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Chapter 1
Perspective and Outline

Seek and Destroy: Light-Controlled Cancer Therapeutics for Local Treatment

1.1

Aim of the research described in this thesis

Medical imaging techniques such as Computed Tomography (CT)1, Magnetic Resonance
Imaging (MRI)2,3, Positron Emission Tomography (PET)4 and Optical Imaging (OI)5 form the
cornerstone of cancer diagnosis and following the progress and staging of the disease
during the treatment plan. Furthermore, the detailed spatial information derived from the
medical imaging guides radiotherapy6 and supports decision making in surgery where to
cut or not to cut 7. In contrast, for chemotherapeutic agents this spatial information about
the disease cannot be used for local treatment, since after oral or intravenous
administration the active drug is spread throughout the body by bloodstream and
diffusion.
Most of the chemotherapeutic agents target biomolecules and cellular processes that are
not exclusively found in tumor cells. For example, proteins are targeted that are in
overexpression in tumor cells but are still expressed at low levels in healthy cells.8 This
means that the drug will affect both tumor cells and healthy cells, which results in doselimiting side effects. To overcome this limitation, external control over the activity of a drug
is needed. By this, a drug can ultimately be administered in an inactive form and can be
locally activated by an external stimulus in the proximity of tumor cells. An emerging
external stimulus is light, since it is tolerated in biological systems and the intensity,
wavelength, duration and location of irradiation can easily be controlled. This makes light
a powerful tool for the control over the activity of small molecule drugs.
The field of photopharmacology develops bio-active molecules of which the activity can be
controlled with light. 9,10,11 By introducing a molecular photoswitch into the structure of a
drug, a bio-active molecule is obtained that has two photo-isomers with both different
biological properties.12 Light of a specific wavelength can be used to switch from one
photo-isomer to the other and thereby changing the biological activity in a reversible
manner, with spatial and temporal precision. Currently many photoswitchable compounds
have been developed for a wide variety of human and pathogenic targets.10 However, most
photoswitchable drugs still rely on UV-light photo-isomerization, which has low tissue
penetration and high phototoxicity. Furthermore, the difference in the behavior of both
photo-isomers of a drug in complex biological systems is not fully understood. For these
reasons, the photopharmacology approach is not yet ready for clinical applications.
The work described in this thesis aims to develop tools and models to fundamentally
understand photopharmacology and make a next step in the road to towards clinical
applications. First, tools are needed for a better understanding of the molecular origin of
the differences in biological activity between photo-isomers in order to improve future
designs. Secondly, model compounds are needed to investigate the behavior of both
photo-isomers in complex biological systems, with a focus on off-target activity profiles,
pharmacodynamics and pharmacokinetics in vivo. Thirdly, expanding the repertoire of
visible light photoswitches that operate under physiological conditions is needed to
replace the current UV light operated photoswitches.

