central double bond isomerization and the single bond rotation. Furthermore, the
direction of the accumulation of syn-trans and anti-cis isomer can be selected and reversed by
a temperature change from 25 °C to -50 °C. This highly intriguing molecular setup is proposed
as the prospectively first known indigo-based molecular motor and the first molecular motor

that can be fueled directly by red light.
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2.2.1 INDOXYL FRAGMENT: N-H UNSUBSTITUTED HEMIINDIGO 9

2 RESULTS AND DISCUSSION

The main focus of this work consisted of the design and characterization of a novel class of
high performing, thermally bistable, red-shifted photoswitches and their applicability in
gaseous, liquid and solid phases. Subsequent endeavors headed at the utilization of these
compounds for establishing control of molecular motion and / or chiral properties as well as
entering the fields of biology and materials science.[’ 75 76l

The main property of the investigated class of photoswitches is exhibited in the photo- or

thermally induced Z / E or E / Z isomerization of the central double bond, shown in Figure 9.

Indoxyl- Stilbene- Indoxyl- Stilbene-
fragment fragment fragment fragment
O
’ hv, AT ?
/ S T 1l
11 \
H H
Z isomer E isomer
Figure 9: Nomenclature and fundamental switching processes of a hemiindigo

photoswitch induced by visible light or thermal excitation.

The two formal parts of the molecule are referred to as (hemi-)indigo or indoxyl fragment (left)
and (hemi-)stilbene fragment (right). The two stable conformations, namely Z- and E isomer,
differ vastly in their (photo-)physical properties and can be examined independently by
common spectroscopic methods. The isomerization process also yields a rather large
mechanical change with an expansive swing of the phenyl group when the indoxyl fragment is
regarded as static. When the stilbene fragment is treated as fixed, a volume-demanding 180°
rotation of the indoxyl fragment can be postulated. Linear and rigid substituents at the N-H or
adjacent aromatic C-H position would experience extensive conformational changes upon
switching because of their enhanced mechanical leverage. Such large geometrical changes
makes Z / E double bond isomerizing switches viable in situations where substantial mechanical
change is required. Examples are the photocontrol of binding affinities of small molecules to
active sites in protein complexes or the opening / closing of ion channels within membranes.[®
81 The red-shifted absorptions of hemiindigos makes them perfect candidates for the use inside
bacteria, cells or biological tissues, as green and red light will not damage proteins or DNA.

Long wavelength light is also beneficial for deep tissue penetration as it would not be absorbed
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2 RESULTS AND DISCUSSION

as readily as UV or blue light by skin.[%® 61 Another benefit of this class of photoswitches is

their high thermal bistability, supporting half-lives over months or years even at physiological

temperatures. Good photoquantum yields enable quick and efficient irradiation timeframes.
Normally, only the Z isomer is shown as Lewis-formula in this work for clarity. If not stated

otherwise, only one E isomer with its respective enantio- or diastereomers can be formed.
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2.2.1 INDOXYL FRAGMENT: N-H UNSUBSTITUTED HEMIINDIGO 9

2.1 Hemiindigo - Improving the performance of
photoswitches

Hemiindigo was first described by A. von Baeyer in 1883 within one of his landmark
publications “Uber die Verbindungen der Indigogruppe™.[8% Its potential as photoswitch was
untapped until research by T. Arai et al. in 1999 discovered the pyrrole-substituted hemiindigo 1

as viable photoswitch and fluorescence modulator in bovine serum albumin (Scheme 2).[%% 8l

Z isomer E isomer

Scheme 2:  Photoisomerization of pyrrole-substituted hemiindigo 1 by T. Arai.

The challenge to find novel photoswitches with potentially improved performance
characteristics compared to stilbenes, azobenzenes, diarylethenes, spiropyranes and Stenhouse
adducts led to the synthesis of several hemiindigo derivatives, which was initially covered by
the work of F. Kink. The first generation of hemiindigo photoswitches comprised a methoxy
group attached to the stilbene fragment in para-position based on previous findings for
hemithioindigo done by S. Wiedbrauk.[®®! Different electron donating and withdrawing groups
at the stilbene fragment of hemithioindigo showed the fastest switching characteristics of
2.4 picoseconds (ps) for the methoxy derivative, which was measured via time resolved UV-
Vis spectroscopy by R. Wilcken.[88-871 The resulting high thermal stabilities and good switching
performance made this substitution pattern a good starting point for the related hemiindigo
system. However, hemithioindigo behaves vastly different compared to hemiindigo, as the
para-methoxy substituted molecule shows strong, rapidly decreasing fluorescence and majorly
photodestruction over prolonged irradiation periods, probably caused by intermolecular excited

state proton transfer (ESPT), which triggers unidentified side reactions.
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2 RESULTS AND DISCUSSION

This unfavorable behavior of hemiindigos can be overcome by substitution of the amine
hydrogen by e.g. acetyl, as done by F. Kink. The obtained molecules 2 are stable towards

irradiation and show high thermal bistabilities with barriers of about 33 kcal/mol.

385 nm, AT

OMe )
Z isomer, 93% E isomer, 87%

Scheme 3:  Photoswitching and thermal isomerization pathways of hemiindigo 2.

Transient measurements done by R. Wilcken from the group of E. Riedle revealed
photoisomerization speeds for this photoswitch of 2.1 ps, which is very similar to the

corresponding methoxy-substituted hemithioindigo derivative.

20 T T T T T T T
1% —1t=02ps
— f—t=1ps -
S — A =554.7 nm
< —1t=1000.53 ps
g "f ’ —— % =423.1nm
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Figure 10:  Transient absorption spectra of hemiindigo 2 recorded after 45 femtoseconds

photoexcitation of the Z isomer with 400 nm light.
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2.2.1 INDOXYL FRAGMENT: N-H UNSUBSTITUTED HEMIINDIGO 9

Electron donating groups like dimethyl amino or julolidine at the stilbene fragment in
combination with alkyl-substitution of the NH proton result in a strong, solvent dependent red-
shift of absorptions up to 100 nm for hemithioindigo and hemiindigo derivatives alike.

, AT
_— W
680 nm, AT
Me
Z isomer, 99% E isomer, 93%

Scheme 4:  Exemplary Z / E isomerization of hemiindigo 3 with nominal green 530 nm LED
light to 93% E isomer and nominal red 680 nm LED light to 99% Z isomer in
dimethyl sulfoxide. The Z isomer has a thermal half-life of 0.7 years and the E
isomer of 0.9 years at 25 °C.

One drawback of red-shifted hemithioindigos is their overall low thermal stability and the
significantly lowered thermal stability if substituents of increasing donor strength (and thus red-
shifting capacity) are introduced. The energy barriers for the thermal double bond
isomerizations in toluene solution decrease from 26.4 kcal/mol for the methoxy-substituted
hemithioindigo 4 to 24.7 kcal/mol, for the dimethylamino derivative 5 to 21.4 kcal/mol for the
julolidine derivative 6. At the same time these energy barriers are sensitive to solvent dipole
moment and decrease further with increasing polarity. Interestingly for hemiindigos the energy
barriers remain significantly higher in the range of 25 - 30 kcal/mol within aprotic solvents for
derivatives 7, 8 and 3.7 This displays their seldom trait of red-shifted absorptions combined
with high thermal bistability, which makes photoswitching switching accessible with low
energy green and red light, which is highly favorable for biological applications. Quantum
yields of approximately 20% for the Z- to E-photoisomerization and 10% for the E- to Z-
photoisomerization within all solvent polarities ensure the practical efficiencies of the switching

processes.
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2 RESULTS AND DISCUSSION

26.4 kcal/mol
4 5

(

Me Me Me
29.8 kcal/mol 30.5 kcal/mol 24.6 kcal/mol
7 8 3

Figure 11: Lewis-formulas of hemithioindigos E-4, 5, 6 (top) and hemiindigos E-7, 8, 3
(bottom) and their free activation enthalpies AG* for the respective E to Z

isomerizations in toluene.
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2.2.1 INDOXYL FRAGMENT: N-H UNSUBSTITUTED HEMIINDIGO 9

2.2 Hemiindigo - Rationale of substitution patterns

The generalized rationale behind the substitution patterns for adjusting the photophysical

properties of hemiindigo photoswitches is depicted below (Figure 12).

Molecular substitution Surrounding medium

(:(\\O«\ o | high solvent polarity |

o
\\\\Qs Qeoc\'(\ bathochrom J lower

O Z o
(,)*OR \)\\(f’ high thermal ;L;Iagstum
© bistability

£
o £ < N B
cld ®'\%%
(o) | N\ 'od‘ ©)
£ I8 3N\ %2
5rg % % slightly lowered
Il -C S > bistability

5 L

> hypsochrom

EDG
EWG

low solvent polarity

Figure 12: Rationale for the substitution and selection of solvents for tailoring hemiindigo
photoswitches. EWG = Electron withdrawing group, EDG = electron donating
group. Electron donating moieties at the N-R position result in red-shifted
chromophores, the same can be seen for the para-position of the stilbene
fragment. Electron withdrawing groups will result in blue-shifted absorptions,
this includes the proton substitution at the central double bond. Introduction of
bulk at the ortho-positions of the stilbene fragment or at the central double bond
will result in twisting of the adjacent single bond and loss of pi-conjugation along
the chromophore, which also blue-shifts absorptions. Polar solvents will red-
shift absorptions and enhance thermal bistabilities while lowering quantum

efficiencies upon switching. Apolar solvents will reverse these trends.
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2 RESULTS AND DISCUSSION
2.2.1 Indoxyl fragment: N-H unsubstituted hemiindigo 9

The fist investigated hemiindigo chromophore 9 was derived from hemithioindigo 4 by S.
Wiedbrauk, which showed the fast transient switching behavior in the range of
picoseconds.[®! The first experiments on hemiindigos were carried out in our
group by F. Kink. Scheme 5 shows the applied synthetic procedure by U. Burger

et al.[88]

O/Z(Me 1.) ag. NaOH (8.2 equiv., 1.5 M, degassed) (6]

©\/\g 100 °C, 15 min O
o) : o
N 2)) ><7)-OMe (1.0 equiv.) N Q
10 in MeOH (1 M, degassed)

0°Cto23°C,1d Z-9, 90% OMe

Scheme 5:  Condensation of indoxyl acetate and an aldehyde to obtain hemiindigo 9.

Basic ester cleavage of indoxyl acetate 10 at 100 °C yields the indoxyl, which is immediately
deprotonated in a-position and leaves a deep green colored reaction mixture upon completion.
After cooling to 0 °C, the nucleophilic carbanion attacks the aldehyde carbon under C-C bond
formation with subsequent abstraction of water to yield the central double bond. Upon workup,

hemiindigo 9 is obtained in a very good yield of 90% as orange crystalline squares (1-2 mm

edge length).

//\f’\

N /’_‘
C'/\;_?‘i“ .

Figure 13:  Crystals (left) and structure of hemiindigo Z-9 (left) in the crystalline state. An
almost planar conformation of the single bond with a dihedral angle of 9.26° for
C8-C9-C10-C11 can be observed. The double bond (red) measures 1.352 A in
length and the stilbene single bond (green) at 1.451 A,
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2.2.1 INDOXYL FRAGMENT: N-H UNSUBSTITUTED HEMIINDIGO 9

However, the promising substitution of sulphur with nitrogen yielded a molecule with slightly
enhanced red-shifted absorptions but with sub-par photophysical properties. Figure 15 shows
the photoswitching behavior of hemiindigo 9 in apolar and polar solvents. Only N-H
unsubstituted derivatives and neutral to moderate electron donors like methyl and methoxy
groups in para-position of the stilbene fragment initially show strong fluorescent behavior,
which is lost upon photoswitching or exposure to air at ambient temperatures (Figure 16).
Irradiation with green light leads to significant destruction of the chromophore within minutes,
which can be followed by the loss of absorption at the isosbestic point at 470 nm (toluene) and
500 nm (dimethyl sulfoxide) as exemplified for hemiindigo 9 in Figure 15. This might be
caused by excited state proton transfer (ESPT), which could yield reactive intermediates that
further destabilize the Michael system. These findings lead to a pronounced focus on

substitution patterns containing N-substituted chromophores (see Section 2.2.3).

(0]
L,
QO
OMe
Figure 14: Lewis-formula of hemiindigo 9.
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Figure 15: Photoswitching of hemiindigo 9 in toluene (left) and dimethyl sulfoxide (right)
at different wavelengths. Z isomer enriched states are colored in red, E isomer
enriched states are colored in blue. Comparable amounts of photodestruction can
be seen over this broad range of solvent polarity. The estimated increase in
isomeric yields of the E isomer in toluene can be attributed to the overall
improved quantum yields of hemiindigos in apolar solvents, which is discussed

in Section 2.2.25. Exact quantification of thermal bistabilities, isomeric ratios
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and quantum efficiencies were not carried out as the constant degradation of this

molecule would not yield accurate results.
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Fluorescence spectra of hemiindigo 9 in toluene (left) and dimethyl sulfoxide

(right). This strong fluorescence is exclusive to N-H unsubstituted and stilbene

para-proton, -methyl and -methoxy substituted hemiindigos. Fluorescence is lost

upon photoswitching and by exposure to atmospheric conditions.

The N-H unsubstituted hemiindigos show complete recovery of the Z isomer exclusively upon

heating, similar to hemithioindigos. However, substitution of the N-H proton shifts the Z state

closer to the E state energetically, which results in thermodynamic equilibria with both isomeric

stated being populated.
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2.2.2 INDOXYL FRAGMENT: N-H ACETYLATED HEMIINDIGO 2

2.2.2 Indoxyl fragment: N-H acetylated hemiindigo 2

Introduction of an acetyl group at the indoxyl nitrogen utilizing hemiindigo 2 as precursor was

carried out by F. Kink. Reproduction with altered conditions according to Moon et al. is shown
in Scheme 6.8

0O

N
H

R = OMe

NMe2

Scheme 6:

Figure 17:

34

Ac,0 (0.1 M), DMAP (0.1 equiv.)

O DIPEA (2.0 equiv.), 100 °C, 1d

R
Z9 R=0OMe Z/E-2, 61% (HPLC)

Z-1 NMe, Z/E-12,64% (HPLC)

Acetylation of hemiindigos 9 and 11 utilizing acetic anhydride, 4-
dimethylaminopyridine as nucleophilic catalyst and Hiinig’s base (N,N-
diisopropylethylamine) at 100 °C. Moderate yields of 61% for 2 and 64% for the
dimethyl amino derivative 12 are obtained after purification by high performance
liquid chromatography (HPLC). Subsequent crystallization yielded yellow

needles.

o 9] ) : //)L :“
ek S~ . 0 |
~ 7 o— / 7 Y ‘
N 7 —&-
-/ Jo O
o o

Structure of hemiindigo Z-2 in the crystalline state. The viewing angle on the
right emphasizes the strong helical twisting within the Z isomer with a dihedral
torsion angle of 52.97° for C1-N1-C10-C11. The stilbene single bond is twisted
by 23.24° for C10-C11-C12-C13. The length of the double bond (red) is
contracted from 1.352 to 1.344 A and the single bond (green) elongated from
1.451 to 1.459 A compared to hemiindigo 9.



2 RESULTS AND DISCUSSION

The twisted single bond shown in green in Figure 17 contributes to the hypsochromic shift of
the absorption by hindering the overall pi-conjugation. This is generally beneficial for a greater
separation of Z and E absorption bands, which is usually beneficiary for isomer accumulation

in the photostationary state.

Figure 18: Lewis-formula of hemiindigo 2.

Compared to hemiindigo 9, the acetylated derivative 2 exhibits substantially differing
properties with blue-shifted absorptions, no fluorescent behavior, very good photostability,
good isomeric yields in the PSS, very high thermal bistability and a thermal Z / E isomer

equilibrium at higher temperatures in toluene solution.
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Figure 19: Molar absorption (left) and PSS (right) spectra of hemiindigo2 in
dichloromethane. A blue shifted absorption compared to the N-H substituted
compound 9 can be observed resulting from acetylation of the indoxyl nitrogen
(Figure 15). Defined isosbestic points can be seen at 260 nm, 320 nm, 360 nm
and 430 nm, which indicates good photostability of this compound. Highest
isomeric yields were obtained at 385 nm irradiation (88% E isomer) and at
505 nm irradiation (87% Z isomer). Energy barriers for thermal double bond
isomerizations were determined to be 24.4 kcal/mol for the Z to E and
24.0 kcal/mol for the E to Z direction at 24 °C, which translates to thermal half-
lives of 12.5 h and 24.5 h at 25 °C, for the respective isomers.
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2.2.2 INDOXYL FRAGMENT: N-H ACETYLATED HEMIINDIGO 2

The relatively low thermal bistabilities of hemiindigo 2 can be attributed to the presence of
small amounts of hydrochloric acid, which is a contaminant of the dichloromethane solvent.
Filtration of the solvent through aluminium(lll) oxide increased the measured energy barrier
for thermal double bond isomerizations significantly, as shown for hemiindigo derivatives
(Figure 20).
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Figure 20: Molar absorption (left) and PSS (right) spectra of hemiindigo 2 in toluene.
Almost similar absorption profiles can be observed compared to
dichloromethane as solvent (Figure 19). The isosbestic points are well defined,
verifying the photostability of this compound. Highest isomeric yields were
obtained at 385 nm irradiation (89% E isomer) and at 490 nm irradiation (99%
Z isomer). Energy barriers for thermal double bond isomerizations were
determined to be 32.6 kcal/mol for the Z to E and 31.4 kcal/mol for the E to Z
direction at 100 °C, which translates to thermal half-lives of 2895 years and

381 years at 25 °C, for the respective isomers.
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2 RESULTS AND DISCUSSION
2.2.3 Indoxyl fragment: N-H alkylation of hemiindigos

As the substitution of the N-H proton by an acetyl group yielded stable photoswitches, the next
iteration of hemiindigo photoswitches was set to utilize electron donating substituents at the
indoxyl nitrogen. The first experiments employing a methyl substituent were done by F. Kink
and furnished difficult to purify and barely stable molecules. Nonetheless, reproduction and
temporal purification of the unstable compounds was possible and a crystal structure for

hemiindigo 13 in the E isomeric form could be obtained (Figure 21)
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Figure 21:  Structure of hemiindigo 13 in the crystalline state in its E isomeric form. Full
planarity for the E isomer can be observed, which is seen for all hemiindigos
with ortho-unsubstituted stilbene fragments. The double (red) and single bond
(green) are elongated from 1.352 to 1.354 A and 1.451 to 1.455 A, respectively,
compared to N-H substituted chromophore 2. This can be caused by the +1 effect

of the methyl group or the overall electronically different E isomeric form.
The lack of photostability of hemiindigo 13 led to discardment of this substitution pattern.

An ethyl group was introduced instead to probe if an aliphatic substitution can be made feasible
at all. Recrystallization of the N-ethyl substituted hemiindigo 14 at 100 °C in ethanol / water

mixtures yielded the undesired molecule shown in Figure 22.
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2.2.3 INDOXYL FRAGMENT: N-H ALKYLATION OF HEMIINDIGOS

1.209 A

1422 A 1.367 A

Figure 22: Unexpected dipolar [2+4] cycloaddition product upon recrystallization of N-
ethyl substituted hemiindigo 14 at approximately 100 °C in ethanol / water.

Bond lengths are shown in respective colors.

Ethyl substituents at the indoxyl nitrogen showed a [2+4] cycloaddition reaction upon standard
recrystallization conditions and were abandoned for these reasons.
The introduction of a propyl group was seen as last trial to obtain this class of alkylated

photoswitches.
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2 RESULTS AND DISCUSSION

The introduction of electron donating aliphatic substituents was carried out according to

procedures from V. Velezheva et al.[*"]

(0] O

O — 1.) NaH (1.5 equiv.), DMF (0.5 M), 23 °C, 15 min O —
N N
H O 2.) n-Prl (1.2 equiv.), 23 °C, 5 min 8 Q

OMe Me OMe

7.9 ZIE-T, 99%

Scheme 7:  Alkylation of hemiindigo 9 via an Sn2 mechanism to obtain compound 7 in

excellent yields.

Deprotonation of the nitrogen proton by sodium hydride yielded a deep green solution.
Dropwise addition of an electrophile creates orange reaction hot spots upon contact with the
vigorously stirring solution, which indicates fast reaction kinetics. Small orange crystals could

be obtained after workup (Figure 23).
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Figure 23:  Structure of hemiindigo 7 in the crystalline state. The viewing angle on the right
emphasizes the strong single bond twisting of the stilbene fragment. The stilbene
single bond dihedral torsion angle amounts to 43.47° for C8-C9-C10-C15 in the
Z isomeric state and the dihedral helical torsion angle amounts to 8.73° for C17-
N1-C8-C9. The double bond (red) is contracted from 1.352 to 1.346 A and the
single bond (green) is highly elongated from 1.451 to 1.467 A compared to the
N-H unsubstituted chromophore 9.