12
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1.2

Thesis outline

Chapter 2 introduces photopharmacology as a method to control the activity of proteins
with light. Besides its potential clinical applications of acquiring spatial and temporal
control over the activity of drugs, there are many opportunities for bio-active molecules
with light-controlled activity for mechanistic studies in bio-medical research. None of the
available chemical and genetic tools for modulating protein activity give the opportunity
of spatial and temporal control over protein activity in a reversible manner. 12
Chapter 3 shows the development of a glutamate transporter inhibitor with lightcontrolled activity. Based on a known inhibitor, a library of inhibitors containing an
azobenzene photoswitch was synthesized and their biological activity was determined on
proteoliposomes containing glutamate transporter Glt Tk. This transporter is thermally
stable and serves as a model for structural and mechanistic studies13,14. A 3.6-fold
difference between photo-isomers was observed for the best inhibitor15, paving ways for
structurally understanding the differences in biological activity through X-ray
crystallography.
Chapter 4 describes the development of a BRAF V600E kinase inhibitor with light-controlled
activity. Inspired by FDA-approved BRAF V600E inhibitor Vemurafenib, eight inhibitors
containing an azobenzene photoswitch were synthesized and their biological activity was
tested on isolated BRAF V600E using a western-blot based assay. An approximately 10-fold
difference between photo-isomers was observed in the enzyme assay, however this
difference could not be translated to differences in cytotoxicity in HeLa cells. Together with
off-target screening several challenges for the development of photoswitchable kinase
inhibitors were identified.16
Chapter 5 reports the modification an earlier published HDAC2 inhibitor with lightcontrolled activity17, with the aim of introducing a fluorine atom into the structure of the
drug, while maintaining its biological and photochemical properties. Ultimately, the
fluorine could be replaced by 18F, which enables to follow the HDAC2 inhibitor in either the
trans or cis photo-isomer in a model organism using Position Emission Tomography (PET),
which can be employed to acquire deeper understanding of the behavior of both photoisomers in vivo in a rodent model.
Chapter 6 describes the design, synthesis and photochemical evaluation of a new
molecular photoswitch called Iminothioindoxyl (ITI) 18. The ITI photoswitch is a fusion of
photochromic dyes azobenzene and thioindoxyl. Azobenzene photoswitches have good
band separation and operate in aqueous conditions, however require UV light for photoisomerization. Thioindigo absorbs in the visible light region, however is poorly soluble in
aqueous conditions and has poor band separation. The new fusion Iminothioindoxyl
photoswitch has the best of both parents: ITIs are fully visible light switches that can
operate in aqueous conditions and show a spectacular band separation of over 100 nm
between both photo-isomers.
Chapter 7 explains how substituent patterns for the Iminothioindoxyl (ITI) photoswitch
affect the photochemical properties. The unsubstitited ITI has a half-life at room
13
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temperature of approximately 10 to 20 ms, which is too short to get a build-up of the E
isomer and limits the applicability of ITI in photopharmacology. Ten new ITI photoswitches
have been designed, with the aim of determining which positions are suitable to tune the
thermal half-life of the E isomer. Substituents with different electronic properties on the
thioindoxyl fragment only weakly influence the half-life. In contrast, the ortho positions on
the imine fragment is sensitive, where electron withdrawing fluorine substituents decrease
the rate of thermal re-isomerization. Altogether, the library of ITIs presented in this
chapter paves the way for Iminothioindoxyl based light-controlled drugs.
Chapter 8 demonstrates the tuning of the photochemical properties of the
Iminothioindoxyl (ITI) photoswitch by protonation. The presence of a nitrogen and its free
electron pair in the isomerizable double bond results in short half-lifes of the E isomer, yet
also provides the opportunity for protonation. By this approach is aimed to capture the
electron pair of the E isomer and slow down the E to Z thermal re-isomerization process.
Protonation of electron rich ITIs results in a red-light shift of the Z isomer and increased
absorption, while the large band separation is maintained.
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Chapter 2
Reversible, Spatial and Temporal
Control over Protein Activity Using
Light

This chapter was published as:
Reversible, Spatial and Temporal Control over Protein Activity Using Light.
Mark W. H. Hoorens and Wiktor Szymanski
Trends Biochem. Sci., 43, 567-757 (2018)
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Abstract:
In biomedical sciences, the function of a protein of interest is investigated by altering its net
activity and assessing the consequences for the cell or organism. To change the activity of a
protein, a wide variety of chemical and genetic tools have been developed. The drawback of
most of these tools is that they do not allow for reversible, spatial and temporal control. Here,
we describe selected developments in photopharmacology that aim at establishing such
control over protein activity through bioactive molecules with photo-controlled potency. In
this chapter we discuss why such control is desired and what challenges still need to be
overcome for photopharmacology to reach its maturity as a chemical biology research tool.

2.1

The limitations of the traditional tools to study protein
function

Cells, tissues, and organisms are highly complex systems in which several thousands of
proteins interact and play a role in a wide variety of processes such as metabolism,
signaling, homeostasis, and cell division. To understand the function of a protein of interest
in both health and disease, researchers alter its net activity and subsequently observe the
resulting changes in the biological system 1,2,3. To change the protein activity, a wide variety
of chemical and genetic tools have been developed.
Bio-active molecules are widely used as chemical tools to modify the activity of native
proteins. The main advantage is that their solutions can conveniently be added to a cell
culture or injected into a model organism. For many proteins, bio-active molecules have
been developed that can activate or inhibit the activity via either competitive or allosteric
mechanisms. Currently, the Binding database (www.bindingdb.org) reports over 600 000
small molecules targeting over 7000 protein targets. However, drawbacks of using bioactive molecules include the lack of reversibility and limited spatial control: the solutions
are added systemically, and there is no easy way to remove the bioactive molecule in a
controlled manner, once it has been added.
Genetic tools for protein activity modulation, besides controlling the activity of native
proteins, can also change the concentration of the protein of interest at either the
transcription level or the translation level by (single or double) knockout, knockdown, and
the use of siRNA4. However, it is known for many proteins that knockouts in mice are
lethal5, which only demonstrates that these proteins are crucial, without elucidating their
role. Decreasing the activity can also be achieved by making specific mutations in the
active site, by a knockin, which results in a catalytically inactive protein that still maintains
its binding properties6. Increasing the concentration of proteins can be achieved through
overexpression, resulting in higher net activity of the protein of interest. Genetic tools,
while widely applied, are elaborate in use. Yet, the rapidly growing field of clustered
regularly interspaced short palindromic repeats/CRISPR-associated
protein 9
(CRISPR/Cas9) might allow easier modification 7. More advanced genetic techniques are
inducible expression systems in which addition of a chemical inducer such as doxycycline
changes the activity of a promotor and thereby the expression 8, which can be returned to
18
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its original level by washing out of the chemical inducer. In conclusion, genetic tools are
mainly irreversible, that is, the concentration of knocked-out protein cannot be
conveniently restored to the natural level at a given time. Furthermore, the spatial
resolution of protein expression modification is limited, meaning that, for example, a
protein is knocked out systemically but not in an organ- or tissue-specific manner.

2.2

Why is reversible, spatial and temporal control over protein
activity important?

Currently, the toolbox to alter protein activity relies mainly on irreversible techniques, as
discussed previously. Yet, reversibility can be of importance in elucidating the function of
a protein of interest. From an experimental point of view, reversibility serves as a strong
control, since the same system (cell, tissue or organism) can be studied over a short period
of time with and without the altered protein activity. Also, reversibility of modulation
minimizes the irreversible downstream effects, which are observed for every alteration of
a biological system and depend on the duration of the alteration. A well-established
example is drug addiction in which long dosage of an active compound results in a different
response than the initial response9,10 . Another typical example is how tumor cells can
acquire drug resistance by activating alternative pathways to bypass the inhibited
pathway11,12 . Compensation effects and their influence on the observed biological outcome
could be better understood when the duration of the inhibition or activation is precisely
controlled. Altogether, reversibility and temporal control over the modulation will
contribute to a better understanding of protein function in a biological system with
minimalized compensation effect.
Alteration of protein activity by genetic and chemical tools is mainly systemic. However, a
protein of interest might have a specific function in an organ or tissue. The systemic
alteration of the activity of a protein of interest provides observations that can be difficult
to trace back to a specific local function. For example, for histone deacetylase 2 (HD AC2)
it was shown that the expression in the dorsolateral prefrontal cortex in schizophrenia
patients is decreased13. Since HDAC2 is expressed in many tissues14, systemic inhibition of
HDAC2 in an animal model does not help to elucidate the specific role of HDAC2 in this
brain region. However, this limitation could be overcome by locally inhibiting HDAC2
activity, mimicking the patient situation more closely and contributing to a better
understanding of the role of HDAC2 in specific brain regions and their connection to other
areas. Such site-specific alterations of the activity will also have large implications in, for
example, proving the site of action of drugs, studying cell signaling, and understanding
adverse effects of therapeutics

2.3

Light is an emerging external stimulus to control protein
activity

To achieve reversible, spatial and temporal control over protein activity, a modulator is
needed whose activity can be controlled with an external stimulus, such as photons. Light
19
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is already widely used in biological studies, for example, in optical and fluorescence
microscopy, which is enabled by the orthogonality of photons toward living systems and
processes within them15. Even UV light is, to a large extent, tolerated in cell cultures, as
demonstrated by the imaging of the blue fluorescent protein 16 and DNA-labeling dye 4′ ,6diamidino-2-phenylindole (DAPI) 17. Yet, it is recommended to do control experiments in
which the biological system is subjected to irradiation only, to check for any undesired
effects. The key benefit of using light is that it is easily possible to regulate when, where,
for how long, and with which intensity and wavelength it is used.
Currently, there are several tools available to use light to gain control over the activity of
proteins. A well-established example is optogenetics, where responsive elements from
photoactive proteins are genetically engineered into other proteins, by which, for example,
a receptor can be activated with light instead of a chemical ligand 18. The field
acknowledges the demand of spatial and temporal control over the activity of biological
pathways19. However, expressing engineered proteins is challenging.
A chemical approach to acquire photocontrol is photocaging. A photocage is a
photoresponsive chemical group that uses the energy of a photon to break a chemical bond
20 . A photocage is placed at a functional group of a bioactive molecule 21 or amino acid of a
protein22 by which it loses its activity; upon irradiation the photocage is removed, resulting
in the release of a biologically active molecule23. The approach of using photocaged
bioactive compounds was successfully demonstrated in vivo in a mouse model24. A
drawback is that the photochemical process of uncaging is irreversible.