39



2.2.3 INDOXYL FRAGMENT: N-H ALKYLATION OF HEMIINDIGOS
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Figure 24:  Comparison of helical torsion and stilbene single bond rotation for alkylated

hemiindigo 7 (left) and acetylated hemiindigo 2 (right)

In the crystalline state, alkylated hemiindigo 7 (Figure 24, left) shows a stilbene single bond
dihedral torsion angle of 43.47°, which is almost doubled compared to the 23.24° of the
acetylated compound. This occurs at the cost of helical dihedral torsion, which is reduced from
52.97° to 8.73° for the alkylated compound 7 (Figure 24, left). This indicates increased
protrusion of the acetyl substituent, as the amide bond tries to stay as planar as possible due to
its drive to maximize pi-conjugation. Additionally, the electron withdrawal of the acetyl seems
to increase the rigidness of the stilbene single bond, as bending of the indoxyl core for
hemiindigo 2 is favored over a single bond rotation. The electron donating alkyl chain in
hemiindigo 7 benefits the overall bathochromic absorption shift while the stronger out-of-plane
twisting of the stilbene single bond in the Z isomeric state induces a hypsochromic shift. This
brings both absorption bands for Z and E isomers further apart (i.e. increases photochromism),
which increases obtainable isomeric yields upon continuous irradiation if differences in

quantum yields and molar absorption coefficients are assumed to be non-variant.
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Figure 25:
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2 RESULTS AND DISCUSSION
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Molar absorption (left) and PSS (right) spectra of hemiindigo7 in
dichloromethane. The isosbestic points are well defined, verifying the
photostability of this compound. Highest isomeric yields were obtained at
435 nm irradiation (96% E isomer) and at 565 nm irradiation (54% Z isomer).
Energy barriers for thermal double bond isomerizations were determined to be
23.8 kcal/mol for the Z to E and 23.7 kcal/mol for the E to Z direction at 100 °C,
which translates to thermal half-lives of 8.9h and 7.5h at 25 °C, for the
respective isomers. Quantum yields were determined at 17 3% (449 nm) for Z

to E and 3.2 £1% (565 nm) for E to Z direction.
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2.2.3 INDOXYL FRAGMENT: N-H ALKYLATION OF HEMIINDIGOS
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Molar absorption (left) and PSS (right) spectra of hemiindigo 7 in toluene.
Similar spectra can be observed compared to dichloromethane as solvent (see
Figure 26). The isosbestic points are well defined, verifying the photostability of
this compound. Highest isomeric yields were obtained at 435 nm irradiation
(97% E isomer) and at 530 nm irradiation (18% Z isomer). Energy barriers for
thermal double bond isomerizations were determined to be 31.5 kcal/mol for the
Z to E and 29.8 kcal/mol for the E to Z direction at 100 °C, which translates to
thermal half-lives of 452 years and 25.6 years at 25 °C, for the respective

isomers.



2 RESULTS AND DISCUSSION
2.2.4 Stilbene fragment: Electron donating substituents

Another important position to tailor the photophysical properties of hemiindigo photoswitches
is the para-position of the stilbene fragment. The acetylated methoxy derivative 2 has proven
as reliable photoswitching system. However, proton or alkyl substitution suffered major
drawbacks regarding their thermo- and photostability or applicability in apolar solvents. The
para-methoxy derivatives were abandoned at this time in favor of the electron rich

dimethylamino and julolidine derivatives.

To obtain these electron rich hemiindigos 11 and 15 and , a synthetic route that utilizes similar
conditions as for the methoxy derivatives (see Scheme 5) by the procedure of U. Burger et al.

was employed.

O
O/Z(Me 1.) ag. NaOH (8.2 equiv., 1.5 M, degassed) O
@E\g (8.2 equiv.), 100 °C, 15 min @Elg—\
N 2.)a (1.0 equiv.) in MeOH (0.3 - 1 M) N R

H 0°Cto23°C,1-3d

10
7
a= O\ NM R=
e
( > 2 ZIE-11, 82%
NME2
N
o) ZIE-15, 69%
\
N
N

Scheme 8:  Synthesis of hemiindigos 11 and 15 from indoxyl acetate 10 and electron-rich
aldehydes in good to moderate yields. The products can be crystallized as violet
needles (dimethylamino moiety) or red / green dichroic crystals (julolidine

derivative).
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2.2.4 STILBENE FRAGMENT: ELECTRON DONATING SUBSTITUENTS
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Figure 28:  Structure of hemiindigo Z-11 (left) and Z-15 (right) in the crystalline state. Both
derivatives remain planar in the Z form, as no bulk is introduced at the indoxyl
nitrogen. The double (red) and single bond (green) lengths change from 1.352 to
1.357 to 1.347 A and 1.451 to 1.438 to 1.449 A for the methoxy, dimethylamino
and julolidine derivatives 9, 11 and 15, respectively.
Figure 29: Dichroic crystals of hemiindigo 15 obtained in lengths from 5 to 10 mm.
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2 RESULTS AND DISCUSSION

NM92
Figure 30: Lewis-formula of hemiindigo 11.
32500 7 ——100% Z Tol
30000 ----100% E Tol
27500 4 ——100% Z THF
1 ----100% E THF
25000 + ——100% Z DMSO
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Figure 31:  Molar absorption spectra of pure Z and E isomers of 11 measured in solvents of
increasing polarity (toluene, tetrahydrofuran and dimethyl sulfoxide). PSS and
switching spectra are omitted for clarity reasons and can be found in the
literature.l” A clear correlation between rising solvent polarity and red-shift of
absorptions can be observed, evidencing moderate solvatochromism. Adapted
with permission from [, Copyright 2017 American Chemical Society.
Table 1: Photophysical properties of hemiindigo 11 in different solvents.
Solvent duel%  Peizl% Isomeric yield AG* ZIE AG*E/Z Ty Zat Ty E at
olven
(atnm) (at nm) (LED nm) /kcal mol*  /kcal mol*  25°C 25°C
2442 92 99% Z (617 nm)
toluene - 241 - 15 h
(467)  (600)  87% E (470 nm)
THE 94% Z (617 nm)
89% E (435 nm) ) 24.5 ) 12d
1942 1142  98%Z (617 nm)
DMSO 26.9 - 70 d
(467)  (600)  89% E (470 nm)
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2.2.4 STILBENE FRAGMENT: ELECTRON DONATING SUBSTITUENTS

Figure 32: Lewis-formula of hemiindigo 15.
40000 4 ——100% Z Tol
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Figure 33:  Molar absorption spectra of pure Z and E isomers of 15 measured in solvents of
increasing polarity (toluene, tetrahydrofuran and dimethyl sulfoxide). PSS and
switching spectra are omitted for clarity reasons and can be found in the
literature.[”* A clear correlation between rising solvent polarity and red-shift of
absorptions can be observed, evidencing moderate solvatochromism. Adapted
with permission from [, Copyright 2017 American Chemical Society.
Table 2: Photophysical properties of hemiindigo 15 in different solvents.
Solvent duel%  geiz 1% Isomeric yield AG* ZIE AG*E/lZ TywZat Ty E at
olven
(atnm) (at nm) (LED nm) /kcal mol'*  /kcal molt  25°C 25°C
99% Z (617 nm)
toluene - - - 23.8 - 89h
83% E (470 nm)
99% Z (617 nm) _
THF - - - 22.4 - 50 min
90% E (470 nm)
16£2 102  95% Z (617 nm)
DMSO — 25.8 - 11d
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2 RESULTS AND DISCUSSION
2.2.5 Indoxyl fragment: N-H alkylation of electron-rich hemiindigos

Substitution with electron donating substituents in para-position of the stilbene fragment
proved as successful approach to improve the overall photophysical properties of hemiindigos,
easily outperforming the n-propyl methoxy derivative 7 in every aspect except its higher
thermal stability in some solvents.

Substitution of the N-H proton of the improved switches 11 and 15 is the next logical step
and was carried out according to procedures from V. Velezheva et al.*"]

o O

NMe, 1.)NaH (1.5 equiv.), DMF (0.5 M), 23 °C, 15 min Me NMe,

O 2.) n-Prl (1.2 equiv.), 23 °C, 5 min O ZIE-8,92%

ZIE-3, 87%

Scheme 9:  Alkylation of N-protonated hemiindigos 11 and 15 via an Sn2 mechanism to
yield alkylated compounds 8 and 3.

The respective hemiindigo photoswitches were obtained in good to very good yields. Deep

violet crystals could be obtained in both cases.
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Figure 34:  Structure of hemiindigo E-8 (left) and E-3 (right) in the crystalline state. Both
derivatives remain planar in the E isomeric form. The double (red) and single
bond (green) lengths change from 1.354 to 1.363 to 1.362 A and 1.455 to 1.450
to 1.445 A for the N-methyl methoxy, dimethylamino and julolidine derivatives
7, 8 and 8, respectively. A clear trend for stilbene-single-bond-shortening can be
observed by increasing electron donor strength in the para-position.
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2.2.5 INDOXYL FRAGMENT: N-H ALKYLATION OF ELECTRON-RICH HEMIINDIGOS
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Figure 35: Lewis-formula of hemiindigo 8.

——100% Z Tol
----100% E Tol
— 100% Z THF
----100% E THF
——100% Z DMSO
----100% E DMSO

£ in Lmol'em™

v T v T v T v T v T ' p— y 1 v 1
300 350 400 450 500 550 600 650 700
wavelength in nm

Figure 36: Molar absorption spectra of pure Z and E isomers of 8 measured in solvents of
increasing polarity (toluene, tetrahydrofuran and dimethyl sulfoxide). PSS and
switching spectra are omitted for clarity reasons and can be found in the
literature.l”* A clear correlation between rising solvent polarity and red-shift of
absorptions can be observed, evidencing moderate solvatochromism. Adapted

with permission from [, Copyright 2017 American Chemical Society.

Table 3: Photophysical properties of hemiindigo 8 in different solvents.
Solvent duel%  deiz 1% Isomeric yield AG* Z/E AG* E/Z Ty Z at Ty E at
olven
(atnm) (at nm) (LED nm) /kcal mol't  /kcal molt  25°C 25°C
99% Z (617 nm)
toluene - - 30.3 30.5 60 a 83a
93% E (470 nm)
99% Z (625 nm)
THF - - 28.0 27.8 12a 09a

93% E (470 nm)

2342 942 98%Z (617 nm)

DMSO 282 28.7 17a 40a
(467)  (600)  95% E (470 nm)
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2 RESULTS AND DISCUSSION

The already established n-propyl substitution of the indoxyl N-H proton also benefits the
hemiindigo photoswitches with electron donating stilbene substituents. Almost quantitative
photoswitching upon irradiation with blue and red light in combination with very high thermal
bistabilities (half-lives from 0.9 to 83 years) over a broad solvent polarity range and good
quantum yields could be achieved for hemiindigo 8.

Additional experiments were carried out to scrutinize the photostability of the compound.
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Figure 37:  Prolonged photoswitching of hemiindigo 8 from Z PSS (590 nm) to E PSS
(470 nm) and vice versa in dimethyl sulfoxide over 50 cycles. Only minor
amounts of photodestruction could be observed. Adapted with permission from
[761 Copyright 2018 American Chemical Society.
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2.2.5 INDOXYL FRAGMENT: N-H ALKYLATION OF ELECTRON-RICH HEMIINDIGOS

Photoswitching of hemiindigo 8 in water could only be realized in mixtures containing four
volumetric parts of water and one part of dimethyl sulfoxide, N,N-dimethylformamide or
tetrahydrofuran. It is assumed that solely solubility played a role in this behavior as precipitation
can be observed within the cuvette. Exemplary absorption spectra recorded during

photoswitching are shown for clarity reasons, the complete data can be found in the literature.[*]
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Figure 38:  Absorption spectra during photoswitching of hemiindigo 8 in 4 / 1 water / N,N-
dimethylformamide. Visually unhampered photoswitchability remains even at
high water contents. Adapted with permission from 4. Copyright 2017

American Chemical Society.

Nonetheless, the synthesis of ionic derivatives of hemiindigo 8 for gas phase experiments (see
Section 2.5) proved that these compounds with electron rich para-substituted stilbene
fragments do not photoswitch in pure water. However, D. Berdnikova rediscovered the
previously abandoned para-methoxy stilbene substituted hemiindigo derivatives as useful

motifs that remain switchable in pure water (see Section 2.6).
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2 RESULTS AND DISCUSSION

Experiments by A. Gerwien proved that hemiindigo 8 can be incorporated inside poly(methyl
methacrylate) matrices by diffusion. This process preserves the photoswitchability of this

compound within polymeric material and can be observed by the naked eye.

irré25nm

Figure 39: Poly(methyl methacrylate) piece treated with a solution of hemiindigo 8 in

dichloromethane. Photoswitchability was preserved within the polymer.
Experiments with UV curable clear resins for 3D printing by Formlabs were also
successful, which makes it possible to print photoswitches favorably within

translucent polymer materials.
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2.2.5 INDOXYL FRAGMENT: N-H ALKYLATION OF ELECTRON-RICH HEMIINDIGOS

Figure 40: Lewis-formula of hemiindigo 3.
30000+ —— 100% Z Tol
27500 - ----100% E Tol
1 ——100% Z THF
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Figure 41: Molar absorption spectra of pure Z and E isomers of 3 measured in solvents of
increasing polarity (toluene, tetrahydrofuran and dimethyl sulfoxide). PSS and
switching spectra are omitted for clarity reasons and can be found in the
literature.l” A clear correlation between rising solvent polarity and red-shift of
absorptions can be observed, evidencing moderate solvatochromism. Adapted
with permission from [, Copyright 2017 American Chemical Society.
Table 4: Photophysical properties of hemiindigo 3 in different solvents.
Solvent duel%  deizI% Isomeric yield AG* ZIE AG* E/Z Ty Z at Ty, E at
olven
(atnm) (at nm) (LED nm) /kcal mol't  /kcal molt  25°C 25°C
99% Z (617 nm)
toluene - - 24.5 24.6 1.2d 1.4d
95% E (470 nm)
96% Z (617 nm)
THF - - 28.3 28.6 20a 34a
90% E (470 nm)
2242 742 99% Z (680 nm)
DMSO 27.7 27.8 0.7a 09a
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2 RESULTS AND DISCUSSION

Introducing an n-propyl group to hemiindigo 15 yields compound 3 with strongly red-shifted
absorptions towards the biooptical window. This photoswitch can be addressed with low energy
green and red light while maintaining almost quantitative photoisomerization yields in
combination with high thermal bistability (half-lives from 1.2 days to 3.4 years) over a broad
solvent polarity range. Also good quantum yields were measured for the photoisomerization in
both Z to E and E to Z directions.

Photoswitching of hemiindigo 3 in water could only be realized in mixtures containing four
volumetric parts of water and one part of dimethyl sulfoxide, N,N-dimethylformamide or

tetrahydrofuran.
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Figure 42: Photoswitching of hemiindigo 3 in 4 / 1 water / N,N-dimethylformamide.
Excellent photoswitching performance can be observed even at high water
contents. Adapted with permission from 4. Copyright 2017 American

Chemical Society.

As mentioned before, the synthesis of ionic derivatives of hemiindigo 3 for gas phase
experiments (see Section 2.5) proved that the compounds with electron rich stilbene fragments
do not switch in pure water. However, D. Berdnikova rediscovered the previously abandoned
para-methoxy stilbene substituted hemiindigo derivatives as useful motifs that remain

switchable in pure water (see Section 2.6).
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2.2.6 INDOXYL FRAGMENT: N-H ARYLATION OF ELECTRON-RICH HEMIINDIGOS
2.2.6 Indoxyl fragment: N-H arylation of electron-rich hemiindigos

Another possibility in improving the performance of hemiindigo photoswitches was envisioned
by further increasing the electron-donating strength at the indoxyl nitrogen. This can be
achieved by introduction of an (electron-rich) aryl substituent. Preparation utilizing a palladium
catalyzed Buchwald-Hartwig cross-coupling reaction according to Old et al. leads to late-stage

arylated hemiindigo 16 in moderate yields.

O
1.) Pdy(dba); (2 mol%), L (6 mol%)

N - toluene (0.125 M), 80 °C, 5 min

H O 2.) NaOt-Bu (1.4 equiv.), 80 °C, 5 min
3.) SM, 80 °C, 5 min

NMez NMez
4) Br—@l\ne (0.98 equiv.), 80 °C, 18 h Me
Z-11 ZIE-16, 50%

L= O PCYZ
MezN !

Scheme 10:  Palladium catalyzed Buchwald-Hartwig cross-coupling reaction of an electron-

poor aromatic secondary amine, i.e. hemiindigo 11 and para-bromotoluene

utilizing DavePhos as ligand L. SM = Starting Material.
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2 RESULTS AND DISCUSSION

Figure 43: Lewis-formula of hemiindigo 16.

32500~ ——100% Z Tol
30000 - ---100% E Tol
1 —100% Z THF
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Figure 44: Molar absorption spectra of pure Z and E isomers of 16 measured in solvents of
increasing polarity (toluene, tetrahydrofuran and dimethyl sulfoxide). PSS and
switching spectra are omitted for clarity reasons and can be found in the
literature.l” A clear correlation between rising solvent polarity and red-shift of
absorptions can be observed, evidencing moderate solvatochromism. Adapted

with permission from [, Copyright 2017 American Chemical Society.

Table 5: Photophysical properties of hemiindigo 16 in different solvents.

Solvent duel%  deiz % Isomeric yield AG* Z/E AG* E/Z Ty Z at Ty E at
olven
(atnm) (at nm) (LED nm) /kcal mol't  /kcal molt  25°C 25°C

99% Z (617 nm)
toluene - - 30.5 30.5 77 a 77 a
95% E (470nm)

98% Z (617 nm)
THF - - 29.5 29.5 14 a 14a
86% E (470 nm)

2242 241 93% Z (625 nm)
DMSO 25.4 25.7 9d 6d
(467)  (625) 97% E (470 nm)
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2.2.7 INDOXYL FRAGMENT: STERICALLY DEMANDING N-H ARYLATIONS OF ELECTRON-RICH HEMIINDIGOS

Introducing an aryl group to hemiindigo 11 yields compound 16 with strongly red-shifted
absorptions towards the biooptical window. This photoswitch can be addressed with low energy
green and red light while maintaining almost quantitative photoisomerization yields in
combination with high thermal bistability (half-lives from 6.0 days to 77 years) over a broad
solvent polarity range. Also good quantum yields were measured for the photoisomerization in
both Z to E and E to Z directions.

2.2.7 Indoxyl fragment: Sterically demanding N-H arylations of

electron-rich hemiindigos

As N-arylation with a symmetric para-tolyl residue led to photoswitching properties
comparable to n-propylation, the unique possibility of substitution with a non-symmetric aryl
moiety, i.e. an ortho-tolyl substituent at this position seemed very promising. The hereby
introduced chiral axis along the N-Cary bond unveils interesting motional effects and adds
several intriguing molecular properties (see Section 2.3 for further details). However, enforcing
a strong twist of the chiral aryl axis was expected to already change the photophysical properties
of hemiindigo in highly beneficial ways. An additionally introduced methyl group at the 7
position of indoxyl core also aides in forcing the ortho-tolyl axis further orthogonally towards
the indoxyl plane.

As the Buchwald-Hartwig type late stage arylation was not feasible with ortho-tolyl halides
or with 7-methyl indoxyls under previously described conditions (Scheme 10), another
synthetic route was established to gain access to these compounds. 7-Methyl-1-(o-tolyl)-1H-
indole 17 was prepared according to the published procedure of J. Antilla et al. from 18 at

elevated temperatures in pressure tubes.®!

1.) Cul (5 mol%), KzPOy4 (2.1 equiv.), evac., Ny

A\
Br N Me
2) @Me (1.5 equiv.) Q (0.2 equiv.) Me
Me HoN NH,

18 toluene, 150 °C, 2d 17, 27%

Iz /g

Scheme 11: Preparation of N-arylated indole 17.

Chiral HPLC at 0 °C did not afford separation of rotamers, which indicates a low free activation

enthalpy of the rotational axis below AG* = 20 kcal/mol in apolar solvent.
7-Methyl-1-(o-tolyl)-1H-indol-3-yl acetate 19 was prepared from 17 according to the

procedure by P. Choy et al.[®
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2 RESULTS AND DISCUSSION

o4
N\ 1.) Phl(OAc), (2.0 equiv.), Pd(OAc), (5 mol%) N\
KOAc (1.0 equiv.), evac., N, N
N Me > Me
Me Me
2.) MeCN (0.5 M, degassed), 70 °C, 2 h

17 19, 90%

Scheme 12:  Preparation of N-arylated indoxyl acetate 19.

Hemiindigo 20 was prepared according to the same procedure as reported in Scheme 5 for the
synthesis of hemiindigo 11.

O
OJ(Me 1.) ag. NaOH (8.2 equiv. 1.5 M, degassed)
N\ 100 °C, 15 min

0] .

N e  2) H»‘—@—NMez (1.0 equiv.)

Me

@ in MeOH (1 M, degassed) NMe,
0°Cto23°C,1d

19 ZIE-20, 93%, HPLC 17%

Scheme 13:  Preparation of hemiindigo 20. Low yields after HPLC separation are caused by

injection loss and the collection of only one isomer peak.
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Figure 45: Molar absorption spectra of pure isomers (left) and spectra recorded at the PSS
at different wavelengths of irradiation PSS (right) spectra of hemiindigo 20 in
dimethyl sulfoxide. The isosbestic points are well defined, verifying the
photostability of this compound. Highest isomeric yields were obtained at
470 nm irradiation (93% E isomer) and at 625 nm irradiation (97% Z isomer).
Energy barriers for thermal double bond isomerizations were determined to be

30.6 kcal/mol for the Z to E and 32.1 kcal/mol for the E to Z direction at 114 °C,
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2.2.7 INDOXYL FRAGMENT: STERICALLY DEMANDING N-H ARYLATIONS OF ELECTRON-RICH HEMIINDIGOS

which translates to thermal half-lives of 99 years and 1140 years at 25 °C, for
the respective isomers. Quantum yields were determined at 33 +2% (467 nm) for
Z to E and 9 £1% (600 nm) for E to Z photoisomerizations. In 83 / 17 heptane /
ethyl acetate, the quantum yields increase up to 49 £2% (450 nm) for Z to E and
12 +2% (520 nm) for E to Z photoisomerization. Adapted with permission from

[781 Copyright 2018 American Chemical Society.

Hemiindigo derivative 20 shows comparable or increased photophysical properties as

hemiindigo 16 mainly because of the increased thermal bistabilities and quantum yields.

30000 -
—— 100% Z p-tolyl
275001 —— 100% E p-tolyl
25000 4 - ---100% Z o-tolyl
- ---100% E o-tolyl

22500 -
20000
17500 4
150004
125004
10000 4
7500 4
5000 4
2500 4

£ inLmol'cm™”

200 30 400 450 500 550 600 630 700
wavelength in nm

Figure 46:  Comparison of molar absorption spectra for less twisted para-tolyl (16) and
strongly twisted ortho-tolyl derivative 20 in dimethyl sulfoxide. No significant
batho- or hypsochromic shift can be observed. Thus the wavelengths of
absorption are mainly determined by the stilbene-fragment and much less so by
the twisting of the N-indoxyl substituent. A reduction of ¢ by 30% can be
observed. However, this does not hamper the responsiveness of the twisted

system, as even higher quantum yields are reported for hemiindigo 20.

The increased thermal stability of the Z isomer with twisted N-aryl substitution can be explained
by its decreased sterical interference with the stilbene fragment in the Z state compared to
hemiindigo 16. The E form, however, should not be largely influenced in its thermal stability
by the substituents at the indoxyl nitrogen atom. Apparently, other factors also play an

important role in increasing the thermal stability of the axially chiral hemiindigo derivative 20.
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2 RESULTS AND DISCUSSION

These findings led to the idea of incorporating an enlarged aromatic system as stilbene fragment

to achieve further red-shifted absorption in combination with enhanced thermal stabilities.
2.2.8 Stilbene fragment: Extension of the aromatic system
Julolidine 21 was prepared from 22 according to H. Katajama et al. (Scheme 14).1%]

1.) DMF (3 M), Br ™>"Cl (1.2 equiv.)

Q} Na,COs (3.0 equiv.), evac., N,
. N
Y 2)160°C, 3 h

22 21, 17%

Scheme 14: Cyclization reaction of 1,2,34-tetrahydroquinoline 22 and 1-bromo-3-
chloropropane.

The poor isolated yield of the highly unstable product was caused by a second silica column
chromatography attempt using 100% hexane as eluent, which led to degradation of the product.
The preceding column with 9 / 1 hexane / ethyl acetate as eluent did not achieve satisfactory
separation from by-products. The isolated compound turns from a clear, colorless oil to a brown
mass within minutes upon exposure to air.

The subsequent bromination was carried out by using N-bromosuccinimide to yield

compound 23.

Br

NBS (1.0 equiv.)

N MeCN (0.5 M), rt, 1.5 h N

21 23, 41%

Scheme 15:  Bromination of julolidine 21.

The obtained product was not as sensitive as its precursor but still degrades within days on air.

Subsequent Suzuki cross-coupling was carried out according to Scheme 16.%4
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2.2.8 STILBENE FRAGMENT: EXTENSION OF THE AROMATIC SYSTEM

o

Br 1) (HO)ZB—Q—‘(S' (1.2 equiv.), toluene (0.2 M), O

EtOH (0.2 M), K,CO3 (2.1 equiv.) O

N 2.) Pd(PPh3), (5 mol%), 85 °C, 6 h N

23 24, 51%

Scheme 16: Suzuki cross-coupling of bromojulolidine 23 and 4-formylphenylboronic acid.

Condensation of the now stable aldehyde 24 with the arylated indoxyl acetate 19 was done

according to a modified procedure of U. Burger et al. and yielded hemiindigo 25 .8

0
o4 1)aq.NaOH (8.2 equiv., 1.5 M, degassed)
Me

A\ dioxane (1 M, degassed), 100 °C, 15 min
N Me o
Me 2) H (1.0 equiv.), rt, 18 h
24
19 Z/E-25, 20%

Scheme 17:  Condensation reaction between arylated indoxyl acetate 19 and an extended

electron-rich aldehyde 24.
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Figure 47: UV-Vis spectrum of hemiindigo 25 in dimethyl sulfoxide.
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2 RESULTS AND DISCUSSION

No red-shift could be observed compared to 20. The photoswitching performance was sub-par
compared to dimethyl amino derivative 8. Increasing the conjugated pi-system therefore did
not seem to be feasible and this approach was abandoned at this time.

2.2.9 Stilbene and indoxyl fragment: Push-pull effects

To further scrutinize the push-pull effects on the indoxyl-nitrogen and stilbene fragment of the
hemiindigo photoswitch, hemiindigo 12 was prepared according to Scheme 6. According to
previous experiments, the acetyl group causes a hypsochromic shift of the chromophore while
the dimethylamino moiety is responsible for a bathochromic shift. This molecule was
synthesized to discern one dominating effect over the other and / or if a push-pull can be
established that will benefit red-shifting.

NMe2
Figure 48: Lewis-formula of hemiindigo 12.
30000 q —100% Z 0.7 1 ——PSS 1. 58 irr420nm
——100% E — PSS 2. 155 irr530nm
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Figure 49: Molar absorption spectra of pure isomers (left) and spectra recorded at the PSS
at different wavelengths of irradiation PSS (right) spectra of hemiindigo 12 in
dichloromethane that was filtered through aluminium(lll) oxide to reduce
prevalent amounts of hydrochloric acid. The isosbestic points are well defined,
verifying the photostability of this compound. Highest isomeric yields were
obtained at 420 nm irradiation (79% E isomer) and at 625 nm irradiation (99%
Z isomer). Energy barriers for thermal double bond isomerizations were
determined to be 25.9 kcal/mol for the Z to E and 27.9 kcal/mol for the E to Z
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2.2.9 STILBENE AND INDOXYL FRAGMENT: PUSH-PULL EFFECTS
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direction at 100 °C, which translates to thermal half-lives of 13 days and 1 year

at 25 °C, for the respective isomers.
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Molar absorption spectra of pure isomers (left) and spectra recorded at the PSS
at different wavelengths of irradiation PSS (right) spectra of hemiindigo 12 in
dichloromethane that was filtered through aluminium(lll) oxide to reduce
prevalent amounts of hydrochloric acid. The isosbestic points are well defined,
verifying the photostability of this compound. Highest isomeric yields were
obtained at 420 nm irradiation (77% E isomer) and at 530 nm irradiation (96%
Z isomer). Energy barriers for thermal double bond isomerizations were
determined to be 29.8 kcal/mol for the Z to E and 30.3 kcal/mol for the E to Z
direction at 100 °C, which translates to thermal half-lives of 26 years and 60
years at 25 °C, for the respective isomers. Unprecedented behavior of this
compound can be seen as the only intermediate Z / E composition is obtained
with 470 nm irradiation (broken light blue line). For previous compounds, a
more or less continuous distribution of PSS compositions was obtained when
sweeping through all available wavelengths for irradiation. In this case, however,
a sharp discrimination for wavelengths below 470 nm and above 470 nm can be

observed, which strongly favor one or the other isomer in the PSS.



2 RESULTS AND DISCUSSION

2.2.10 Central double bond: Substitution of the vinylic proton by a

cyano group

Substitution of the proton at the central double bond by a methyl group using diazomethane
was proven feasible on hemithioindigo derivatives by M. Schildhauer and K. Hoffmann. This
approach was unsuccessful on hemiindigo, as no reaction progress could be observed under
similar conditions. However, nitrile could be successfully incorporated by following a
procedure from V. Velezheva et al. to obtain compound 26 (Scheme 20). In order to obtain
hemiindigo derivatives with potentially high atropisomerization barriers, hemiindigo 27 was

synthesized starting from indoxyl acetate using the condensation conditions by U. Burger et
al.[88]

O

O
O/(Me 1.) ag. NaOH (8.2 equiv., 1.5 M, degassed)
©\/\g (8.2 equiv.), 100 °C, 15 min Me
N
N Me
H o) H Me O Me
2.) H OMe (1.0 equiv.)
10 Me Me OMe
Z-27, 711%

in MeOH (0.69 M), 0 °C to 23 °C, 2 d

Scheme 18: Condensation reaction of indoxyl acetate 10 and 4-methoxy-2,3,6-trimethyl-

benzaldehyde according to the procedure of U. Burger et al. to yield

hemiindigo 27.
O
) NaH (1.5 equiv.), DMF (0.125 M
Me
) Prl (1.2 equiv), rt, 15 min N
8 Me Q Me
Me OMe
Z-27 Z/E-28, 89%

Scheme 19: SN2 reaction of 1-propyliodide with the deprotonated nitrogen of hemiindigo 27

according to the procedure of V. Velezheva et al. to yield compound 28.[°°!
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2.2.10 CENTRAL DOUBLE BOND: SUBSTITUTION OF THE VINYLIC PROTON BY A CYANO GROUP

O
KCN (3.0 equiv.)
—— Me
N DMSO (0.06 M), rt, 5d
e
Me OMe Me OMe
Z/IE-28 Z/E-26, 43%

Scheme 20:  Vicarious SnAr reaction of the protonated central double bond position of
hemiindigo 28 with potassium cyanide according to the procedure of V.

Velezheva et al. to yield hemiindigo 26.[°°]

The ortho-methyl substituents on the stilbene-fragment in hemiindigo 26 served as proof-of-
concept for hindering the rotational barrier of the single bond connecting the stilbene moiety
with the photoisomerizable double bond. The introduced non-symmetric stilbene fragment is
needed for establishing a chiral axis along the hindered single bond, which should lead to two
different enantiomeric rotamers. Further separation via HPLC and ECD measurements of the

possibly enantiopure rotamers need to be carried out to verify the thermal stability of the chiral

axis.
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Figure 51: UV-Vis spectra of irradiation experiments on hemiindigo 26 in cyclohexane
(left) and dichloromethane (right). Photoswitching can be seen in cyclohexane.
The initial Z / E composition is switched with 435 nm LED light and can be
recovered by irradiation with 530 nm. Little photoswitching is observed in
dichloromethane, which was also assessed via NMR in Figure 53.

The photochromism is strongly reduced by the present substitution pattern in hemiindigo 26.
The overall red-shift of absorption is comparable to other twisted methoxy substituted

hemiindigos (see Section 2.3.8). The low photoisomerization yields (Figure 51) can be
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2 RESULTS AND DISCUSSION

attributed to low photochromism in combination with poor quantum yields of Z and E isomers,

which is why this substitution pattern was not studied further.
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Figure 52: UV-Vis spectra of irradiation experiments on hemiindigo 26 in dimethyl

sulfoxide. Little photoswitching can be seen. This kind of substitution pattern

seems to perform poorly within polar solvents, in contrast to derivatives

possessing only a threefold substituted double bond.

15 min irr530nm

|
J‘M I UML__L

60 min irrd35nm

JJJ M o A Juuu\b_@

30 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
6 in ppm

—

Figure 53: 'H-NMR spectra recorded during irradiation experiments on hemiindigo 26 in

dichloromethane-d. at 25 °C, 400 MHz. The initial Z / E composition before
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2.2.10 CENTRAL DOUBLE BOND: SUBSTITUTION OF THE VINYLIC PROTON BY A CYANO GROUP

irradiation is the same as observed in the spectrum on top and is not shown. 91%
of the Z isomer are present in the thermal equilibrium and photoswitching to 23%
E isomer content is possible.
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Figure 54: Chromatogram of hemiindigo 26 recorded via gas chromatography - mass
spectrometry. Only the mass trace with an m/z of 360 corresponding to the
product 26 is shown. Two distinct peaks connected by a streaking area can be
observed at 300 °C, suggesting interconversion of Z- and E isomers during

elution.

The effect observed in Figure 54 is unprecedented compared to other hemiindigo derivatives
measured via the same methodology and conditions. Quantification of the thermal dynamics
could be done by measurements at different elution temperatures utilizing the equations

developed by O. Trapp.[*
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2.2.11 Stilbene fragment: Electron withdrawing substituents

As electron donating stilbene substituents led to very well performing, red-shifted
photoswitches, electron withdrawing groups are expected to lead to blue-shifted absorptions.

Hemiindigo 29 was synthesized to confirm these assumptions.

G
N
Figure 55: Lewis-formula of hemiindigo 29.
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Figure 56: UV-Vis spectra of photoswitching experiments of hemiindigo 29 in dimethyl
sulfoxide (left) and comparison to the dimethylamino derivative 20. The
absorption maximum of the Z isomer (red) is not shifted but the E isomer (blue)

exhibits a hypsochromic shift beyond the most red-shifted Z isomer maximum.

The poor photoisomerization yields obtained for hemiindigo 29 can again be attributed to low
photochromism in combination with poor quantum yields of Z and E isomers, which is why this
substitution pattern was also not studied further.

Large changes of photophysical properties can be expected by introducing substituents at
the stilbene ortho-positions. Bulky methyl groups should strongly twist the stilbene single bond
out of the indoxyl plane. Conditions for the condensation of indoxyl acetate and the respective
aldehyde have to be adjusted for this substitution pattern, as the sterical demand requires

increased temperatures for these compounds to react.
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2.2.12 STILBENE FRAGMENT: INTRODUCTION OF METHYL GROUPS IN THE ORTHO-POSITION

2.2.12 Stilbene fragment: Introduction of methyl groups in the ortho-

position

The synthetic scheme according to U. Burger et al. was altered using dioxane as co-solvent and
the starting materials are added prior to heating to 100 °C.[% The reaction mixture was kept at
100 °C for 18 h to yield hemiindigo 30.

0] ag. NaOH (8.2 equiv., 1.5 M, degassed)

]
Me OMe .
N\ H»*—QNMeZ (1.0 equiv.)
Me
N Me >
Me ) .
dioxane (1 M), 100 °C, 18 h NMe,
19 R,/S,-ZIE-30, 45%, HPLC 16%

Scheme 21:  Preparation of hemiindigo 30 from indoxyl acetate 19. Moderate to low yields
were obtained after HPLC purification, which was caused by losses during

injection and discarded fractions due to elution overlap with other compounds.

Figure 57: Lewis-formula of hemiindigo 30.
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Figure 58: Molar absorption spectra of pure isomers (left) and spectra recorded at the PSS
at different wavelengths (right) of hemiindigo 30 in dimethyl sulfoxide. The
isosbestic points are well defined, verifying the photostability of this compound.

Highest isomeric yields were obtained at 450 nm irradiation (56% E isomer) and
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Figure 59:

2 RESULTS AND DISCUSSION

at 617 nm irradiation (96% Z isomer). Energy barriers for thermal double bond
isomerizations were determined to be 30.5 kcal/mol for the Z to E and
31.7 kcal/mol for the E to Z direction at 114 °C, which translates to thermal half-
lives of 78 years and 614 years at 25 °C, for the respective isomers. Quantum
yields were determined at 12 £2% (450 nm) for Z to E and 12 £2% (520 nm) for
E to Z direction. In 83 / 17 heptane / ethyl acetate the quantum yield rises to
33 +2% (435 nm) for Z to E and is lowered to 10 +2% (520 nm) for E to Z
photoisomerizations . This increase in quantum yield of the Z isomer over the E
isomer improves the photoisomerization yields to 98% Z isomer (530 nm) and
84% E isomer (435 nm) in apolar medium. Adapted with permission from 7],
Copyright 2018 American Chemical Society.
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Comparison of molar absorption spectra for less (20) and highly stilbene single
bond-twisted hemiindigo 30 in 83 /17 heptane / ethyl acetate. A strong
hypsochromic shift of the twisted derivative 30 can be observed and its molar

absorptivity ¢ is lowered by 70%.

The poor separation of Z and E absorption maxima is likely to be an important reason for the

mediocre E isomeric yield of 56%. The thermal half-lives for hemiindigo 30 were slightly

reduced from 99 years to 78 years for the Z isomer and from 1140 years to 614 years at 25 °C

compared to hemiindigo 20. The twisting of the stilbene single bond is not beneficial with

regard to red-shifting the hemiindigo chromophore, increasing quantum yields or enhancing

thermal bistabilities. Nonetheless, the derivatives with twisted N-aryl substituents and twisted

stilbene single bond still remain potent and robust photoswitches. For details regarding their

chiral properties, see Section 2.3.8.
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2.2.12 STILBENE FRAGMENT: INTRODUCTION OF METHYL GROUPS IN THE ORTHO-POSITION

The late stage arylation of 7-methyl indoxyls with 1-naphthyl halides was not feasible, therefore
another synthetic route was established to gain access to the N-naphthyl-substituted
compounds. 7-Methyl-1-(naphthalen-1-yl)-1H-indole 31 was prepared from 18 and 1-
bromonaphthalene according to a procedure of J. Antilla et al. at elevated temperatures in

pressure tubes.°!]

1.) Cul (10 mol%), K3sPO, (2.1 equiv.), evac., N, A
A\ .
Br N

I 2) (1.5 equiv.) HZI\RHz ©4equiv) |

xylene, 150 °C, 1d
18 31, 31%

Iz

Scheme 22:  Preparation of N-arylated indole 31.

The naphthyl substituted indole 31 could be crystallized unlike the N-ortho-tolyl substituted
indole 17, which is a clear, colorless oil.
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Figure 60:  Structure of naphthylated indole 31 in the crystalline state. The perspective on
the right emphasizes the nearly orthogonal planes of indole and naphthyl. The
dihedral angle between the indole and naphthyl plane is close to 90° with 86.28°
for the angle C8-N1-C10-C19. This proves that the introduction of the 7-methyl
group alone twists the aryl axis to nearly its maximum in the crystalline state,
which is also reproduced by DFT calculations (see Section 2.3.7). Chiral HPLC
at 0 °C did not show a separation of rotamers for 31, which indicates a low
thermal stability of its rotational axis suggesting a rotational energy barrier of

less than 20 kcal/mol.
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2 RESULTS AND DISCUSSION

7-Methyl-1-(naphthalen-1-yl)-1H-indol-3-yl acetate 32 was prepared from 31 according to a
procedure reported by P. Choy et al.[®?

0O

oA

1.) Phi(OAc), (2.0 equiv.), Pd(OAc), (5 mol%) Me
KOAc (1.0 equiv.), evac., N,

N\
N
2.) MeCN (0.5 M, degassed), 70 °C, 2 h Me

32, 49%

Scheme 23:  Preparation of N-arylated indoxyl acetate 32.

Hemiindigo 33 was prepared according to the modified procedure from U. Burger et al. used
for the synthesis of hemiindigo 30.1%

ag. NaOH (8.2 equiv., 1.5 M, degassed)

o Me
0/( Q .
Me H NMe; (1.0 equiv.)

N Me
N dioxane (1 M), 100 °C, 1 d

Me CQ NMe,
32 ZIE-33, 47%, HPLC 43%

Scheme 24:  Preparation of hemiindigo 33 in moderate yields. Loss of substance during

HPLC injection was minimized by recovery and re-injection of spilled material.
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Figure 61: Lewis-formula of hemiindigo 33.
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Figure 62: Molar absorption spectra of pure isomers (left) and spectra recorded at the PSS
at different wavelengths of irradiation PSS (right) spectra of hemiindigo 33 in
dimethyl sulfoxide. The isosbestic points are well defined, verifying the
photostability of this compound. Highest isomeric yields were obtained at
450 nm irradiation (43% E isomer) and at 595 nm irradiation (98% Z isomer).
Energy barriers for thermal double bond isomerizations were determined to be
31.8 kcal/mol for the Z to E and 32.7 kcal/mol for the E to Z direction at 114 °C,
which translates to thermal half-lives of 750 years and 3427 years at 25 °C, for
the respective isomers. Quantum yields were determined at 5 +1% (450 nm) for
Z to E and 8 £2% (520 nm) for E to Z photoisomerizations. In 83 / 17 heptane /
ethyl acetate, quantum yields were determined at 27 2% (435 nm) for Z to E
and 9 +2% (520 nm) for E to Z photoisomerizations This increase in quantum
yield of the Z isomer over the E isomer improves the photoisomerization yields
to 98% Z isomer (530 nm) and 83% E isomer (435 nm) in apolar medium.

Adapted with permission from [”®l. Copyright 2018 American Chemical Society.
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35000 4 —— 100% Z naphthyl
—— 100% E naphthyl
- ---100% Z o-tolyl
30000 - ---100% E o-tolyl
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Figure 63:  Comparison of molar absorption spectra of N-naphthyl substituted
hemiindigo 33 and N-ortho-tolyl substituted hemiindigo 30. The shape of
absorption spectra is almost identical whereas the molar absorptivity € is

increased by 20% for the naphthyl derivative.

The change from ortho-tolyl to naphthyl does not change the absorption profile significantly
but drastically increases the thermal half-lives in between Z and E isomers by one order of
magnitude for the Z isomer and by three times for the E isomer. This could be explained by the
better sterical fit of the flat naphthyl residue between methyl group and twisted stilbene
fragment compared to the sterically more demanding methyl group that protrudes the phenyl
plane on both sides.

In summary the introduction of a spatially better fitting naphthyl group increased the thermal
double bond isomerization half-lives significantly while not severely interfering with other

photophysical parameters.