Figure 2.1: a) A model of photopharmacology. An inhibitor containing a photoswitch in its
‘off’ state (blue) has no strong interactions with the target; however, in the ‘on’ state (orange),
the inhibitor binds strongly. Light of wavelength λ1 switches the inhibitor from the off state to
the on state, and light of wavelength λ2 reverses this process. b) Dose–response curve of a
bioactive molecule with photo-controlled activity as shown in a. The on state (orange) is
potent at lower concentration than the off state (blue), and it is possible to switch between
those states using light and thermal relaxation processes. At a carefully chosen concentration,
[I]opt, the on state nearly fully inhibits the activity, while the protein of interest is at almost full
activity for the off state.
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A fully pharmacological, remote, and reversible control of protein activity with light is
enabled through the use of molecular photoswitches, that is, small photoresponsive
molecules that upon irradiation change their structure25,26 (for a detailed explanation, see
Appendix 1), hence the name photoswitch. A widely used photoswitch is azobenzene in
which the diazo bond (N=N) is connected to two phenyl rings that can be on its opposite
sides (trans-azobenzene) or on the same side (cis-azobenzene). The trans isomer is
thermodynamically stable and be can switched into the cis isomer by irradiation with UV
light (Appendix 1). This process can be reversed spontaneously using heat or the molecule
can be switched back using visible light irradiation. The process of switching from trans to
cis and back can usually be repeated for many cycles25,27.
The emerging field of photopharmacology utilizes the differences in shape and chemical
properties between photo-isomers of a bioactive molecule that differ in activity (Figure
2.1) and that can be interconverted with light irradiation and/or spontaneous thermal
relaxation28. Photoswitches such as azobenzene are introduced into the structure of the
bioactive molecule29. Through this, remote control over its activity, and therefore the
activity of the protein of interest, can be achieved. Photopharmacology mainly aims at
developing therapeutics that are only active at the target tissue and not in healthy tissue,
to eliminate activity of drugs in healthy tissue and its consequences 30. However, besides
this potential clinical application, bio-active molecules with photocontrolled activity can
serve as a powerful tool in biomedical research. These remotely controlled bio-active
molecules can simply be pipetted to a cell culture or injected into a model organism;
afterwards, by precise irradiation, control over protein activity is acquired. In the following,
we look at examples from the protein classes of enzymes, structural proteins, and
receptors for which photopharmacological control has been established either in vitro or in
vivo.

2.4

Photo-control over enzymatic activity

Enzymes are the workhorses of the cell and harbor many regulatory functions and
processes that are often dysregulated in disease. To demonstrate photopharmacological
control over enzyme activity, the specific case of HDAC2 is discussed here. This enzyme is
a member of the histone deacetylase family, which is involved in epigenetic regulation of
gene expression31. In several cancers, increased expression of HDAC2 is observed, resulting
in decreased expression of genes with antitumor activity14. Therefore, inhibition of HDAC2
has been shown to be effective in killing tumor cells32 , like, for example, the FDA-approved
HDAC2 inhibitor vorinostat for the treatment of metastatic melanoma 33.
Traditional genetic and chemical toolboxes have been used to study the specific role of
HDAC2. Unfortunately, HDAC2 knockout mice die of cardiac malfunction the first day after
birth32 , demonstrating the importance of the protein, but not its specific function. To
decrease the HDAC2 activity pharmacologically, a wide variety of inhibitors have been
developed with selectivity for HDAC2 over other HDACs from the same protein family 33.
Recently, a photocaged variant of vorinostat was developed by which spatial and temporal
control over HDAC2 activity can be achieved34, however irreversibly.
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To achieve the desired reversible, spatial and temporal control over HDAC2 activity, our
lab developed HDAC2 inhibitors with photo-controlled activity35, as shown in Figure 2.2.
For compound 1, the cis isomer is 39 times more active than the trans isomer. The
difference in cytotoxic activity between trans and cis was also observed in HeLa cells, even
showing a larger difference in cell viability than for the individual HDAC2 inhibitor. Also,
reversibility and temporal control over the activity of HDAC2 were demonstrated,
overcoming the limitations of the current chemical and genetic toolbox.