Incorporation and switching of this compound was also carried out within Formlabs clear photo
curable polymer, which makes it possible to dissolve and 3D print this matrix with the
functional switches inside. The procedure of incorporating soluble photoswitches into the
viscous resin was first applied by A. Gerwien. The photoswitch is dissolved with a few drops
of dichloromethane, added to the resin and stirred vigorously by hand. The resin is placed under
high vacuum to evaporate the dichloromethane, which can cause bubbles upon polymerization.
The desired amount of resin is put on a microscope sample carrier plate and two equally sized
capillaries are used as spacers. Another carrier plate is pressed on top and the resin is
polymerized with a 150 mW 405 nm LED for 5 minutes. The prepared plates can be analyzed
within commercial UV-Vis and electronic circular dichroism (ECD) spectrometers.
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Figure 64: UV-Vis spectra of hemiindigo 33 dissolved in Formlabs clear resin (left) and
photograph of prepared samples (right). Photoswitchability between >95% Z
isomer and >83% E isomer can be seen, which equals the performance of
hemiindigo 33 in apolar solvent mixtures of 87 / 13 heptane / ethyl acetate. The
black circle on sample “348-H 1 served as positional marker for circularly

polarized light (CPL) irradiations and ECD measurements.

As future perspective, the addition of enantiopure rotamers of hemiindigo 33 in these matrices
can be examined with regard to changes of the thermal stability of the rotational aryl axes,
allowing the measurements of precise kinetics in the polymer matrix and their comparison to

solution experiments.
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2 RESULTS AND DISCUSSION
2.2.13 Conclusion: Rationale of substitution patterns

It could be shown that hemiindigos are a class of virtually unexplored, potent photoswitches
supporting high photoisomerization ratios with blue over green to yellow and red light, high
thermal bistabilities, good quantum yields and high tolerance of the photoreactions towards
solvent polarity changes. The effects of different substitutions at the indoxyl- and stilbene
fragments could be shown, with electron donating substituents being beneficial for red-shifted
absorptions and twisted aryl axes at the indoxyl-nitrogen increasing thermal bistability while
maintaining its red-shift. Increase of conjugation strength at the stilbene fragment did not yield
desired red-shifted hemiindigos. The thermal bistabilities of Z and E isomers can be increased
by electron withdrawing groups at the indoxyl nitrogen or by electron-neutral stilbene
fragments. The thermal bistabilities of N-arylated hemiindigos profit from twisting of the N-
aryl moiety and from decreasing sterical bulk between the indoxyl core methyl group and the
stilbene fragment by substituting an ortho-tolyl group with a naphthyl group.

Further experiments on substitutions at the aromatic indoxyl positions have to be carried out,

as DFT calculations show a large red-shift for nitro substituted derivatives (Figure 65).
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Figure 65: Calculated UV-Vis spectra at the B3LYP/6-311+G(d,p) level of theory,
(TD-DFT, nstates = 30) for a potentially red-shifted hemiindigo derivative,

Z isomer (top) and E isomer (bottom) are shown. Absorption maxima of 625 nm
(2) and 660 nm (E) can be observed, an increase towards longer wavelengths is
expected for the experiment, as DFT calculations tend to underestimate the red-

shift.[4
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2.2.14 HEMIINDIGO - SOLVATOCHROMISM AND THE INFLUENCE OF WATER ON HEMIINDIGO CHROMOPHORES

2.2.14 Hemiindigo - Solvatochromism and the influence of water on

hemiindigo chromophores

The following sections serve as a quick overview of the discussed results and methods
throughout this work, starting with solvatochromism and photoswitchability of hemiindigos in

water.

Regardless of structural modifications, hemiindigos exhibit strong solvatochromism but little
thermochromism, which stands in contrast to the results on the parent indigo chromophore (see
Section 2.1).

For the class of hemiindigo photoswitches, apolar solvents as well as the gas phase (see
Section 2.5) show blue-shifted absorptions while polar organic solvents and their water
mixtures exhibit strongly red-shifted absorptions for these compounds. This experimentally
observed significant solvatochromism cannot be fully explained by the utilized DFT level of

theory.l’]

It is highly desirable to operate molecular switches and machines in water, as it is the most
abundant and likewise most important liquid for life on earth. Biological applications demand
good solubility, photoswitchability and photostability of the utilized switch or machine to
perform within or around cells or bacteria.

Hemiindigos exhibit very good overall photoswitching performance, but they display
unpredictable behavior when water is used as (co-)solvent, especially for hemiindigos
substituted with a 4-(dimethyl amino) phenyl or julolidine moiety as stilbene fragments.
Proficient photoswitching could be observed for one cycle in water / polar organic solvent
mixtures (up to 80 - 97%, v / v) with e.g. tetrahydrofuran, dimethylformamide or dimethyl
sulfoxide as organic modifiers (see Figure 42 and literaturel”). At high water contents
precipitation can be observed but no obvious decrease of photoisomerization efficiency could
be tested at the time these measurements were carried out.

Introduction of a permanent charge tag (see Section 2.5) made electron rich hemiindigo
derivatives 8 and 3 soluble in pure water, further proving their diminished switching behavior
in this solvent. Insolubility could thus be excluded as the main reason for non-existent
photoisomerization yields.

D. Berdnikova introduced a hydrophilic alkyl dimethylamino side chain to a phenylmethoxy
substituted hemiindigo 34 and showed that photoswitching in water was feasible again, even

when binding of the hemiindigo to RNA / DNA complexes occurs.*® Controlling RNA -
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2 RESULTS AND DISCUSSION

protein interactions by visible light can serve as therapeutic handle within the emerging field of

photopharmacology.[®®!

Cr
0]

NM62
Figure 66: Hemiindigo derivative 34 was synthesized by D. Berdnikova. Photoswitching
and unspecified binding to HIV-1 TAR RNA, HIV-1 RRE-IIB RNA and HIV-1

TAR Tat complexes with fluorescent responses could be shown.[%

As part of a collaboration with D. Berdnikova, charge tagged hemiindigo derivatives without
strongly electron donating stilbene fragments were synthesized and tested for their binding and
switching properties on DNA and RNA (see Section 2.6).

The exact reason why electron donating stilbene fragments show no photoswitching
behavior in water is still not understood to date. One possible explanation is excited state proton
energy transfer (ESPT), as the basic amino functionalities abstract protons from remaining
water molecules and cleaves the associated protons upon irradiation as deexcitation channel.
Another possible theory is the ratio between an apolar biradical and a polar ionic state of the Z
/ E transition state structure at the central double bond. Electron donating stilbene fragments
might favor an ionic state at the central double bond, which can be stabilized by water
molecules. This might lower the thermal stabilities of the photoswitch to such an extent that no
photoisomerization or distinct spectra of Z and E can be seen at ambient temperatures. Since
low temperature experiments in water in its liquid state are not possible at ambient pressure,
transient spectroscopy on a dimethylamino and a methoxy substituted hemiindigo would be the
method of choice to confirm or disprove these theories. Addition of polar organic solvent
restores photoswitchability in between Z and E isomers, which underlines this argument as the

organic solvent shell displaces the water.
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2.2.15 HEMIINDIGO - EFFECTS OF PH-MODULATION
2.2.15 Hemiindigo - Effects of pH-modulation

Addition of Bregnsted acids and -bases reduces photoswitchability in a reversible fashion by
shifting the initial Z / E compositions towards a new equilibrium or by generating an
intermediate protonated form. Strong changes in absorption and photochromic shifts can be
observed upon protonation. Lower thermal stabilities (21 - 24 kcal/mol) in untreated
dichloromethane compared to dichloromethane filtered through aluminium oxide (23 -

26 kcal/mol) can be observed as well.

0O
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Figure 67: Lewis-formula of hemiindigo 9.
1 ——PSS 1.10
124\ ----PSS 2. 5sirr420nm
' ! —— PSS 3. 8min irr530nm
1 \ PSS 4. +TFA 8 drops
1.04 ----PSS 5. TFA+30s irr470nm
\ — PSS 6. TFA+10s irr530nm

S \ PSS 7. TFA+TEA neutral
o 0.8 \ ----PSS 8. TFA+TEA+40s irr420nm
£ ‘\‘ —— PSS 9. TFA+TEA+excessTEA
2 0.6-
Q
o
1]
S 0.4-

0.2-

0.0 T Y T Y "m—l - v T Y T y T — T v T —

300 350 400 450 500 550 600 650 700
wavelength in nm
Figure 68: Impact of acids and base additions on the absorption of hemiindigo 9 in toluene.

Photoswitchability without additives was ensured first (broken blue line and
solid red line). Addition of 8 drops of trifluoroacetic acid to 2 mL of toluene

volume yielded spectrum shown in green. Irradiation in this state did not induce
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2 RESULTS AND DISCUSSION

any spectral changes. This can be caused by low thermal barriers in between Z
and E isomer or due to deexcitation trough ESPT. An increase of molar
absorptivity can be seen although the photoswitch concentration was diluted
throughout this experiment. Neutralizing the solution yielded the bright blue
line. In this state photoswitchability could be restored (broken violet line).

Addition of a few drops of triethylamine yielded the pink spectrum.

In summary, photoswitchability is lost for hemiindigo 9 when exposed to acids or excess base

in organic solution.
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Figure 69: Lewis-formula of hemiindigo 11.
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Figure 70: Impact of acids and base addition on the absorption of hemiindigo 11 in toluene.
Photoswitchability without additives was ensured first (dashed blue line and

solid red line). Addition of 4 drops of trifluoroacetic acid to 2 mL of toluene
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solution yielded the spectrum shown in green. Irradiation in this state did not
induce any spectral changes. This can be caused by low thermal barriers in
between Z and E isomer or due to deexcitation trough ESPT. A strong decrease
of molar absorptivity can be seen as the photoswitch was not diluted by a factor
of three by the small volumes of acid / base added. Excess triethylamine (violet
line) restores proper photoswitchability (broken violet line, pink line) and results
in a defined isosbestic point shifted by approximately 10 nm to the red part of
the visible light spectrum compared to the neutral solution. A decrease in molar

absorptivity by 20% can be observed.

The effect of acids can also be seen within measurements of thermal stabilities in
dichloromethane. The remaining hydrochloric acid severely lowers the thermal Z / E
isomerization barriers. For hemiindigo 8, an energy barrier of 20.3 kcal/mol for the thermal Z
to E and 20.6 kcal/mol for the thermal E to Z isomerization was measured. If dichloromethane
is filtered through aluminium(I11) oxide to remove residual acid in the solvent, the measured
energy barriers amounted to 21.8 kcal/mol for the thermal Z to E and 21.9 kcal/mol for the
thermal E to Z isomerization direction. Filtration increases the thermal half-life 18-fold for the
Z isomer and 10-fold for the E isomer.

For hemiindigo 16, an energy barrier of 20.7 kcal/mol for the thermal Z to E and
21.2 kcal/mol for the E to Z isomerization was measured. If dichloromethane is filtered through
aluminium(l11) oxide, the measured energy barriers amounted to 22.4 kcal/mol for the thermal
Z to E and 24.1 kcal/mol for the thermal E to Z isomerization. The thermal half-life is also
increased 18-fold for the Z isomer and 134-fold for the E isomer.

In conclusion, pure water as solvent and acidic / basic conditions are factors that decrease
the photophysical performance of hemiindigo chromophores.

Methoxy derivatives (see Section 2.2.1) are able to overcome the inability to photoswitch in

water at the cost of less red-shifted absorptions.
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2.2.16 Conclusion: Solvent, Water and pH influence

The effects of solvent polarity on hemiindigo photoswitches could be demonstrated. Generally,
red-shift is increased and quantum yields are slightly decreased for polar solvents, these trends
are reversed for apolar solvents, with few exceptions. Photoswitching in water can only be
realized by addition of 2.5 - 30% of water miscible organic solvent for hemiindigos supporting
electron rich stilbene fragments.[’4 Water soluble, ionic hemiindigos can only photoisomerize
if the stilbene fragment features weak electron donating groups like methoxy or methyl (see
section 2.2.5 and Section 2.6 for details). Acidic or basic conditions do not show visible
photoswitching of hemiindigo chromophores.
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2.2.17 Hemiindigo - Photoswitching between photostationary states

A photostationary state (PSS) is defined as the state of an irradiated sample where the isomeric
ratio of e.g. Z and E isomers of a photoswitch does not change while intensity and wavelength
of the irradiating light is held constant. The composition of isomers in a particular PSS
represents the maximum obtainable isomeric yield for a specific irradiation condition and is a
key photophysical property that depends on the following combined parameters, namely
photochromism, molar absorptivities, quantum vyields and thermal stabilities. A strong
photochromism usually enables enrichment of specific isomers by selectively irradiating at
wavelengths where only one isomer absorbs strongly using e.g. distinct wavelength
distributions as emitted by LEDs or monochromatic laser light. High quantum yields and molar
absorptivities will enhance the overall photoisomerization speed for a specific isomer. High
thermal stabilities of all present isomers will prevent them from thermal interconversion
towards their equilibrium concentration, which makes these species visible even for non-
transient spectroscopic methods at ambient or elevated temperatures.

Hemiindigos exhibit very high isomer ratios in the PSS at different wavelengths reaching up
to 99% Z and 98% E isomer for the best performing switches. The following Table 6 provides

a brief selection of measured compositions in the PSS at different wavelengths.

Table 6: Isomer yields obtained in the PSS after Z / E and E / Z photoisomerization of the
respective hemiindigo in different solvents at different wavelengths. Isomer

yields were determined via UV-Vis measurements at ~2.5-10 M concentration.

Hemiindigo Solvent Wavelength % E isomer % Z isomer  Duration
toluene 470 nm 87 13 1 min
490 nm 57 43 1 min
505 nm 55 45 1 min
515 nm 31 69 1 min
530 nm 15 85 1 min
565 nm 12 88 1 min
590 nm 46 54 1 min
617 nm 0.9 99 4h
THF 435nm 89 11 1 min
470 nm 87 13 1 min
490 nm 69 31 1 min
505 nm 68 32 1 min
515 nm 44 56 2 min
530 nm 28 72 1 min
565 nm 17 83 1 min
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595 nm 14 86 1 min
617 nm 3.8 96 6h
DMSO 470 nm 89 11 1 min
490 nm 84 16 1 min
505 nm 85 15 1 min
515 nm 75 25 1 min
530 nm 73 27 1 min
565 nm 48 52 1 min
595 nm 13 87 1 min
617 nm 2.0 98 4 h
toluene 470 nm 83 17 10s
490 nm 61 39 30s
505 nm 61 39 30s
515 nm 46 54 30s
530 nm 35 65 30s
565 nm 22 78 30s
595 nm 7.7 92 5 min
617 nm 0.5 99 1h
THF 470 nm 90 10 10s
490 nm 82 18 10s
505 nm 81 19 10s
515 nm 68 32 20s
530 nm 59 41 30s
565 nm 38 62 30s
595 nm 11 89 90s
617 nm 1.2 99 45 min
DMSO 470 nm 81 19 5s
490 nm 81 19 10s
505 nm 81 19 5s
515 nm 77 23 5s
530 nm 75 25 5s
565 nm 59 41 10s
595 nm 25 75 20s
617 nm 4.9 95 3 min
680 nm 9.3 91 5h
0 toluene 405 nm 71 29 5 min
420 nm 81 19 5 min
; $) 435nm 92 8.0 5 min
Me NMe, 470 nm 93 7.0 5 min
490 nm 87 13 5 min
505 nm 84 16 5 min
515 nm 73 27 5 min
530 nm 55 45 5 min
565 nm 38 62 5 min
590 nm 2.0 98 15 min
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617 nm 0.7 99 4h
625 nm 1.9 98 4h
THF 405 nm 77 23 1 min
420 nm 77 23 1 min
435 nm 90 10 1 min
470 nm 93 7.0 5s
490 nm 87 13 3 min
505 nm 79 21 3 min
515 nm 68 32 3 min
530 nm 51 49 3 min
565 nm 35 65 3 min
590 nm 0.4 99 12 min
625 nm 0.4 99 10 min
DMSO 405 nm 73 27 1 min
420 nm 71 29 1 min
435nm 79 21 1 min
470 nm 95 5.0 1 min
490 nm 90 10 1 min
505 nm 90 10 2 min
515 nm 83 17 2 min
530 nm 82 18 2 min
565 nm 61 39 2 min
590 nm 6.9 93 5 min
600 nm 4.2 96 10 min
617 nm 1.7 98 30 min
625 nm 3.8 96 1lh
o) toluene 470 nm 95 5.0 5s
O — 490 nm 91 9.0 10s
; O 505 nm 91 9.0 10
Me N 515nm 82 18 15s
530 nm 77 23 15s
3 565 nm 54 46 30s
595 nm 12 88 60 s
617 nm 0.5 99 20 min
THF 470 nm 90 10 5s
490 nm 85 15 5s
505 nm 85 15 5s
515 nm 78 22 5s
530 nm 72 28 5s
565 nm 52 48 20s
595 nm 12 88 60 s
617 nm 35 96 15 min
DMSO 470 nm 96 4.0 5s
490 nm 97 3.0 5s
505 nm 98 2.0 10s

84



2 RESULTS AND DISCUSSION

515 nm 94 6.0 5s
530 nm 93 7.0 5s
565 nm 77 23 5s
595 nm 36 64 5s
617 nm 5.0 95 40s
680 nm 0.1 99 4h
toluene 405 nm 71 29 1 min
420 nm 82 18 1 min
435 nm 95 5.0 15s
470 nm 95 5.0 1 min
490 nm 89 11 2 min
505 nm 85 15 2 min
515 nm 72 28 2 min
530 nm 51 49 2 min
565 nm 38 62 30s
590 nm 2.3 98 3 min
617 nm 04 99 1lh
THF 405 nm 61 39 1 min
420 nm 72 28 1 min
435nm 84 16 1 min
470 nm 86 14 5s
490 nm 77 23 2 min
505 nm 74 26 2 min
515 nm 63 37 2 min
530 nm 37 63 3 min
565 nm 36 64 3 min
590 nm 3.9 96 14 min
617 nm 1.6 98 2h
DMSO 405 nm 72 28 1 min
420 nm 70 30 1 min
435nm 81 19 1 min
470 nm 97 3.0 1 min
490 nm 89 11 1 min
505 nm 89 11 2 min
515 nm 83 17 2 min
530 nm 81 19 2 min
565 nm 63 37 2 min
595 nm 25 75 5 min
617 nm 7.7 92 80 min
625 nm 6.8 93 2h
DMSO 435 nm 83 17 1 min
450 nm 88 12 1 min
470 nm 93 7 3 sec
490 nm 90 10 1 min
505 nm 90 10 1 min
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20 515 nm 85 15 1 min
530 nm 80 20 1 min

565 nm 67 33 1 min

595 nm 27 73 1 min
625 nm 2.7 97 25 min

Heptane/Ethyl 405 nm 77 23 1 min

acetate 420 nm 91 9.5 1 min

83/17 435nm 96 4.3 2 sec

450 nm 95 4.7 1 min

470 nm 92 8.4 1 min

490 nm 76 24 1 min

505 nm 74 26 1 min

515nm 53 47 1 min

530 nm 31 69 30 sec

565 nm 29 71 1 min

595 nm 68 32 7 min
600 nm 3.8 96 60 min

DMSO 305 nm 41 59 1 min

365nm 35 65 1 min

385nm 35 65 1 min

405 nm 41 59 1 min

420 nm 47 53 1 min

435nm 55 45 1 min

450 nm 56 44 1 min

470 nm 54 46 30s

505 nm 30 70 1 min

515 nm 21 79 1 min

530 nm 16 84 1 min

565 nm 13 87 30s

595 nm 12 88 1 min
617 nm 4.1 96 20 min

Heptane/Ethyl 420 nm 82 18 1 min

acetate 435nm 84 17 5 sec

93/7 450 nm 82 18 1 min

470 nm 68 32 1 min

530 nm 2.2 98 4 min

O 7 DMSO 405 nm 26 74 1 min
(Q‘Me 420 nm 31 69 1 min
e Mez 435nm 37 63 1 min
450 nm 43 57 1 min

33 470 nm 39 61 30s
505 nm 17 83 1 min

515nm 11 89 1 min

530 nm 6.4 94 1 min
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2 RESULTS AND DISCUSSION

565 nm 4.3 96 1 min

595 nm 2.1 98 3 min

Heptane/Ethyl 405 nm 75 25 1 min

acetate 420 nm 82 18 1 min
87/13 435 nm 83 17 3s

450 nm 82 18 1 min

470 nm 64 36 1 min

505 nm 12 88 30s

515 nm 9.1 91 1 min

530 nm 2.0 98 1 min

565 nm 13 87 1 min

595 nm 30 70 1 min

2.2.18 Hemiindigo - Thermal bistabilities

A high thermal bistability of photoproducts, which can be formed with low energy red light is
arare and highly sought after property of photoswitches. Mechanically rigid switching scaffolds
often require high energy UV / blue light to populate their excited states.[®*! Hemiindigos
undergo photoisomerization with blue and green or green and red light with thermal half-lives
of years to millennia at 25 °C. N-H unsubstituted hemiindigos thermally convert entirely to the
Z isomeric form in the dark, in contrast to nitrogen substituted switches, as these form
temperature- and solvent specific isomer equilibria. Racemization Kinetics of axially chiral
hemiindigos (see Section 2.3.6) to an equally distributed Ra- / S state are treated by first order

kinetics.

2.2.19 First order kinetics without entering the equilibrium

The thermal stabilities of Z / E double bond isomerizations with 100% Z or 100% E isomer as
thermodynamic minimum were determined via NMR or UV-Vis spectroscopy (see 2.2.3 and
Section 2.2.7). Tightly sealed cuvettes were used for elevated temperature UV-Vis
measurements and observation of clear isosbestic points proved no concentration changes

during the measurements.