Figure 2.2: Photo-control over the Activity of Histone Deacetylase 2 (HDAC2). a) Based on
known HDAC2 inhibitor vorinostat, compound 1 was designed. Upon irradiation, compound 1
switches from trans to cis form, becoming 39-fold more active as an HDAC2 inhibitor. b) Dose–
response curve for compound 1 in trans (blue) and cis (orange) form on cell viability of HeLa
cells. Reproduced from reference 35.

2.5

Can bio-active molecules with photo-controlled activity be
developed for every protein?

Currently, there are hundreds of thousands of small molecule compounds that can
modulate the activity of several thousands of target proteins. In contrast, only several
dozens of bio-active molecules with photo-controlled activity have been developed 30 .
However, the number is rapidly growing, and the list of protein targets is expanding.
Photo-control over the activity of members of protein families such as enzymes36,37,
receptors38-42 transporters43, and structural proteins44-47 has been achieved, demonstrating
the generality of this approach. The design is usually based on known protein modulators
that do not harbor photo-control. As shown by two examples in Figure 2.3, chemical
structures similar to azobenzene are replaced by an azobenzene photoswitch in a
photopharmacological approach called azologization 48. This approach has been extended
to other chemical structures with less similarity to the structure of the photoswitch, guided
by structure–activity relationship studies and computational support 40,42,49. So far, the
development of bioactive molecules with photo-controlled activity is limited by the
availability of known modulators and the existence in those modulators of structural
features that can be replaced by a photoswitch without a major loss in potency.
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Figure 2.3 Examples of bio-active molecules with photo-controlled activity. a) Light control of
a structural protein: formation of microtubule. Based on tubulin polymerization inhibitor
combretastatin A4, compounds 2a and 2b were designed. Upon irradiation with UV light,
compound 2b becomes 550 times more active, which can be reversed using visible light
irradiation 46 . b) Compound 2a induced the breakdown of tubulin (green) and fragmentation of
the nucleus upon irradiation with 390 nm to the active cis isomer and 20-h incubation, while
irradiation without inhibitor and the trans isomer of compound 2a do not change the
physiology of the cell. Adapted from reference 45. c) Light control of receptor activity:
metabotropic glutamate receptor 5 (mGlu5). Based on negative allosteric modulator
VU0414374, compound 3 was designed. Upon irradiation with UV light, compound 3 becomes
5.1 times less active, which can be reversed using visible light40 . d) Persistent inflammatory
pain was induced in a mouse model, and after 10 days the number of paw lifts was recorded
(naive) and normalized to healthy mice (vehicle) with and without irradiation in the amygdala.
Injection of compound 3 resulted in the same behavior in the mouse as in naive mice; upon
irradiation to the cis isomer, this effect could be abolished, to the same level as in the vehicle
mice. Adapted from reference 40.
The replacement of a fragment of a molecule by a photoswitch has been convincingly
demonstrated by taking advantage of the structural similarity of natural compound
combretastatin A4 and cis-azobenzene44,47 (Figure 2.3a). Combretastatin A4 is an inhibitor
of microtubule formation. Microtubules belong to the family of structural proteins and are
an important compartment of the cytoskeleton, playing a role in mechanical processes
such as the intracellular transport of vesicles and separation of chromosomes in mitosis 50.
Azologization of combretastatin A4 resulted in an inhibitor with photo-controlled activity
(Figure 2.3a), where irradiation of the inactive trans isomer to the cis isomer increases the
potency in HeLa cells in vitro by an impressive factor of 550 for compound 2b 47.
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Reversible spatial and temporal control over protein activity shows its full potential in an in
vivo model. Recently, several in vivo studies of photopharmacological agents have been
reported, mainly for neurological targets, such as restoring the visual function of the blind
retina51 , and metabotropic glutamate receptors40,52 . An impressive example of an in vivotested bioactive molecule with photo-controlled activity was reported by the groups of
Gorostiza and Llebaria, targeting metabotropic glutamate receptor 5 40,49,53,54,55 which is a
potential target for the treatment of anxiety, depression, and schizophrenia 56,57. Inspired
by negative allosteric modulator VU0414374, compound 3 was designed (Figure 2.3c) and
tested in an in vivo system using hybrid optic and fluid cannulas that were implanted in the
amygdala of persistent inflammatory pain mouse model. The mouse was injected with
compound 3 in the amygdala in the active trans configuration, resulting in an analgesic
effect. This pain-relieving effect could be abolished by irradiation to the inactive cis
isomer40. By this, photo-control over pain in a rodent model was achieved, which opens
opportunities in studying pain, its development, and its treatment.