When the thermal isomerization is a unimolecular first order reaction and proceeds completely
towards pure states, eq. 1 can be applied:

d[isomer excess]

— T = k[isomer excess] eq. 1
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2.2.19 FIRST ORDER KINETICS WITHOUT ENTERING THE EQUILIBRIUM

The rate constant k of the reaction is obtained by plotting In(cw/ct) versus time, with ci being
the initial excess of the starting isomer at to and ct being the decreasing isomer excess at
increasing time incrementst. The slope of the graph gives the rate constant k for the

isomerization of the respective hemiindigo Z / E isomers or atropisomers.

([isomer excess] tO)
[isomer excess]|t

t

eqg. 2

k =

The free activation enthalpy AG” for the process can be calculated from the rate constant k of
the reaction (eq. 2) by using the Eyring equation (eq. 3):

_ kB T —AG”

k e RT eq. 3

with ks = Boltzmann constant (1.381-102% J-K'%)
T = temperature in K
h = Planck constant (6.626-10734 J-s)
k = rate constant of the reaction

eq. 3 can be rearranged to give eq. 4 and the numerical value of the rate constant k obtained

from eq. 2 can be inserted:

T
AG* (inJmol™!) = 8314 T - [23.760 + In (E)] eq. 4

This methodology was applied to atropisomers as well which were gquantified by electronic
circular dichroism (ECD) spectroscopy in heptane / ethyl acetate solutions at different
temperatures and separately for Z and E isomers. Pure enantiomers were obtained prior to
measurements by separation via chiral HPLC. Rotation of the ortho-tolyl or naphthyl fragments
around their chiral hemiindigo N-C axis was observed as loss of the ECD signal over time since
this rotation results in racemization of the samples. The quantification was carried out by adding
the area in the ECD spectrum above and below the x-axis from e.g. 250 - 500 nm, which was
set as 100%. However, the endpoint was set to 0% and not to the 50% equilibrium of the
racemate, which is the correct value. This leaves the plotted k values underestimated by 50%,
resulting in higher free activation enthalpies for thermal atropisomerization barriers (which is
better in all presented cases). For the sake of consistency and comparability, the plots of the
atropisomerization reactions are displayed with this systematic error in mind. The magnitude
of this error is displayed in a calculational example (Table 7) for commonly measured thermal

atropisomerization barriers for hemiindigo and indigo molecules:
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2 RESULTS AND DISCUSSION

Table 7: Overview of different incorrectly determined free activation enthalpies

(exemplary values) and the respective correction of systematic error.

Incorrectly Correctly
Incorrectly Incorrectly Correctly Correctly
) calculated ) calculated
calculated AG* determined calculated AG*  determined
thermal half- thermal half-
[kcal/mol] k (s1) _ [kcal/mol] k (st) _
life (25 °C) life (25 °C)
15 61.7 0.01s 154 30.9 0.02s
20 0.013 52s 20.4 0.007 105s
25 2.85x10° 2.81d 25.4 1.42x10° 5.63d
30 6.13x10° 35.8a 30.4 3.06x10° 71.7a

In principle, halving of the determined k value results in an increased free activation enthalpy
of about 0.41 kcal/mol and doubled thermal half-lives for all cases, which is a significant

improvement in stability compared to the initially reported values.
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2.2.19 FIRST ORDER KINETICS WITHOUT ENTERING THE EQUILIBRIUM

Exemplary plots are shown for the E to Z thermal central double bond isomerization of

hemiindigo 15
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(
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in three different solvents. The complete data can be found in the literature.[’4]

y =0.00015423x + 0.37115373
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Figure 71: A first order Kkinetic analysis of the thermal E to Z isomerization of

90

hemiindigo 15 in toluene (black, 22 °C), tetrahydrofuran (red, 25 °C), and
dimethyl sulfoxide (grey, 51 °C) gives a linear relationship. The slope m can be
translated into the rate constant k for this process. The corresponding Gibbs
energies of activation are given in Table 8. Adapted with permission from 4],

Copyright 2017 American Chemical Society.



2 RESULTS AND DISCUSSION

Table 8: Free activation enthalpies AG™ and corresponding half-lives at 25 °C for the
thermal E / Z as well as Z / E isomerizations of hemiindigos 11 and 15 without

entering equilibria.

Polarit AG* AG* Equilibra-  Equilibra-  Thermo-dynamic
olarity -
E (30)?;] (therm.z/  (therm.E/ tion half- tion half- %E/%Z
Hemiindigo Solvent T/k | Eequil) Zequil) lifeof pure life of pure equilibrium in the
ca
" /keal /keal Zisomer at E isomer at dark
mol-
mol* mol* 25°C 25°C (atTin°C)
0/100
toluene 33.9 - 241 - 15h
(26)
0/100
THF 37.4 - 24.5 - 1.2d
(28)
0/100
11 DMSO 451 - 26.9 - 70d
(51)
0/100
33.9 - 23.8 - 8.9h
(22)
. 0/100
374 - 22.4 - 50 min
(25)
0/100
15 DMSO 45.1 - 25.8 - 11d
(51)

In contrast to N-H substituted hemiindigos, the unsubstituted species convert completely into

their Z isomeric state, similar to many hemithioindigo derivatives.

To assess the thermal stability of the introduced chiral axes in the respective hemiindigo
photoswitches 30 and 33, the rotamers were separated via chiral HPLC at 0 °C. The absolute
area of their ECD response was measured within an ECD spectrometer at defined temperatures
and plotted against time to obtain kinetic datasets. An exemplary plot is given below for
hemiindigo 30. The complete data can be found in the literature.[4]

The obtained free activation enthalpies AG™ for the thermal chiral axis racemization and

corresponding extrapolated half-lives at 25 °C are given in Table 11.
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2.2.19 FIRST ORDER KINETICS WITHOUT ENTERING THE EQUILIBRIUM

Figure 72:
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Exemplary illustration of the decaying ECD response of Z-(Ra)-30 at 40 °C in 93
/ 7 heptane / ethyl acetate. The red spectrum with strongest ECD response
represents t = 0 s and was set to 100% (added absolute spectral area for positive
and negative signals). Correspondingly, the blue spectrum with weakest ECD
response represents t = 3720 s at the end of measurement. Kinetic plots were
conducted within these respective margins. Yellow and green represent
intermediate time points within the measurement. Adapted with permission from

[81 Copyright 2018 American Chemical Society.



2 RESULTS AND DISCUSSION
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Figure 73:  First order kinetic analyses of the thermal racemization via atropisomerization
of hemiindigo 30 in 93 / 7 heptane / ethyl acetate in the dark. The slopes m can
be translated into the rate constant k for each process. Racemization in the Z
isomeric state (red, see also Figure 72) was measured at 40 °C and gives an
energy barrier of 23.1 kcal/mol. Racemization in the E isomeric state (blue) was
measured at 60 °C and proceeds over an energy barrier of 26.1 kcal/mol. Poor
R2 values are based on bad signal to noise ratios caused by the weak ECD
response of the E isomer. Adapted with permission from 31, Copyright 2018

American Chemical Society.

An overview of obtained atropisomerization barriers is given in Table 11, Section 2.3.8.

The introduction of ortho-methyl substituents at the stilbene fragment increases the thermal
stability of the ortho-tolyl chiral axis resulting in half-lives that range from seconds to days at
25 °C for hemiindigo 30. This could be attributed to the twisting of the stilbene fragment around
its single bond, interfering less with the ortho-tolyl moiety. Substitution of the ortho-tolyl
moiety by a naphthyl residue raises the thermal half-lives further to days and months. This could
be explained by the better fit of the naphthyl group in between the methyl group of the indoxyl

core and the stilbene fragment.
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2.2.20 FIRST ORDER KINETICS WITH ENTERING THE EQUILIBRIUM - E/Z ISOMERIZATIONS

2.2.20 First order kinetics with entering the equilibrium - E/Z

isomerizations

The thermal Z to E or E to Z isomerizations of hemiindigos proceed mainly at elevated
temperatures resulting in stable mixtures of isomers in specific equilibrium compositions.
Measurements were performed via *H-NMR spectroscopy in deuterated dimethyl sulfoxide,
toluene, tetrahydrofuran, dichloromethane or by UV-Vis spectroscopy in heptane / ethyl acetate
mixtures.

NMR tubes were charged with 1.1 mg to 2.5 mg of the respective hemiindigo compound and
0.6 mL - 0.7 mL of deuterated solvent resulting in mM concentrations. The NMR tubes were
irradiated at suitable wavelengths to accumulate a high percentage of the desired isomer.
Subsequent heating of the samples was carried out in the dark at 60 - 114 °C and the thermal
isomerization kinetics were followed by repeating *H-NMR measurements in determined time
intervals (typically hours to days). Lower thermal stabilities <26 kcal/mol were guantified by
UV-Vis spectroscopy at 24 - 82 °C in heptane / ethyl acetate mixtures or dichloromethane. In
cases with barriers below 26 kcal/mol, data points were typically taken in shorter time intervals
after the initial irradiation interval. After prolonged heating, the stable equilibrium
concentrations of Z and E isomers were obtained from integration of indicative signals in the
IH-NMR spectrum or from the known extinction coefficients and absolute absorption values of
the E isomers in the red part of the absorption spectrum (where the absorption of Z isomers is
approximately zero).

The thermal E / Z isomerization is a unimolecular reaction of first order and proceeds
towards an equilibrium E / Z-isomer composition where both isomers are present as described

by eqg. 5:

([E isomer];, — [E isomer],q

= .5
[E isomer]; — [E isomer]q > (ke/z + kz/p)t eq

with [E isomer];, being the initial concentration of the E isomer at the time t = 0, [E isomer]eq
being the concentration of the E isomer at the equilibrium, [E isomer]; representing the
concentration of the E isomer at specific times in the measurement t, ke;z being the rate constant
k of the E to Z isomerization, kze being the rate constant k of the Z to E isomerization, and t
being the elapsed time. When plotting the logarithmic left part of eq. 5 versus time t the obtained
slope m contains both rate constants for the isomerization reactions taking place. The rate

constant ke/z can then be calculated according to eq. 6:
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2 RESULTS AND DISCUSSION

m

kp/z = [E isomer],, eq. 6

[Z isomer],,

when taking into account the law of mass action (eq. 7):

[E isomer]e;  kz/e

= eq. 7
[Z isomer],,  kg/z q
likewise, the rate constant for kze can be calculated according to eq. 8:
k _ m
Z/E = [Z isomer],, eq. 8

[E isomer],,

from the same Kinetic plot (see Figure 74 for plots of the thermal E to Z and Z to E
isomerizations of hemiindigo 20 in dimethyl sulfoxide as an example).

By rearranging the Eyring equation (eq. 3), the free activation enthalpy AG™ can be
calculated from the rate constants ke/z or kze of the reaction according to eq. 4.

The obtained free activation enthalpies AG™ for the thermal Z / E as well as E / Z
isomerizations of selected hemiindigos and the corresponding extrapolated half-lives at 25 °C
are given in Table 9.

The obtained kinetic plot for hemiindigo 20 is shown exemplarily for clarity reasons. The

full data can be found in the literature.[®
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Figure 74: Kinetics of the thermal isomer interconversion of hemiindigo 20 at 103 °C in
dimethyl sulfoxide-ds in the dark starting from either 92% E-20 (blue) or 96%
Z-20 (red). After prolonged heating, a stable 87 / 13 E / Z isomer mixture is
obtained independently for both experiments. Adapted with permission from [7],

Copyright 2018 American Chemical Society.
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2.2.20 FIRST ORDER KINETICS WITH ENTERING THE EQUILIBRIUM - E/Z ISOMERIZATIONS

Figure 75:
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First order kinetic analysis of the thermal E to Z and Z to E isomerization of
hemiindigo 20 in dimethyl sulfoxide-ds at 103 °C starting from either 92% E-20
(blue) or 96% Z-20 (red). After prolonged heating in the dark, a stable 87/13 E/Z
isomer composition is observed in both experiments. Linearized plots according
to eq. 5 are shown. The slopes m can be translated into the rate constant k for
each isomerization direction. Analysis of the thermal Z to E equilibration
reaction (red) gave energy barriers of 30.6 for Z / E- and 32.0 kcal/mol for the E
| Z isomerizations. Analysis of the thermal E to Z equilibration reaction (blue)
gave energy barriers of 30.6 for Z / E- and 32.1 kcal/mol for E / Z isomerizations,
respectively. The close agreements of these two independent experiments can be
seen by the almost similar slopes for the Z to E and E to Z isomerization
experiments. Adapted with permission from [®l. Copyright 2018 American

Chemical Society.



2 RESULTS AND DISCUSSION

Table 9: Free activation enthalpies AG” for the thermal Z / E and E / Z isomerizations of

selected hemiindigos and corresponding extrapolated half-lives at 25 °C.

Polarit AG* AG* Equilibra-  Equilibra-  Thermodynamic
olari
£ (30))[/ (therm.Z/  (therm.E/  tion half- tion half- %E/%Z
T
Hemiindigo Solvent N Jcal Eequil.) Zequil.) life of pure life of pure equilibrium in the
cal
" /keal /keal Zisomer at E isomer at dark
mol
mol? mol* 25°C 25°C (atTin°C)
o 57/43
toluene 33.9 30.3 30.5 60 a 83 a
O N (100)
O 41/59
THF 374 28.0 27.8 12a 09a
Me NMe, (63)
8 DMSO 45.1 28.2 28.7 17a 40a 65/35
DCM 40.7 20.3 20.6 87s 144 s (24)
DCM/ . .
40.7 21.8 21.9 18 min 22 min (24)
Al203
o 52/48
toluene 33.9 24.5 24.6 1.2d 1.44d
Cry- e
N
Q 59/41
THF 374 28.3 28.6 20a 34a
Me N (63)
52/48
3 DMSO 45.1 21.7 27.8 0.7a 09a
(52)
50/50
toluene 33.9 30.5 30.5 83a 83a
(100)
50/50
THF 374 29.5 29.5 15a 15a
(63)
40/60
16 DMSO 45.1 25.4 25.7 6d 9d
(47)
DCM 40.7 21.2 20.7 6.6 min 2.9 min (24)
DCM/
40.7 24.1 22.4 15h 50 min (24)
Al;0s
87/13
DMSO 45.1 30.6 32.1 99 a 1140 a
(103)
Hept/EA 77123
26.4 27.1 30d 104 d
83/17 (82)
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2.2.21 QUANTUM YIELD DETERMINATION

N 87/13
ve ) e DMSO 451 305 31.7 78a 614 a
ve v, (114)
30
o]
O N Me
ve ) M ) 77123
" DMSO 451 318 32.7 750 a 3427 a
@ 2 (113)
33

2.2.21 Quantum yield determination

The photochemical quantum vyields of the Z / E and E / Z photoisomerization ¢z and ¢gz,
respectively were calculated as the ratio between the numbers of isomerized molecules n(Z) or
n(E) and the number of absorbed photons n(hv) (eq. 9). The published instrumental setup from
the group of E. Riedle was used for this purpose.[®8!

n(hv)

= —_— ed. 9
¢ n(molecules) 1

The photochemical quantum yields ¢zzand ¢z were determined using eq. 10:

_ Vsample' NA “h-c

¢ Py f 7 T Mo * CONCsample eg. 10
ex
14+R P sample
with Py = (Psolv — Psample) at ty and /= ?;?SO‘V

where Vsample is the volume of the sample measured within a UV-Vis cuvette, Na is Avogadro’s
constant (6.02214-10%° mol™), h is Planck’s constant (6.62607-10734 Js), ¢ is the speed of light
(2.99792-10% ms?), R is the reflection coefficient of the cuvette (at the exit surface with a
literature value of 0.0357),1%1 j. is the excitation wavelength in nm, concsampie is the total
concentration of the sample, mO is the initial slope of the recorded photokinetic in %Zs™ or
%Es ™. The value to represents the starting point of the measurement (i.e. = 0 s) and is linked to
the sample Zo/ Eo composition of the system prior to irradiation. Po represents the absorbed
power by the sample and is calculated by subtraction of Psampie (Which is the recorded power
read-out at the thermal photometer in the presence of a sample filled cuvette under irradiation)

from Psolv, which corresponds to the power read-out at the thermal photometer under irradiation
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2 RESULTS AND DISCUSSION

of a solely solvent-filled cuvette in place. The weighted initial power factor Pof at to was
calculated by plotting the relative concentration decrease (in %) of the prevalent species versus
the increasing Pf values. Pof was obtained at the 100% value of the abscissa of that plot (see
Figure 83 and Figure 85). The potential loss in LED irradiation power on duty caused by warm-
up was considered by plotting Pairstart and Pairend against tsert and tend in a linear fashion and
consideration of this linear equation at every t and Psampie read-out. The slope mo was obtained
from a linear regression of the initial part of the concentration versus time plot, which is
generated by plotting the increasing amount of produced isomer in % on the ordinate versus

irradiation time t in s on the abscissa.

For all quantum yield measurements spectroscopic concentrations of 1x10®° molL? -
7x10° molL™* were used in toluene, dimethyl sulfoxide or heptane / ethyl acetate - the exact
values are given in Table 10. The progress of photoisomerizations was followed using UV-Vis
spectroscopy by taking into account the known extinction coefficients of both individual
isomers. Quantum yields were measured using a 450 nm (Prizmatix high power LED coupled
to glass fiber) or 467 nm LED for the Z to E photoisomerizations and a 520 nm (Prizmatix high
power LED coupled to glass fiber) or 600 nm LED for the E to Z photoisomerizations. Data
evaluation was carried out by the initial slope method.

For measurements in the E to Z photoisomerization direction the respective solutions were
irradiated at a suitable wavelength to obtain the maximum possible content of E isomer prior to
measurement. The same procedure was carried out to obtain the maximum PSS composition of
the Z isomer for the quantum yield measurement of the Z to E photoisomerization direction (see
Table 10).

2.2.22 Benchmarking: Quantum yield determination of diarylethenes

The photophysical quantum yield measurements for the model compound 4,4-
(perfluorocyclopent-1-ene-1,2-diyl)bis(3,5-dimethyl-2-phenylthiophene) 35 were carried out
to demonstrate small intrinsic deviations of our quantum yield determination methodologies.
This commercially available photoswitch exhibits quantitative switching behavior to its open
form with 530 nm and a PSS consisting of 79% to its closed form, which was obtained by
irradiation with a 254 nm UV lamp. The pure “ring-closed” isomer was obtained by separation
from residual ,,ring-open® isomer using reverse phase HPLC (Machery-Nagel VP 250/21
NUCLEODUR Sphinx RP 5pm column, 15 mLmin®, 35°C column temperature, 100%
Acetonitrile, retention times: open form at 6.1 min), see chromatogram in Figure 76.
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Figure 76:  Chromatogram of the HPLC separation of diarylethene 35 in pure acetonitrile.
3D plot of the diode array detector (DAD, top), trace of the Vis detector at

500 nm (bottom). A baseline resolved separation could be obtained.

Figure 77: Lewis-formula of 35.
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Figure 78: H-NMR spectrum of the HPLC separated diarylethene 35 (closed form) in

dichloromethane-d>. No open form is visible.
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2 RESULTS AND DISCUSSION

The molar absorptivities were determined by weighting in 0.2738 mg of the compound on a

Sartorius nanogram balance and dissolving the solid in 10 mL n-hexane.
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Figure 79: Molar absorption spectra of diarylethene 35 in n-hexane. The molar absorptions
reported by Sumi et al. of 28400 Lmol*cm™ at 268 nm for the open form and
10900 Lmol*cm? at 562 nm for the closed form match very well with the
recorded data (28517 Lmol*cm™ (blue) at 268 nm and 11123 Lmol2cm™ at
562 nm (red)).
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DIARYLETHENE 35 USING THE RIEDLE SETUP

2.2.23 Benchmarking: Quantum vyield determination of the ring-
opening photoreaction of diarylethene 35 using the Riedle

setup

Absorption spectra were recorded at different time points during irradiation of ring-closed
diarylethene 35 (Figure 80) with a 520 nm LED light source. Power values P were obtained
after irradiation lengths >15 s at the end of each irradiation step (after this time interval the
power reading is measured most accurately in correlation to the determined open / closed
composition because of the slowness of the utilized power meter) and then used for the absorbed
power versus composition plot. Further parameters to consider are: concentration of the sample
were determined as conCsample = 5.764*10° molL™?, cuvette volume Vew = 2.82*1073 L, power
reading with pure solvent n-hexane Psov = 3.400%10° W +3.3*10° W, power reading of the
LED at measurement start to in air Pairo) = 3.680*10° W and at the end of the experiment
Pair(end) = 3.466*10° W after tmeas = 3420 s.

—t) Flsolv=3.400 mW ¢ = 5.764*10*-5 moll

1.6
1.4
1.2
1.0 ~
0.8 ~
0.6
0.4
0.2

00 T T T T T T = I 1
250 350 450 550 650 750
wavelength in nm

Series of spectra from
Closed to Open for QY m——0YD2 2. 25 ir520nm

s QYD2 3. 35 ir520nm

e QYD2 4. 45 ir520nm

s QYD2 5. 55 ir520nm

e OYD2 6. 65 ir520nm

QYD2 7. 15s irr520nm

e VD2 8. 30s ir520nm P=1.122 mW

QYD2 9. 60s irr520nm P=1.164 mW

QYD2 10. 1205 in520nm P=1.244 mW

QYD2 11. 240sin520nm P=1.414 mW

Absorption in a.u.