2.6

The current limitation of photoswitchable bio-active
molecules as a research tool

A challenge in the development of bio-active molecules with photo-controlled activity is to
acquire large differences in activity between the photo-isomers. As shown in Figure 2.1a,
at a precisely chosen concentration, [I]opt, one isomer does not change the activity of the
protein of interest, while the other isomer results in complete inhibition of protein activity;
hence, the protein can be switched fully on and fully off. However, this optimal situation of
fully switching is rarely achieved. For example, for compound 1, a 39-fold difference in
activity between the trans and cis isomer is not yet sufficient to allow for switching between
fully active HDAC2 and fully inhibited HDAC2 35. In the optimization of
photopharmacological agents, every chemical modification of the bio-active molecule
potentially not only changes the biological activity but also the chemical properties and
important photochemical properties such as the absorption maxima, half-life of the cis
isomer, quantum yield, and the ratio of isomers at the photo-stationary states (PSSs). This
optimization process is challenging; yet, to reach full potential as a research tool,
differences in the activity between isomers should be enhanced.
Another challenge is that most of the photopharmacological agents need UV light in the
region of 350–400 nm to switch30 . Such light has a limited penetration depth of only a few
millimeters in soft tissue58. This is sufficient for experiments in monolayer cell culture, but
not for animal models, since most inner organs cannot be reached in a non-invasive
manner. However, red and near-IR light has deeper penetration depth in soft tissue, up to
several
centimeters58 .
Therefore,
red-light-responsive
photoswitches
and
photopharmacological agents are in development 59,60,61. Recently, an elegant example was
published by the Feringa group 62 , where an antibiotic was developed that increases eight
times in potency upon irradiation with red light.
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2.7

Concluding remarks and future prospects

In addition to the three examples described here, for many other proteins, bio-active
molecules with photo-controlled activity have been developed in recent years. Besides
their potential clinical applications in photopharmacology, these are powerful tools for
biomedical research, because light is orthogonal with biological systems, no genetic
modifications are required, and spatial and temporal control can be achieved in a reversible
manner. The broad range of proteins that can be altered by photopharmacology and
especially the reversibility of the modification can make it a superior tool compared to the
existing toolbox.
More bio-active molecules with photo-controlled activity will be developed, with a focus
on visible light switching and optimization of the difference in activity between isomers. In
parallel, new photoswitches that can be operated with visible light or that have enlarged
differences in structure between isomers are being discovered. These developments will,
more and more, allow photo-controlled bio-active molecules in biomedical research to
contribute to the understanding of the role of a protein of interest in health and disease.
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2.8

Appendix 1: Understanding light-controlled drugs:
molecular structure and photochemistry