QYD2 12. 600s in520nm P=1.968 mW

QYD2 13. 1200s ir520nm P=2 688 m\W

Figure 80: Photoisomerization progress of the ring-opening reaction of diarylethene 35 at

different time points in n-hexane.
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The individual spectra were translated into %open isomer using the known extinction molar

absorptivities and were plotted versus time (Figure 81).
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Figure 81: Recorded photokinetic (blue) and polynomial fit (dotted blue) during the
photoswitching of diarylethene 35 from 100% closed to 80% open form in

n-hexane.

Plotting the initial linear slope of the %open isomer mo multiplied by the total concentration
CONCsample VETSUS time gives the turnover rate mo CONCsample iN CopenyS™ after linear regression as

shown below (Figure 82).
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0.00006 -~

%o0pen X CONCgympe IN MOI/L

Figure 82:  Starting points / linear segment of the photokinetic shown in Figure 81 measured
during the photoswitching of diarylethene 35 from 100% closed to 8% open form

in n-hexane

The transmitted power readings Psample Were translated into absorbed power P by the compound
relatively to Psov. The absorbed power P at different time points during measurements was
plotted as a function of the closed isomer percentage to extrapolate the weighted initial power
factor Pof at the beginning of the measurement (to) where the slow responsiveness of the power
meter makes a direct measurement impossible (Figure 83). Furthermore, the thermal LED
power drift (with active cooling) was considered by measuring the power values of the LED in
air from start to to the end of the experiment. The thermal LED power drift was taken in

consideration as described in Section 2.7.2 to increase precision and eliminate this systematic

error margin.
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Figure 83: Regression of the weighted power factor versus the percentage of 100% closed
diarylethene 35 in n-hexane to extrapolate the power value Pof the time to. Linear
approximation (broken blue line) and polynomial fit (broken orange line) which
improves the obtained quantum yield by 4.6% compared to the linear regression

value.

Measured hemiindigos exhibit completely linear behavior in the Pof versus %E or %Z plots
until reaching their respective PSS. However, the power plot data points for diarylethene 35
differs from the linear fit, which gives Pof = 2.443 mW for 100% closed form. A polynomial
fit of the data gives a Pof value of 2.335 mW, which increases the quantum vyield by 4.6%

(relative value).

After inserting the extrapolated Pof value at to (i.e. at 100% closed isomer) and the slope mo

CONCsample Value in eq. 11:

_ Vsample' NA “h-c

¢ p f 1 * Mo © CONCsample €q. 11
0 ex
P sample
1 = — 1+R Psov
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A quantum vyield for the ring opening photoreaction of 2.69% was determined with the Riedle
setup in n-hexane. This finding reproduces the reported quantum yield of 2.2% (eq. 12) by Sumi
et al.l! for irradiations at 520 nm according to:

526

Dclosed to open = 10(_2'674—%) €q. 12

In a second independent measurement a 60 / 40 mixture of closed / open form of the
diarylethene was used for the determination of the quantum yield for the photochemical ring
opening reaction instead of the pure ring closed compound. Irradiation was done with a 520 nm
LED. The measurement is shown in Figure 84 utilizing a fifth order polynomial fit from which

the extrapolated initial slope mo was derived.

100 -
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80 -
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O 70 A
e QYD1 Z to E %E calculated
o 60 -
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10 Rz = 1.0000E+00
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Figure 84:  Quantum yield measurement, photokinetic, and polynomial fit for the ring-
opening photoswitching reaction of diarylethene 35 at 520 nm irradiation

starting from a 60% to 40% closed to open form mixture in n-hexane.

The concentration of the sample was conCsample = 4.97x107° molL, the volume of the cuvette
was 2.5 mL, and the weighted power factor Pof = 2.560 mW was determined by extrapolation
of measured power factors P-f during irradiation as described before (see Figure 85). With the
obtained data, a quantum yield of 2.29% was determined in this case, which is in very good

agreement with the literature value of 2.2%.1°
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Figure 85: Regression to calculate the power value Pof at the time to for the ring-opening
photoswitching reaction of diarylethene 35 at 520 nm irradiation starting from a
60% to 40% closed to open form mixture in n-hexane. The linear approximation

is shown in broken orange lines.

These experiments show that the intrinsic error is small for our methodology as starting from
60% closed form and starting from 100% closed form gave quantum yield values ranging from
2.29% and 2.69%, which is in good agreement to the 2.2% reported by literature.[*°
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2.2.24 Benchmarking: Quantum vyield determination of the ring-
opening photoreaction of diarylethene 35 using the Zinth

setup

With this method, the quantum yield was determined by directly irradiating the sample in the
UV-Vis spectrometer with a monochromatic laser setup at 473 nm and concomitant continuous
tracking of the changing absorption at one selected wavelength (650 nm in this case).[*®” The
obtained slope m of the initial “linear” segment with neglectable absorption of the ring-open
isomer is defined by (eg. 13):

AAbs ii—-1
At;

m =), i=12,... eq. 13

The quantum yield giosediopen Can be determined according to eq. 14:

V-Ny-h-c

Pabs ’ Aex ' (gopen - gclosed) -d

¢closed/open = m eq. 14

With V = sample volume in the cuvette (0.0018 L), Pas = absorbed power by the sample
(4.5%10° W), Zex = irradiation wavelength (4.73x107 m), (gopen — &closed) = difference in molar
absorptivity of pure isomers at the read-out wavelength (-1954 Lmol*cm™ at 650 nm), m =
slope of absorption change versus time, Na = Avogadro constant (6.022x10%° mol ™), h = Planck
constant (6.626x103* J-s) and d = thickness of cuvette (1 cm).

Linear regression of the initial part of the kinetic plot gave the slope m = -4.8836 s (Figure 86

below).
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Initial linear part (orange) and slope (blue) for the photoisomerization from
100% closed to open form recorded with the Zinth laser setup. Only the part from
10 s to 180 s is shown, as the first seconds gave inaccurate results because of

laser adjustment.

The full kinetic plot over 60 min including the fit to the initial slope drawn for comparison is

given in Figure 87.
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Complete plot for measurements (orange) and slope to (blue and green dotted
line) for the photoisomerization from 100% closed to open form recorded with
the Zinth laser setup. Slope to considers only the data points shown in Figure 86

and is added for comparison.
109



2.2.24 BENCHMARKING: QUANTUM YIELD DETERMINATION OF THE RING-OPENING PHOTOREACTION OF
DIARYLETHENE 35 USING THE ZINTH SETUP

A red filter glass with the absorption characteristics shown in Figure 88 was used to minimize
potential noise hitting the detector by reflections of the laser on the stirring bar. The absorption
of the compound at the start and end of the measurement and the excitation / read out

wavelengths are shown as well.

=
o

—— Red filterglass OC14
7 Laserirr. (473 nm, 45.0 pW)

- —— Readout wavelength (650 nm)

Start 100 % closed

End of measurement

absorption in a.u.
O R N W d 01 O N 00 ©

~

200 250 300 350 400 450 500 550 600 650 700 750 800
wavelength in nm

Figure 88:  Overlay of the to spectrum of diarylethene 35 in n-hexane (yellow), tend Spectrum
(green), irradiation wavelength (473 nm, blue), absorption profile of the low pass
filter glass, which was installed between the irradiated cuvette and the detector

and readout wavelength (650 nm dark red).

The measurement utilizes 473 nm laser light with 45.0 uW of constant power output throughout
the measurement which is completely absorbed by the sample. Measurement of a cuvette with
asample concentration of 2.1409 *10* molL and 1.80 mL sample volume results in a quantum
yield of 2.53%, which is in accordance to the previous measurements from the Riedle setup[°!
(2.29%, 2.69%) and the reported literature value (2.2%).5%

With these experiments we could show that the used methodology consistently delivers the

reported quantum yields published by Sumi et al.[*®]
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2.2.25 Quantum vyield determination for the photoisomerization

reactions of hemiindigo 20 using the Riedle setup

Two quantum yield measurements are shown exemplarily for hemiindigo 20 in the following
section. The complete data can be found in the literature.l’+ 7

The quantum yield measurement for the Z to E photoisomerization of hemiindigo 20 in 83 /
17 heptane / ethyl acetate at 450 nm started with a mixture of 95.9% Z-20 and 4.1% E-20. The
whole photoconversion kinetic was fitted with a fourth order polynomial and eq. 15 was

obtained:

y=—21622x 1077x* + 1.2061x 10~*x3 - 2.4589% 1072x? +

2.3202x — 2.0972 eq. 15

Extrapolation of the polynomial to y = %E isomer = 0 gives x = -1.7618. Differentiation of eq.

15 gives eq. 16:

y'=—-8.6488% 1077 x3+ 3.6183% 107* x2-4.9178%x 1072 x +

2.3202 eq. 16

Insertion of the x value at y = 0 into eq. 16 gives the initial slope mo = 2.408%Es™ (see Figure
89). The initial power factor at to Pof for 0% E isomer was extrapolated to be 2.474 mW,

resulting in a quantum yield ¢z = 49.26%
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Figure 89:  Quantum yield measurement of the Z to E photoisomerization of hemiindigo 20
in 83 / 17 heptane / ethyl acetate (blue dots) using a 467 nm LED for irradiation
and starting from 95.9% Z-20 and 4.1% E-20. The whole photoconversion
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kinetic was fitted with a fourth order polynomial (blue broken line). The
polynomial formula is given in blue. Extrapolation of the polynomial to y = %E
isomer = 0, differentiation and insertion of the corresponding x-value gives an
initial slope mo = 2.408%Es™ (orange formula). Adapted with permission from

[781 Copyright 2018 American Chemical Society.

The quantum yield measurement for the E to Z photoisomerization of hemiindigo 20 in 83 /17
heptane / ethyl acetate at 520 nm started with a mixture of 95.8% E-20 and 4.2% Z-20. The

whole photo conversion kinetic was fitted with a fourth order polynomial (eq. 17):

y =5.2765x 1071%%* + 8.9917x 1078x3 — 7.5945x 10~ *x? +

4.5415% 107X + 4.2489 eq. 17

Extrapolation of the polynomial to y = %Z isomer = 0 gives x = -9.2136. Differentiation of eq.
17 gives eq. 18:

y'=2.1106X 107%x3 + 2.6975x 1077 x2— 1.5189 x 1073x +

0.45415 eq. 18

Insertion of the x value at y = 0 into eq. 18 gives the initial slope mo = 0.4682%Z's™ (see Figure
90). The initial power factor at to Pof for 0% Z isomer was extrapolated to be 1.779 mW,

resulting in a quantum yield ¢g/z= 11.54%.
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Figure 90:  Quantum yield measurement of the E to Z photoisomerization of hemiindigo 20
in 83 / 17 heptane / ethyl acetate (blue dots) using a 520 nm LED for irradiation
and starting from 95.8% E-20 and 4.2% Z-20. The whole photoconversion
kinetic was fitted with a fourth order polynomial (blue broken line). The
polynomial formula is given in blue. Extrapolation of the polynomial to y = %Z
isomer = 0, differentiation and insertion of the corresponding x-value gives an
initial slope of m0 = 0.4682%Zs (orange formula). Adapted with permission

from "1, Copyright 2018 American Chemical Society.
An overview of selected quantum yield measurements is given in Table 10.

Table 10: Overview of measured quantum yields and experimental measurement

parameters using the Riedle setup.

Vv PofZto E . .
HI Solvent ~ PzEl%  geizl% Cc_)nc. Sam_}i)le cuvette EtoZin mg in %Iis
(atnm) (atnm) in mol'L i mL W 1%Z's
24+2 92
. X . . . . .
toluene @s7) (600 2.948x10° 25  3.978/0.5265 5.116/0.3262
1942 1142
DMSO 3.449x10° 25  4.189/0.4557 3.547/0.27775
(467)  (600)
1542  8+#2
DMSO 3.099x10° 2.5 2.299/3.622  2.125/1.8068
11 (565)  (565)
. 18 +2
DMSO @73) - 6.694x10° 1.8 0.158/- -/-
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16+2 1042
DMSO 2.123x10°° 25 1.534/4.336 1.820/3.914
(467)  (600)
15
6]
O N 2342 942
X ) DMSO . N 2.602x10° 25  4.233/2479  5.768/1.643
Me NMe, (467) (600)
8
(o]
O v 22 +2 742
8 Q DMSO - N 1.862x10° 25  0.8107/2.469  1.493/1.895
Me N (467)  (600)
3
22 +2 2+1
Q DMSO 2.239x10°5 25  1.185/0.1839  1.811/0.036
(467)  (625)
Me
16
0]
33+2 942
O — DMSO 2.4316x10° 326  1.724/1.138  2.835/0.6314
N (467)  (600)
be % O
Me
NMe,
Hept/EA 4942 1242
7.3025x105 250  2.474/1.779  2.408/0.4682
20 83/17 (450)  (520)
o 12+2 1242  Z:8.357x10°
O ™ DMSO 2.00  2.205/3.252  0.4415/0.7977
N (450)  (520)  E:9.385x10°
v ) me—()
Me@ NMe;
Hept/EA 34 +2 10 +2
30 9.2871 x10°5 250  2.769/5.527  1.540/0.8274
93/7 (450)  (520)
o 5+2 8 +2
DMSO 3.4797x10° 250  2.589/2.164  0.5234/0.9035
@ N Me (450)  (520)
ve | e
QQ NMe,
27 +2 942
Hept./EA 3.8782x10° 250  1.432/1.110  1.506/0.4215
33 87/13 (450)  (520)

* Measurement using the Zinth setup utilizing a 473 nm laser.[]
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2.2.26 Conclusion: Quantum yields

A general trend towards higher quantum vyields especially for the Z to E direction when
changing from polar to apolar solvents can be observed. This could be explained by a highly
polar excited state structure similar to charge-transfer (CT) states, which would be stabilized
by a polar environment. Such CT states would lead to competing deexcitation channels, which
reduce the photoisomerization quantum vyield - similar to the twisted intramolecular charge
transfer (TICT) state behavior of donor-substituted twisted hemithioindigos.®”: 14 In theory, if
the conical intersection shows symmetric pathways towards Z or E isomer, the maximum
obtainable quantum yield should amount 50%. However, sterical pre-twisting of a molecule or
specific electronic structures can prearrange and favor the trajectory of the desired
photoreaction leading to quantum yields beyond 50%. Rational design of quantum vyield
efficiencies is therefore very challenging, as these effects cannot be easily predicted.

The introduction of a twisted ortho-tolyl aryl axis (hemiindigo 20) increases the Z to E
quantum yield by 10% compared to the para-toluene axis supported by hemiindigo 16 and the
n-propyl residue found with hemiindigo 8. The significant drop of photoisomerization
efficiency to 2% observed with hemiindigo 16 could be circumvented by remotely twisting the
aryl axis away from the stilbene fragment. A possible explanation for this low quantum yield is
the collision of the stilbene fragment with the para-tolyl residue which tries to planarize to
extend its pi-conjugation towards the indoxyl core. With the twisted N-aryl axis in
hemiindigo 20 its quantum yield rises 4.5-fold from 2 to 9%. This also indicates that the E to Z
isomerization power stroke is barely able to twist the conjugated para-tolyl out of its way.

It would also be possible for the para-tolyl hemiindigo 16 to twist the stilbene fragment
around its single bond, which can be discarded as this would cause a significant bathochromic
shift, which cannot be observed compared to the ortho-tolyl derivative 20 (see Figure 46,
Section 2.2.7 for comparison). These findings suggest that the torsion of the N-aryl axis is
favored, while the stilbene single bond remains within the conjugated indoxyl plane. The
stilbene fragment could be regarded as a torsion sensor that reports increased twisting with a

bathochromic shift.
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2.3.1 CHIRAL HEMIINDIGOS - DESIGNING MOLECULAR GEARBOXES

2.3  Chiral hemiindigos - Switching of ECD signals and control
over atropisomerization speed and directionality

The previously outlined rationale concerning viable substitution patterns of the hemiindigo
chromophore lead to the development of highly bistable and red-shifted photoswitches that can
be addressed with green and red light. These properties are favorable for their usage in life
sciences, as harmful UV- or blue light is circumvented and longer wavelength light is generally
absorbed less by biological tissues, allowing for deeper penetration of the generated light
stimuli. Applications within the field of materials science are also imaginable, as the absorption

window for orthogonal photoswitching is significantly enlarged.[*]

2.3.1 Chiral hemiindigos - Designing molecular gearboxes

The introduction of a chiral moiety or axis at the hemiindigo nitrogen and / or the stilbene
fragment is a strategy to obtain molecular systems that could pose as potential molecular motors
or geared molecular assemblies. The molecular setup of hemiindigo allows the substitution of
chiral groups at the indoxyl nitrogen to be potentially driven by the power-stroke of the

photoisomerization reaction. Several approaches were envisioned and are outlined below.

Figure 91: Initial design idea for a unidirectional molecular gearbox (top middle, 36). A, B
and C pose as different substituents to yield a stereocenter at the indoxyl
nitrogen. Indanone (top left, 37) and fluorenone (top right, 38) stilbene fragments
could be used as rigid paddles to drive the adjacent N-C axis. Triptycyl moieties
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2 RESULTS AND DISCUSSION

(bottom, 39 and 40) could provide better geared engagement between the
photochemically driven stilbene fragment and the coupled, mechanically driven,
single bond rotation attached to the nitrogen.

Semi-empirical calculations at the PM6 level of theory were performed for the undecorated
triptycyl fluorenone derivative by rotating of the dihedral angle at the central double bond
(Figure 91, bottom left, 39) to scrutinize its effect on the triptycyl moiety. Based on the
calculations, a geared motion was predicted, in which the rotation of the double bond
intermeshes with the triptycyl moiety. This leaves the possibility to create a light-driven gear

box on the basis of a hemiindigo photoswitch.

1 2 3 4 5
Figure 92: Sequence for a geared, photodriven motion of the triptycyl residue at the indoxyl
nitrogen of a model hemiindigo chromophore. One intermeshing step is shown
in the sequence from 1 - 5. Calculations were done at the PM6 level of theory,
the central double bond was rotated in 90 steps of two degrees each for the full
180° rotation of the double bond.

The N-alkylated derivatives (Figure 91, top left and right) are difficult to synthesize as reaction
conditions for a successful direct N-alkylation by tertiary alkyls could not be found for this
chromophore. Therefore, introduction of the sterically more demanding triptycenes was not
attempted.

A synthesis described by A. Fletcher,['® however, can circumvent these issues by
introducing tertiary alkyls as primary amines to 1-bromo-2-(2-chlorovinyl)benzene 41 yielding
indole 42 (Scheme 25).
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1.) Pd(OACc), (5 mol%), HP(t-Bu)sBF4 (12 mol%)
o Cl _ @ 65%"
N

KOtBu (2.5 equiv.), evac., N,
Br tBu

2.) tBuNH, (3.0 equiv.), toluene (0.5 M), 130 °C, 4 h

41 42

Scheme 25:  Introduction of tertiary alkyl substituents at the indole nitrogen atom. * = yield

reported in the literature.

This reaction yields indoles, which can be acetylated to indoxyl acetates, one of the main
precursors of hemiindigo photoswitches (see Section 2.2.7). However, viable reaction
conditions to condensate ketones instead of aldehydes to indoxyl or indoxyl acetate have not
been found yet. The common conditions for the related condensation reaction of ketones with
benzothiophenones yielding hemithioindigos utilize boron trihalides as Lewis-acids. However,
addition of Lewis-acids turns indoxyl containing reaction mixtures black within seconds even
at -78 °C. This was observed for N-H and also N-R substituted indoxyl acetates or indoxyls,
indicating a fast reaction of boron with the nitrogen-containing compounds forming undefined
side-products. Piperidine or sodium hydroxide gave no productive reactivity in catalytic and
stoichiometric conditions. Another approach towards the desired condensation products
consists of strongly increasing the reactivity of the starting materials. This can be realized by
an approach commonly used by the Feringa group, the Barton-Kellogg or Staudinger-type
diazo-thioketone coupling.

The synthesis of the starting materials for a Barton-Kellogg-type coupling were tried with
minor success, starting from indoxyl diacetate. The N-acetylated substitution was chosen as test
reaction as it is already described in the literature.[*®!l The synthesis starts with an ester cleavage
of 43 reported by Shcherbakova et al. and leads to the N-acetylated indoxyl precursor 44.12%]
In contrast to the literature, no further purification other than washing with water was necessary

to obtain a clean product in very good yields.

oA 0

Me
@E\g Na,SOj; (2.5 equiv.), H,O (0.6 M) @E[g
N 75°C,1.5h N
)\Me O)\Me

43 44, 90%

Scheme 26:  Synthesis of the N-acetylated indoxyl building block 44.

Subsequently, the synthesis of thioketone substituted indoxyl 45 by V. Velezheva et al. was
carried out starting with a bromination of 44 giving 46 (Scheme 27).[204]
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0 0 1.) aq. Na,S,05 (1.01 equiv. 0.8 M) 0
Br;, (1.0 equiv) rt, 20 min
_ Br S
N dioxane (0.2 M) N 2.) NaOAc (1.0 equiv.) N
)\Me rt, 5 min )\Me I, (1.04 equiv.), rt, 40 min )\Me
(0] (0] @)
44 46, not isolated 45, 72%”

Scheme 27:  Synthetic route to the 2-thioketone precursor. * = yield reported by literature.[*%

The published route by V. Velezheva et al. towards the thioketone 45 did not yield the desired
product as crystals but a non-purifiable violet slush.

However, the main target was the coupling reaction of the indoxyl thioketone 45 with a
diazofluorenone derivative 47 reported by M. Ramana and is outlined below.X%! The exemplary
conditions are the ones used by N. Ruangsupapichat to synthesize crowded olefin motor

systems by the Feringa group and suggests a possible route to the desired products.%’]

N@N@
o 47 O
@[&3 NMe
N DMF, -50 to rt
P

45 48 49

PPhs

S

xylene, 80 °C

2

NMe2

39

Scheme 28:  Proposed coupling conditions of the 2-thioketone indoxyl 45 by V. Velezheva
with the diazofluorenone 47 by M. Ramana utilizing the conditions of N.
Ruangsupapichat yielding intermediate 48 and model system 49 (top). The

desired triptycyl derivative 39 is shown below.

These unsuccessful approaches lead to abandoning indanones and fluorenones as stilbene
fragments in hemiindigo architectures. However, a geared motion might also be obtained by
the photoinduced power stroke of a comparably simple phenyl dimethylamino moiety (Figure
91, 40). The bulky alkyl substituents were also abandoned in favor of the bigger and more rigid
triptycenes (Figure 91, 40).

121
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2.3.2 Acetylated hemiindigos - First route for introduction of axial

chirality

To test the feasibility of constructing hemiindigo based molecular motors and machines,
introduction of asymmetry into the molecular framework is a first necessity. To this end,
introduction of axial chirality seemed to be a very interesting and straight forward possibility.
A simple case is establishment of a chiral axis across the N-C bond of by acetylation to yield
hemiindigo 2. As evidenced by crystal structure data and theoretical assessment, the acetyl
cannot fully planarize in the Z isomeric form for steric reasons (Section 2.2.2, Figure 17 and
Figure 94).

Figure 93: Lewis-formula of hemiindigo 2.

Disfavored
+10.16 kcal/mol Atropisomerization barriers

<> N B

+9.11 kcal/mol Atropisomerization barriers  +8.90 kcal/mol

/;

+8.34 kcal/mol +9.43 kcal/mol Stilbene rotational barrier +5.58 kcal/mol

[ { |
ey X o
A ~ n

0.12 kcal/mol 2.53 keal/mol 0.00 kcal/mol 0.87 kcal/mol

Ground state energies
anti-Z isomer syn-Z isomer anti-E isomer syn-E isomer

Figure 94: Calculated ground and transition state structures of hemiindigo 2 at the
B3LYP/6-311+G(d,p) level of theory. Transition states for the
atropisomerizations and the stilbene single bond rotations were found for Z and
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2 RESULTS AND DISCUSSION

E isomers. The disfavored transition state for the E isomer did not converge after
several attempts and tweaks. The “+” sign in front of transition state values
indicates the energy difference with respect to the lowest ground state of
respective Z or E isomers. Structures in the box both correspond to the transition

states of the stilbene rotational barriers of the anti-Z-isomer.

The amide bond in hemiindigo 2 tries to planarize as much as possible and is assumed to be
reasonably stable towards rotation (see crystal structure in section 2.2.2, Figure 17), which
should result in two diastereomers that should be visible as separate species at low temperatures.
However, a splitting and / or intensity difference of the proton signals associated with the acetyl
group could not be observed in the *H- and NOESY-NMR spectra. Irradiation of the solution
with 470 nm over 3 hours to yield predominantly Z isomer did also not result in a second set of
signals (not shown).

The calculations predicted very low energy barriers for the thermal rotation of the amide
bonds in the electronic ground state, which explains why it was impossible to observe separate
rotamers at 0 °C via chiral HPLC or *H-NOESY cross-peaks at -80 °C. One explanation would
be that the methyl group is not bulky enough to lead to a high energy barrier of this rotation.

K. Jordan synthesized three different hemiindigos with sterically demanding and / or
asymmetric stilbene fragments and functionalized the amine proton with bulky isobutyryl

residues during his bachelor’s thesis.
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2.3.3 Synthesis of hemiindigos with axially chiral and achiral
stilbene fragments

Next, introduction of asymmetry via axially chiral stilbene fragments was scrutinized and
hemiindigos 50, 51 and 52 (Scheme 29) were synthesized and evaluated.
O

O/[(Me 1.) ag. NaOH (8.2 equiv., 1.5 M, degassed) O
(8.2 equiv.), 100 °C, 15 min

2.)a (1.0 equiv.) in MeOH (0.3 - 1 M)
0°Cto23°C,1-3d

Iz />>\
Iz
|
A

Me Me Me
o\
OMe Me Me 52, 71%
Me

OMe

Scheme 29:  Synthesis of hemiindigos with asymmetric and / or bulky stilbene fragments.

Synthesis of hemiindigos 50, 51 and 52 from indoxyl acetate 10 with axially chiral and achiral
stilbene fragments.

The naphthyl hemiindigo derivative 50 shows a strongly twisted stilbene fragment in the
crystalline state (Figure 96), evidencing the presence of pronounced axial chirality in this
structure. Unfortunately, the N-unsubstituted naphthalene derivative 50 (Figure 97) shows poor
photoswitching properties and -stability towards irradiation, which is common for N-H
unsubstituted hemiindigos without strong electron donors at the para-position of the stilbene

fragment.
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2 RESULTS AND DISCUSSION

Figure 95: Lewis-formula of hemiindigo 50.
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Figure 96: Structure of hemiindigo 50 in the crystalline state. The viewing angle on the right
emphasizes the pronounced stilbene single bond twisting. The stilbene single
bond dihedral torsion angle amounts to 42.05° for C8-C9-C10-C11 in the E
isomeric state. The double bond (red) length amounts to 1.345 A and the single
bond (green) to 1.468 A.
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Figure 97: Molar absorption (left) and PSS (right) UV-Vis spectra of hemiindigo 50 in
toluene. The isosbestic points are not well defined, verifying the photolability of
this compound. The Z state cannot be recovered upon irradiation, which could

be caused by a low quantum yield for the E to Z photoisomerization.
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The characterization of the N-unsubstituted anthracene derivative 51 also revealed a
pronounced out of conjugation twisting of the anthracene moiety compared to the indoxyl plane
(Figure 99). Because of the symmetry of the anthracene moiety, no chiral axis is established.
However, this compound can still be regarded as chiral because of the helicity induced by the
twisting in the molecule. Given the expected low energy barrier for thermal helix inversion
around the single bond, which connects the anthracene with the central double bond, this
molecule is most likely prone to fast thermal racemizations. Again, sub-par photoswitching

properties are observed for 51 most likely caused by similar effects as seen with hemiindigo 50.

Figure 98: Lewis-formula of hemiindigo 51.
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Figure 99: Structure of hemiindigo 51 in the crystalline state. The viewing angle on the right
emphasizes the pronounced single bond twisting of the anthracene. The
anthracene single bond dihedral torsion angle amounts to -59.61° for C8-C9-
C10-C11 in the Z isomeric state, which is about 17° larger than the value of the
corresponding torsion angle in the E state of naphthyl derivative 50. The double
bond (red) length amounts to 1.331 A and the single bond (green) to 1.472 A,
Comparison to the E form of the naphthyl derivative 50 does not allow for
unambiguous conclusions as electronic effects in between Z and E form might
outweigh the influence of the added phenyl core resulting in the observed

torsional differences.
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The characterization of the N-H unsubstituted anthracene derivative 51 also revealed similar,

sub-par photoswitching properties caused by the same effects observed on hemiindigo 50.
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Figure 100:  Molar absorption in dichloromethane (left) and PSS (right) UV-Vis spectra of
hemiindigo 51 in toluene. The isosbestic points are well defined in
dichloromethane, which is not true for toluene, verifying the solvent dependent
photolability of this compound as mainly photodegradation can be observed in

latter case.

Hemiindigo 52 (Figure 101) with non-symmetric stilbene fragment, which also bears a para-
methoxy substituent, is highly twisted owed to the presence of ortho-methyl groups and
possesses axial chirality (Figure 102). The stilbene fragments single bond dihedral torsion angle
almost matches the 59.61° angle of the anthracene derivative 51. An elongation from 1.331 A
(double bond) and 1.472 A (single bond) compared to the anthracene derivative 51 can be
observed, which could be explained by the sterically larger methyl groups. The expected
increase in torsion for 52, which does not take place, is compensated by elongation of the central

double- and single bond.

This substitution pattern leads to significantly better photoswitching properties compared to the
naphthyl and anthracene derivatives 50 and 51. The photodegradation is reduced but
photochromism and estimated isomer yields in the PSS are still worse compared to the N
substituted derivatives. However, the three methyl groups and one methoxy group seem to
introduce enough electron density towards the central double bond for the molecule to achieve

a comparable photostability as the dimethylamino and julolidine derivatives.
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Figure 101:  Lewis-formula of hemiindigo 52.
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Figure 102:  Structure of hemiindigo 52 in the crystalline state. The viewing angle on the right
emphasizes the strong stilbene single bond twisting. The stilbene single bond
dihedral torsion angle amounts to 58.25° for C8-C9-C10-C15 in the Z isomeric
state, the double bond (red) length amounts to 1.342 A and the single bond
(green) to 1.477 A.

The N-H unsubstituted di-ortho methylated asymmetric methoxy derivative 52 shows better
photoswitching properties and photostability compared to the naphthyl and anthracene
derivatives. The photodegradation is reduced compared to 50 and 51 but the photochromism
and estimated PSS yields are not on par to the N-H substituted derivatives (see Section 2.2.5).
However, the three methyl groups and one methoxy group seem to introduce enough electron
density towards the central double bond for the molecule to achieve a comparable photostability

as the dimethylamino and julolidine derivatives 11 and 15.
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Figure 103:  Molar absorption (left) and PSS (right) UV-Vis spectra of hemiindigo 52 in
toluene. The isosbestic points are well-defined compared to previously

synthesized derivatives 50 and 51 as viable photoswitchability can be observed.

The stilbene single bond dihedral torsion angle almost matches the 59.61° of the anthracene
derivative 51. An elongation from 1.331 A (double bond) and 1.472 A (single bond) compared
the anthracene derivative 51 can be observed, which could be explained by the sterically larger
methyl groups. The expected increase in torsion for 52, which does not take place, is

compensated by elongation of the central double- and single bond.

To yield a photoswitchable system that shows mechanical coupling of motions between two
rotatable molecule parts, additional functionality was introduced at the indoxyl nitrogen of
hemiindigos 50, 51 and 52. If amides are formed or chiral residues are used for this purpose,
additional non-symmetric information is introduced into the molecules. Albeit this complicates
the conformational analyses, this information is necessary for evidencing gearing processes and
the trajectory of light induced and thermal motions.

Initially, the introduction of a pivaloyl residue was tested under varying conditions, which
yielded highly unstable products 53 that could only be observed by immediate subsequent mass
spectrometry analysis. Chromatographic purification did not provide the target compounds. The
change to isobutyryl chloride 54 made desired products 55, 56 and 57 obtainable in moderate
to good yields.
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Scheme 30: Introduction of an isobutyryl moiety via 4-dimethylaminopyridine (DMAP)
mediated nucleophilic catalysis in dichloroethane (DCE) utilizing triethylamine
(TEA) as base. The introduction of a pivaloyl residue did not yield products 53.

A drawback of the isobutyryl substituent is the a-acidic proton located at the isopropy! residue,
which can be deprotonated by triethylamine and undergoes a nucleophilic attack on another
isobutyryl chloride molecule. Also, this acylation reaction seems to be very specific towards
the used solvent and base, as only chlorinated solvents and triethylamine as base showed any
reaction progress. The change to sodium hydride as base or N,N-dimethylformamide,
tetrahydrofuran, toluene or pyridine as solvents did not result in any significant product
formation.

The main goal for the synthesis of these compounds was answering the question on how to
decorate the photoswitchable hemiindigo chromophore to achieve observable feedback
between the light-induced power stroke of the stilbene fragment and an asymmetric group in its
proximity. The acyl groups were the only potential asymmetric groups with relatively high
sterical demand that could be introduced at this time.

The naphthyl bearing hemiindigo 50 was acylated with isobutyric acid chloride yielding
hemiindigo 55 (Figure 104) to explore the properties of two asymmetric units that can be
switched from a close interaction in the Z isomer to no interaction in the E isomer. The 'H-NMR
solution spectra showed no split signals of diastereomeric rotamers in either the E or Z isomeric
state (Figure 105).
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Figure 104:  Lewis-formula of hemiindigo 55.
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Figure 105:  H-NMR spectrum of HPLC separated Z and E isomers of hemiindigo 55 in
chloroform-d at 27 °C.

The lack of observing different diastereomeric rotamers of 55 in solution can be explained by
the low energy barriers for rotation around the chiral axes in hemiindigo 55 single bond
amounting to 8.32 kcal/mol for rotation of the naphthyl fragment in the Z state and
4.80 kcal/mol for the same rotation in the E isomeric state as calculated at the B3LYP/6-
311+G(d,p) DFT level of theory (see Figure 106).

131



2.3.3 SYNTHESIS OF HEMIINDIGOS WITH AXIALLY CHIRAL AND ACHIRAL STILBENE FRAGMENTS

+10.92 kcal/mol
Isopropyl rotational barrier

¥

+12.63 kcal/mol Atropisomerization barriers  +11.73 kcal/mol

+8.32 kcal/mol Stilbene rotational barrier +3.36 kcal/mol

7= A
0.00 kcal/mol 3.50 kcal/mol 1.44 kcal/mol 2.82 kcal/mol
Ground state energies
anti-Z isomer syn-Z isomer anti-E isomer syn-E isomer
Figure 106:  Calculated ground and transition state structures of hemiindigo 55 at the

B3LYP/6-311+G(d,p) level of theory. Transition states for the
atropisomerizations for Z and E isomers and the naphthyl single bond rotation
for anti-diastereomers were found. The “+” sign in front of transition state values
indicates the energy difference with respect to the lowest ground state of the
respective Z or E isomers. The syn- transition states of the stilbene single bond
rotation, however, did not converge after several attempts and tweaks. The
isopropyl C-C single bond rotation and the methyl group rotation
(+7.26 kcal/mol when adjacent to the carbonyl group, not shown) were found

only for the Z isomer.

As freezing rotations with energy barriers this low is impossible at -80 or -105 °C, no split

signals should be observable. Theoretically, the acyl rotation could be sufficiently slowed down

at -105 °C and thus further experiments have to be carried out to scrutinize this system.
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UV-Vis spectroscopy showed photoswitching into the E state but no photoisomerization back

to the Z state, which renders 55 an impractical photoswitch in toluene (Figure 107).
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Figure 107:  Molar absorption (left) and PSS (right) UV-Vis spectra of hemiindigo 55 in
toluene. The isosbestic points are not well defined, verifying the photolability of

this compound. The Z state cannot be recovered upon irradiation.

The inability to efficiently perform the photoinduced E to Z isomerization can also be observed
for hemiindigo 7 in toluene (see Section 2.2.3). This can be caused by a poor quantum yield
and / or by a weak power stroke towards the sterically more crowded Z isomer.

IH-NMR signal splitting cannot be expected for the acylated anthracene derivative 56 (Figure
108) at ambient temperatures as the amide single bond supports an expected rotational barrier
below 13 kcal/mol (see Figure 107 for the naphthyl derivative 55) to obtain stable rotamers.
However, cooling to -80 °C could be a successful approach and has yet to be tried for this

compound.

Figure 108:  Lewis-formula of hemiindigo 56.

133



2.3.3 SYNTHESIS OF HEMIINDIGOS WITH AXIALLY CHIRAL AND ACHIRAL STILBENE FRAGMENTS

12500 - 0.4 - —— PSS 1. 2min irr435nm
—— PS8 2. 2min irr530nm
—Z —— PSS 3. 2min irr405nm
—E - o
10000 4 ! PSS 4. 2min irr505nm

—— PS8 5. 2min irr420nm

©
w
2

—— P88 6. 2min irr515nm
PSS 7. 2min irr470nm

7500 4 PSS 8. 2min irr590nm

=} \
= ©
& £ | PSS 9. 2min ir490nm
- So024}\
[} 2 /A
E 5000 = y
= 2
W © 3
0.1 4 )
2500 4 \
0 T T T T T 1 0.0 T T T T . 1
300 350 400 450 500 550 600 300 350 400 450 500 550 600
wavelength in nm wavelength in nm

Figure 109:  Molar absorption (left) and PSS (right) UV-Vis spectra of hemiindigo 56 in
toluene. The isosbestic points are well defined, verifying the restored
photostability of this compound after acylation. Photoswitching proceeds readily
in both directions and a strong red-shift of about 60 nm compared to the naphthyl

derivative 55 can be observed.

The often observed instability of N-H unsubstituted hemiindigos could be circumvented by
acylation of the anthracene derivative 51. Signal splitting could not be observed at ambient

temperatures as the thermal N-acyl bond barrier is estimated to be below 16 kcal/mol.

Me OMe

Figure 110:  Lewis-formula of hemiindigo 57.

The asymmetric di-ortho-methyl para-methoxy stilbene substituted hemiindigo 57 was also
acylated to scrutinize the effects of the isobutyryl group on photoswitching within a hemiindigo

with axially chiral stilbene fragment possessing considerable rotational barriers.

Hemiindigo 57 showed viable photoswitching with visible light in both Z to E and E to Z
directions (Figure 111).
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Figure 111:  Molar absorption (left) and PSS (right) UV-Vis spectra of hemiindigo 57 in
toluene. The isosbestic points are well defined, verifying the photostability of
this compound. Photoswitching proceeds readily in both directions, a large blue-
shift of approx. 60 nm can be observed compared to the anthracene derivative.
A fine structure can be seen for the Z isomer, which can be attributed to multiple,

discernable oscillation modes with smaller full widths at half maximum
(FWHM).

Introduction of the ortho-methyl groups increases the single bond rotational barrier of the
stilbene fragment significantly compared to the naphthyl compound 55. This can be observed
via 'H-NMR at ambient temperatures (Figure 112).
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Figure 112:  Comparison of *H-NMR spectra of hemiindigo 55 in chloroform-d (600 MHz,
27 °C) and 57 in dichloromethane-d> (800 MHz , 27 °C), only the aliphatic
region is shown. A pronounced splitting of the isobutyryl methyl signals (2) can
be observed which is enlarged in the Z state by almost one order of magnitude
from 5.70 Hz to 52.36 Hz at 800 MHz NMR spectrometer frequency.

The splitting of the isobutyryl methyl signals (protons 2, Figure 112) observed for the Z and E
isomers of hemiindigo 57 proves the existence of two rotamers for the stilbene single bond axis.
The N-carbonyl axis is not locked and neither is the carbonyl-isopropyl axis, which can is
evidenced by the lack of signal splittings for protons 1 (see assignments in Figure 112) in the Z
and E isomeric forms. The fast dynamics cause protons 1 and 2 to appear completely symmetric
towards the asymmetric stilbene fragment, as no other split signals can be observed at the NMR
timescale at ambient temperatures. This observation will be crucial to understand the
increasingly rigid systems in Section 2.3.6 later on. The twofold signal set of protons 2 can be
attributed to the asymmetric environment introduced by the stilbene fragment. Even if the
stilbene fragment is interconverting from one rotamer to the other, the induced chemical shift

difference of the isobutyryl methyl groups remains the same on average as long as the rotation
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is not exceeding the time scale of the NMR experiment. This is important to consider, as the
rotational barrier of the stilbene fragment is estimated to be at 16 kcal/mol by DFT calculations,
which is considered as free rotation at ambient temperatures. In fact, every rotational barrier in
this system is free to interconvert at ambient temperatures. Signal splittings can be observed for
57 because atropisomerization of the stilbene fragment is within the NMR timescale under the
utilized conditions. Hemiindigo 55 possesses a sterically less hindered naphthyl moiety and
atropisomerization is consequently faster than the NMR time scale, which results in no split

signals in this case.

Attempted separation of rotamers for hemiindigo 57 at 0 °C via chiral HPLC did yield one sharp
peak and no separation. Molecules with rotational barriers as low as 20 kcal/mol could be
previously separated and isolated utilizing this method. This experiment thus proves energy
barriers of <20 kcal/mol for hemiindigo 57. Besides enriching one rotamer and tracing its
kinetics towards the racemate as done in Section 2.3.6, coalescence can be used to get accurate
measurements of the rotational barriers. A variable temperature coalescence NMR experiment
was conducted for hemiindigo 57 to directly obtain the energy barriers for the

atropisomerization reaction (Figure 113).

137



2.3.3 SYNTHESIS OF HEMIINDIGOS WITH AXIALLY CHIRAL AND ACHIRAL STILBENE FRAGMENTS

67°C 5. 2
66 °C 1

65°C

63°C M ____Coalescence

62°C .

60°C )\

55°C )\ N

50 °C )\ -

45°C || - .
a0°c | e
35°C_ || - Y
30 °C Jﬁ | Y
27 °C L e M

| ' | _ | _ _ 2552Hz @400 MHz _
1.3 1.2 1.1 10 09 08 0.7 06 05 04
O in ppm

Figure 113:  H-NMR spectra of a mixture of Z and E isomers of hemiindigo 57 in toluene-ds

measured at different temperatures on a 400 MHz NMR spectrometer.
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The coalescence temperature is defined as the temperature where a signal splitting is barely

discernable and can be inserted into eq. 19:

T,
AG = RT, (22.96 +In (T:;)) eq. 19

Where T, is the temperature of coalescence in K, Av represents the maximum shift difference
of split signals in Hz (typically measured at several different temperatures, which are far lower
than the coalescence temperature to establish no further change in the signal splitting) and R
equals the gas constant in Jmol*K™. With the experimentally determined values of
Av =25.52 Hz and T, = 336.15 K, the free activation enthalpy AG* can be determined at
71.37 kd/mol or 17.06 kcal/mol, which translates to a thermal half-life of 0.36 s at 25 °C and is
in very good agreement with the theoretical prediction for thermal atropisomerization of
hemiindigo 57. It is noteworthy that Av is the divisor of the fraction in eq. 19, which correlates
smaller chemical shift splittings to higher barriers. This means larger splittings correspond to
lower barriers when the same coalescence temperature is determined. As the 400 MHz NMR
device cannot resolve the shifts of split protons 2 in the E isomer and the only available
800 MHz NMR device is not equipped with a heatable probe head, the coalescence temperature
of the E isomer could not be determined. If, hypothetically, the same coalescence temperature
as in the Z isomer is assumed, the smaller signal splitting of 2.85 Hz (5.70 Hz divided by two
for a 400 MHz spectrometer) is caused by a calculated free activation enthalpy of 77.50 kJ/mol
or 18.52 kcal/mol, which translates to a thermal half-life of 4.3s. Counterintuitively,
photoswitching from the E state to the more sterically demanding Z state is inherently linked to
lowered rotational barriers for partaking molecular entities. This is consistently shown for the
chiral hemiindigos in Section 2.3.5 by experiment and theory.
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Figure 114:  Calculated ground and transition state structures of hemiindigo 57 at the
B3LYP/6-311+G(d,p) level of theory. Transition states for the
atropisomerizations for Z and E isomers and two stilbene single bond rotation
for the anti-Z isomer were found. The “+” sign in front of transition state values
indicates the energy difference with respect to the lowest ground state of
respective Z or E isomers. The E- transition states of the stilbene single bond
rotation, however, did not converge after several attempts and tweaks. The
isopropyl single bond rotation was found only for the Z isomer. The calculated
value of the stilbene single bond rotation in the Z state is in good agreement to

the experimentally determined value of 17.06 kcal/mol.

In hindsight, these molecules vastly helped understanding the underlying kinetic processes and
the interpretation of NMR spectra of the chiroptical hemiindigo photoswitches presented in
Section 2.3.7.
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2 RESULTS AND DISCUSSION

2.3.4 Introduction of a permanent stereocenter at the indoxyl

fragment

After the introduction of non-symmetric acyl residues to the hemiindigo nitrogen atom resulting
in axially- or helically chiral, yet thermally unstable rotamers, the N-H substitution of
hemiindigo 27 with a residue bearing a permanent stereocenter was explored subsequently.
Hemiindigo 58 possesses a permanent stereocenter adjacent to the nitrogen atom and the
already introduced non-symmetric di-ortho methyl meta-methyl para-methoxy stilbene
fragment, which is responsible for introducing axial chirality to the molecule (Figure 116).

O

1.) NaH (1.5 equiv.), DMF (0.125 M)
O — Me rt, 15 min

N
N O Me  2.)2-lodobutane (1.2 equiv.), 60° C, 15 h

OMe OMe
z-27 (R)/(S)-ZIE-58, 13%

Scheme 31: Introduction of a secondary alkyl residue to the hemiindigo chromophore.
Elevated temperatures are necessary for the reaction to progress and only low
yields of 58 could be obtained.

For analysis of the chiroptical properties of hemiindigo 58 enantiomers were separated using
chiral HPLC (Figure 115).
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1st HPLC fraction of E isomer

Wi w l
~

Enantiomers

2nd HPLC fraction of E isomer

W w1 - ..1.

7 6 5 4 3 2 1 0
O in ppm
Figure 115: H-NMR spectra of enantiopure HPLC fractions of hemiindigo 58 in

dichloromethane-d> at ambient temperatures. The matching signals prove the

separated HPLC fractions to be enantiomers.

Crystals suitable for x-ray structural analysis were obtained for each enantiomer (Figure 116).
Because of the absence of heavy atoms in the structure and overall quality of the crystals no

absolute assignment of the stereoconfiguration could be made by these experiments.
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Figure 116:  Structures of the enantiopure crystallization batches for E isomers of

hemiindigo 58 in the crystalline state. The structure on the left (inside rectangle)
was crystallized from the first enantiomeric fraction, the structure on the right
from the second one, respectively. The chiral nature of the compound requires
four molecules to determine its unit cell. Both crystal structures purposely show
the R configuration at the stereocenter as the evaluation of the structural data
done by P. Mayer was not unambiguous to assign the enantiomers to their
respective stereodescriptors. This is generally difficult to achieve if the
molecules do not contain at least one heavy atom, for example sulphur, or if only
small crystals can be obtained. The stilbene single bond dihedral torsion angle
amounts to 78.20° for C54-C55-C56-C57 in the E isomeric state. The double
bond (red) length amounts to 1.337 A and the single bond (green) to 1.488 A.
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Figure 117: PSS (left) UV-Vis and ECD spectra of hemiindigo 58 in dimethyl sulfoxide. The
isosbestic points are well defined, verifying the photostability of this compound
after alkylation. Photoswitching proceeds readily in both directions. A red-shift
of the absorption of approximately 40 nm can be observed compared to the
absorption of the acylated derivative 57. A strong modulation of the ECD signal
can be seen in between Z and E isomer. Adapted with permission from 7],
Copyright 2018 American Chemical Society.

Hemiindigo 58 shows viable and fully reversible photoswitching with visible light and at the
same time a strong modulation of its ECD signal in an ON/OFF manner (Figure 117).

Increased intramolecular twisting in the Z state compared to the less twisted E state causes
the strong ECD modulation for this hemiindigo chromophore, which is explained in detail in
Section 2.3.5. This made hemiindigo 58 a first prototype for the chiroptical switches portrayed
in Section 2.3.8 with the added benefit of a permanent stereocenter that cannot be racemized
thermally.

Experiments with circularly polarized light were carried out on this compound, see Figure
118 below.
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2 RESULTS AND DISCUSSION

The research field of absolute asymmetric synthesis also covers the prebiotic approach to
explain the homochirality seen with L-amino acids and D-sugars within all lifeforms on earth.
B. Feringa, P. Hashim and K. Rijeesh already showed that circularly polarized light (CPL) can
deracemize chiral- or prochiral photoswitches to induce miniscule amounts of enantiomeric
excess (ee).['%® 109 1101 \ith a chiroptical hemiindigo photoswitching system at hand,

experiments were carried out on compound 58 observe deracemization by CPL irradiation and

li

Magnetic stirrer (SR
t/\,_ [

to potentially improve upon currently possible generation of ee.

Programmable m|crocontroller

Figure 118:  Setup for alternatively irradiating liquid samples with right or left handed
circularly polarized light (CPL) and non-polarized light. LED 1 is focused with
a lens on a stack of microscopy plates at the Brewster angle of 56°. The reflected
linearly polarized light (LPL) was tested with sunglasses (which can pose as
linear polarizators) and could be extinguished upon turning the glasses within
the plane of the lens, which proved successful linear polarization. The addition
of a Fresnel rhomb (which poses also as a quarter wave plate) with its optical
axis turned at 45° to the light path led to a non-extinguishable ray of CPL. When
another quarter wave plate (like the Fresnel rhomb) is added to the beam path,
CPL is again transformed to extinguishable LPL, which proves the successful
circular polarization of the LED light. A microcontroller can be used for
actuating a relay board to run cyclic experiments where a sample is repeatedly

irradiated with CPL and normal, unpolarized light to its initial state.
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2.3.4 INTRODUCTION OF A PERMANENT STEREOCENTER AT THE INDOXYL FRAGMENT

Irradiation of a racemic mixture of hemiindigo 58 with circularly polarized light did not yield
any observable deracemization, which can be attributed to the relatively low sensitivity of the
used ECD spectrometer or the wrong molecular setup. The fixed stereocenter might pose a
problem as it cannot be interconverted to the other handedness by circularly polarized light,
which made the deracemization process rely solely on the difference in ECD absorption and
the associated difference in photoquantum efficiency. A molecular setup with chiral axes had
to be developed for the circularly polarized light to prefer one enantiomeric rotamer over the
other, resulting in population of one species and generating enantiomeric excess, in theory.
Section 2.3.5 details the efforts towards this research field. However, the drawbacks of thermal
racemization of the axially chiral axes can be prevented by the introduction of a permanent
stereocenter, which was shown for hemiindigo 58. This poses as a potential candidate for
materials science, data applications with multiple read-outs or quantum computing without the
drawbacks of a thermal racemization process and subsequent data loss as observed with the

axially chiral derivatives.
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2.3.5 Ortho-arylated hemiindigos - Second route for introduction of

axial chirality

The chiral properties were disregarded in Section 2.2.7 as this section will explain them in full
detail. To study the cooperativity, dynamics and properties of a chiral axis adjacent to a
photoswitchable molecule part and to potentially improve approaches towards absolute

asymmetric synthesis, an ortho-tolyl moiety was introduced to the hemiindigo chromophore.

Introduction of a chiral aryl axis to the hemiindigo photoswitch at the nitrogen position together
with a methyl group at the 7 position of the indoxyl fragment, which functions as a bulky
stopper, adds another rotational axis which can be photochemically controlled. The ortho-aryl
and naphthyl residues together with di-ortho-substituted stilbene fragments yield
photoswitchable systems that can gate the rotational speed of the chiral axis, control their
rotational directionality towards racemization and modulate large amounts of the ECD signal

in between Z and E isomeric states solely with visible light.

O
O Atropisomerization L R
AT yields racemates of N
@ @ 50/50 S,/ R, isomers ;M %
S,-E isomer Ra-E isomer

Stopper to lock rotation

Figure 119:  Design principles of axially chiral hemiindigo photoswitches. The chiral axis
together with a methyl group in 7-position of the indoxyl core yield HPLC-
separable rotamers for specific stilbene substitution patterns in Z and E isomeric

formes.
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The introduction of a twisted chiral aryl axis makes it possible to measure their free activation

enthalpies and thermal half-lives.

Figure 120:  Overview of selected axially chiral hemiindigos 20, 59, 29, 25, 60, 61, 30 and

33. Only respective E isomers are shown. The properties of compound 25 were
discussed in Section 2.2.7, as no chiral HPLC separation was performed on this

molecule.

Addition of ortho-methyl groups at the stilbene fragment (30) slightly lowers the thermal Z / E
isomerization barriers compared to 20. For the naphthalene derivative 33, however, the Z / E
barriers are improved significantly. In both cases this comes at the cost of red-shift, as the out-
of-plane twisting of the stilbene fragment reduces the pi-delocalization of the chromophore.
The hypsochromic shift manifests in a color change from orange / pink (20) to yellow / darker
yellow (30 and 33) for respective Z / E isomers. The atropisomerization barriers are vastly
improved upon twisting the stilbene single bond as well as by introduction of a naphthalene
moiety seen for hemiindigo 33. One explanation consists of a better fit of the flat naphthyl
residue between the indoxyl methyl group and the stilbene fragment or central double bond
proton compared to the protruding methyl group of the ortho-tolyl moiety. This is emphasized
in the Z state, as a 3 kcal/mol atropisomerization barrier increase from Z- compared to E isomers
can be observed, which is also well reflected by calculations at the B3LYP/6-311G+(d,p) level
of theory.
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2 RESULTS AND DISCUSSION

Presented chiral hemiindigos were synthesized starting from 7-methyl indole 18 and ortho-
bromotoluene via a copper(l) mediated cross coupling by a procedure of J. Antilla et al.[®!
Elevated temperatures of 150 - 160 °C and pressure tubes or xylene were utilized instead of
110 °C and toluene where no reaction progress could be observed. Oxidative acetylation of the
indole was performed according to P. Choy et al.’?l and the condensation of the obtained
indoxyl acetate and aldehydes was carried out according to U. Burger et al.[% with increased
temperatures up to 100 °C. The detailed synthesis can be found in Section 2.2.7.
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FRAGMENT

2.3.6 First generation of axially chiral arylated hemiindigos -

Electronic effects on the stilbene fragment

The three discussed first-generation derivatives were brought forward to explore electron
donating, neutral and electron withdrawing groups regarding the possible change in rotational
properties of the ortho-tolyl substituent. This was done via chiral HPLC by separating the
rotamers from each other with subsequent re-injection after the irradiation or thermal
racemization of isolated species. After these preliminary results, ECD spectra of the

enantiomers were recorded and photochemical- as well as thermal behavior was tested.

0] O

Z-20 Z-59 Z-29
Figure 121:  First generation of synthesized axially chiral hemiindigo derivatives 20, 59 and
29.

Photophysical properties regarding the Z / E isomerization of compounds 20 and 29 are
discussed in detail in Section 2.2.7 and are omitted here.

Priorly, the conformation of hemiindigo 20 was investigated via tH-NMR spectroscopy. The
ortho-tolyl axis is substantially twisted in the Z isomeric state with the aryl substituent at the
indoxyl nitrogen being oriented in a perpendicular fashion to the indoxyl moiety. This leaves
the aniline moiety not being able to planarize. This geometric arrangement is confirmed by the
theoretical description and can be observed experimentally by the significantly upfield-shifted
signals of aromatic- and aliphatic protons of the ortho-tolyl substituent compared to the
corresponding signals for the E isomer (Figure 122) for hemiindigo 20. In the E state of 20, the
aniline moiety can planarize completely, which reduces the overall twist in the molecule and

increases conjugation of the pi-system.
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Figure 122:

2 RESULTS AND DISCUSSION
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Section of the 2D *H-NOESY NMR spectrum (dichloromethane-dz, 600 MHz,
27 °C) of hemiindigo 20. An unambiguous assignment of the double bond
configuration can be done with this spectrum. A strong NOE cross signal
between Z 12 and Z 22 evidences the Z isomeric state. The strong NOE cross
signal between proton E 10 and protons E 22 evidences the E isomer. The
corresponding cross signal of Z 10 and Z 22 is very weak, indicating a farther
distance of the methyl group associated to the ortho-tolyl residue to the double

bond proton in the Z isomeric state.
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Figure 123:  Aromatic section of the *H-NMR spectra (dichloromethane-dz, 800 / 600 MHz,
27 °C) of E (top) and Z isomer (bottom) enriched mixtures of hemiindigo 20.
Large upfield shifts can be observed upon transition from E to Z isomer, which
indicate proximity of the shielding aniline ring-current to the chiral ortho-tolyl
residue in the Z state. Adapted with permission from [™®l. Copyright 2018
American Chemical Society.
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In general, separation of rotamers was done via chiral HPLC (Diacel Chiralpak IC and / or ID
columns, 5 um pore size, 10 mm inner diameter, 250 mm length, 8 mL/min flow rate at 0 °C)
with heptane / ethyl acetate mixtures as eluents.

E1 E2 ZA1

n
200
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70 50 9‘nl 10.0 110 120 130 140 120" min

10.0 1.0 12.0 13.0 140 150 min

Fast racemization process in the Z isomeric state
Separated E rotamers stable at ambient temperatures over 50 min

Figure 124: 3D UV-Vis Chromatograms of hemiindigo 20 on a chiral HPLC column
recorded at 0 °C in 87 / 13 heptane / ethyl acetate. The peak intensity scale is

given in mAU (milli a.u., arbitrary units).

Injection of a Z / E mixture gives three separable peaks, E 1 E 2 and Z 1. Collection and re-
injection of E 2 gives the pure peak and some residual E 1 from fraction overlap. Irradiation of
E 2 to the Z state and back to the E form gives E 1 and E 2 in a 1 to 1 racemic mixture. E 2 left
in the dark did not racemize significantly (not shown).
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Figure 125:  Molar absorption coefficients (left) of 20 in 83 / 17 heptane / ethyl acetate with
the Z isomer shown in red and the E isomer in blue. Spectral changes recorded
after different irradiation times show clear isosbestic points (right). Adapted with

permission from [®1. Copyright 2018 American Chemical Society.
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Figure 126:  ECD spectrum measurement of Z-20 at 25 °C (left). Because of the low energy
barrier of 19.9 kcal/mol for atropisomerization via N-(indoxyl)-o-tolyl single-
bond rotation (corresponding to a half-life of 43 s at 25 °C) the ECD signal has
almost completely vanished at 0 °C. Molar ellipticity ECD spectra of E-20 in 83
/ 17 heptane/ethyl acetate at 25 °C (right), (Ra)-E-20 shown in blue, (Sa)-E-20
shown in red. Adapted with permission from ["®. Copyright 2018 American

Chemical Society.

Samples at ~2.5-107° M concentrations were irradiated at 0 °C or 23 °C and the ECD / UV-Vis

spectra were recorded before and after irradiation steps.
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UV-Vis absorption (left) and ECD spectrum (right) of 20 in 83 / 17 heptane /
ethyl acetate recorded for one switching cycle starting from pure (Ra)-E-20 (solid
blue), which was photoisomerized to Z-20 (5 min, 595 nm, solid red) and then
switched back to E-20 (1 min, 470 nm, light blue, dashed) in high isomeric yields
at 23 °C. The low free activation enthalpy AG* = 19.9 kcal/mol for thermal
atropisomerization in the Z isomeric state leads to fast racemization in this state
within ~2 minutes (thermal half-life of 43 s at 25 °C) under the applied
measurement conditions. Consequently, the ECD signal is already lost in the Z
isomeric state (right, red spectra) and photoisomerization back to the thermally
more stable E-20 therefore shows no leftover ECD signal for the E isomer (right,
light blue, dashed line). Adapted with permission from ["®l. Copyright 2018

American Chemical Society.

A cryogenic cuvette (see Figure 377, Section 2.7.5) was used to measure the decline in ECD

response at -20 °C for a sample of E isomer that was in situ irradiated to the Z form at -80 °C.
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Figure 128:
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First order kinetic analyses of the thermal racemization via atropisomerization
of hemiindigo 20 in 83 / 17 heptane / ethyl acetate in the dark. The slopes m can
be translated into the rate constants k for each process. Racemization in the Z
isomeric state (red) was measured at -20 °C and proceeds over an energy barrier
of 19.9 kcal/mol. Racemization in the E isomeric state (blue) was measured at
40 °C and proceeds over an energy barrier of 23.4 kcal/mol. Poor R? values are
based on bad signal to noise ratios caused by weak ECD responses. Adapted with

permission from [®1. Copyright 2018 American Chemical Society.

DFT calculations were carried out to obtain further insight in the motional behavior of

chiroptical hemiindigo photoswitches.
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Figure 129:

Calculated ground and transition state structures of hemiindigo 20 at the
B3LYP/6-311+G(d,p) level of theory. Transition states for the
atropisomerization and the stilbene single bond rotation were found. The
disfavored atropisomerization transition states did not converge after several
attempts and tweaks. The calculated energies are in good agreement to the
experimental values. The “+” sign in front of transition state values indicates the
energy difference with respect to the lowest ground state of respective Z or E

isomers.

A by 3.5 kcal/mol lowered atropisomerization barrier for the Z isomers can be measured and

confirmed by theory, which is in agreement to the previous findings during HPLC experiments.

The stilbene single bond rotation barrier is also lowered by 4 kcal/mol in the Z state. The

transition state structures suggest a rotation around the ortho-tolyl axis with its methyl group

passing over the indoxyl core methyl group in the Z state while the E form prefers rotation of

the methyl group over the central double bond. These findings show that gating of thermal

barriers as well as their directionality are possible for these chiroptical photoswitches.

Benchmarking with different DFT functionals and the same 6-311+G(d,p) basis set yielded

consistent results. The addition of GD3BJ dispersion to the B3LYP functional lowered the

differences of ground and transition states, which is mainly observed for the ®B97XD
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functional as this functional is already parametrized to include dispersive and long range
corrections. A reversal of ground state energies takes place by using this functional, which,
however, describes the 13 /87 Z / E thermal equilibrium composition in dimethyl sulfoxide less
adequately than the other functionals. It has to be noted that the high solvent polarity of dimethyl
sulfoxide can change the thermal equilibrium compared to non-polar solvents and calculations

without solvent model.
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Figure 130:  Benchmarking results for hemiindigo 20 using different DFT functionals for the
6-311+G(d,p) basis set. “Z” and “E” represent the ground states and “Z Me-Me”
and “E Me-DB” the energetically lowest found transition state for the rotation
around the ortho-tolyl axis with the respective double bond configuration (see
Figure 129). The “+” sign in front of transition state values indicates the energy

difference with respect to the lowest ground state of respective Z or E isomers.

For the Z isomer, a rotation of the chiral axis methyl over the indoxyl core methyl group is
preferred for all functionals. In the E isomer, the bulky methyl group always takes the path over
the central double bond. This stands in contrast to the observations for hemiindigo 30 and 33.
The dispersive and long range correction within the ®B97XD functional gives the Z form as
thermodynamic minimum and reverses the suggested directional behavior.

The theoretical evaluation of the isomeric and enantiomeric forms of hemiindigo 20 was

successful and yielded very good results compared to the experiment. As it is not possible to
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measure the rotational direction of the racemization process by common spectroscopies,
theoretical calculations are the only way to obtain insight in the underlying transition states. It
could be shown that gating of the thermal barriers by 3 kcal/mol as well as control over the
racemization direction could be established.

The oddity of a lowered thermal barrier in the sterically more encumbered Z state can be
explained by the influential stilbene fragment, which is forced towards planarity to regain
mesomeric stabilization. This interferes with the twisted ortho-aryl axis as the protons on the
edge of the stilbene fragment displace the ortho-aryl axis against the indoxyl core methyl group,
elongating the N-aryl bond. This will lower the free activation enthalpy of the chiral axis and
overcoming the indoxyl core methyl group is favored. N-aryl axis lengths in the transition state
amount to 1.470 A for Z- and 1.446 A for E isomeric states, which further underlines this theory.
This also means that the disfavored rotational direction for the E isomer, where the 