Azobenzene (a) is the most-often-used molecular photoswitch in photopharmacology and
serves here as an example to introduce the behavior of molecular photoswitches.
Azobenzene has two isomers: the thermally stable trans isomer (blue) and the thermally
unstable cis isomer (orange). These two forms differ in structure, polarity, solubility, and
many other features.
Importantly, their UV-visible spectra are also different (b), which leads to the possibility of
selectively addressing each of the forms with light. The trans form shows a strong
absorption band at low wavelengths (denoted as λ1; typically, UV light of 320–370 nm),
where the absorption of the cis form is lower. At higher wavelengths (denoted as λ 2 ;
typically, visible light of 420–480 nm) the cis form absorbs more strongly than the trans
form. Using λ1, it is usually possible to selectively switch the trans form to the cis form. With
λ2 , the cis form can selectively be switched back to trans.
The first of these processes is discussed in more detail in (c). When light of λ1 is applied, the
trans form absorbs the photon and enters the excited state, from which it can relax to the
ground state of the cis form. The kinetics of this process depends on (i) the probability of
absorbing the photon, represented by the extinction coefficient; and (ii) the probability
that, once in the excited state, it will fall to ground state with isomerization, represent ed
by the trans-to-cis isomerization quantum yield φ t→c. While the concentration of the cis
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form increases, it also absorbs light, with extinction coefficient of, and with the quantum
yield of φc→t, it can isomerize back to trans. In time, a dynamic equilibrium is established
between the two processes. Assuming negligible thermal cis–trans reisomerization on the
timescale of the experiment, the position of this equilibrium is described by the photostationary state (PSS), which represents the percentage of compounds that are in the cis
state at equilibrium under irradiation.
Once the light is switched off (d), the molecular photoswitch returns to its original state,
which is usually >99% of the stable trans form. This recovery is a first-order process, and
the time needed to isomerize half of the cis compounds back to trans is described as halflife (t 0.5). This value depends both on the structure of the photoswitch and on its
environment (solvent, temperature, etc.) and can range from microseconds to years.
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Abstract:
Glutamate is an important signaling molecule in the nervous system and its extracellula r
levels are regulated by amino acid transporters. Studies on the role of glutamate transport
have benefitted from the development of small molecule inhibitors. Most inhibitors, however,
cannot be remotely controlled with respect to the time and place of their action, which limits
their application in biological studies. Herein, the development and evaluation of inhibitors of
the prokaryotic transporter GltTk with photo‐controlled activity, enabling the remote,
reversible, and spatiotemporally resolved regulation of transport is reported. Based on a
known inhibitor, seven inhibitors, bearing a photoswitchable azobenzene moiety, are designed
and synthesized. The most promising photo‐controlled inhibitor, shows in its non‐irradiated
form, an IC50 of 2.5 ± 0.4 μM for transport by GltTk. Photoswitching results in a reversible drop
of potency to an IC50 of 9.1 ± 1.5 μM. This 3.6‐fold difference in activity is used to demonstrate
that the transporter function can be switched on and off reversibly through irradiation. As a
result, this inhibitor could be a powerful tool in studying the role of glutamate transport by
precisely controlling the time, and the specific tissue or groups of cells, in which the inhibitor is
active.

3.1

Introduction

Glutamate transporters belong to a large family of membrane proteins that catalyze co‐
transport of the substrate (glutamate/aspartate/neutral amino acid) and cations1,2 .
Glutamate is an important precursor in the biosynthesis of purines, glutamine, proline,
arginine, alpha‐ketoglutarate, and glutathione3,4. Most importantly, in the human central
nervous system (CNS), glutamate is a neurotransmitter. In order to pass a signal, the pre‐
synaptic neuron releases glutamate via exocytosis, upon which glutamate is sensed by
receptors on the post‐synaptic neuron5. Subsequently, glutamate is removed by glutamate
transporters, known as excitatory amino acid transporters (EAATs), to attenuate the
signal6. Accumulation of glutamate in the synapse is involved in the development of several
neuro‐degenerative diseases7.
Mammalian glutamate transporters belong to the SLC1 family of membrane proteins,
which is present in all the kingdoms of life, and includes the archaeal aspartate transporters
Glt Ph and Glt Tk1,2 . Much of our understanding of the transport mechanism of the glutamate
transporters has come from structural studies of Glt Ph and Glt Tk8-16 that are structurally and
mechanistically similar to the mammalian proteins17,18 . Glt Ph and Glt Tk however can
transport only aspartate, while EAATs can use both aspartate and glutamate as a
substrate19.
Mechanistic studies on the role of glutamate transport are facilitated by the use of small
molecule inhibitors6,20,21. L‐threo‐β‐Benzyloxyaspartate (TBOA) and ( L‐threo)‐3‐[3‐[4‐
trifluoromethyl)benzoylamino]benzyloxy]aspart ate (TFB‐TBOA) are aspartate derivatives
that are most commonly used to study the role of glutamate transporters in the CNS 22,23.
An impressive example was published by Xie et al.24, where a window was installed in the
skull of a mouse that was genetically modified with a fluorescent glutamate reporter
protein. Upon delivering a light pulse to the eye of the mouse, increased glutamate levels
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were observed shortly in the visual cortex. After injection of glutamate transporter
inhibitor TBOA, the level of glutamate was higher and clearance was slower 24.
However, in experiments such as the one described above, the inhibition of glutamate
transport by TBOA and TFB‐TBOA is systemic and it cannot be excluded that
compensation effects occur. Furthermore, due to systemic inhibition, it is difficult to study
the physiology of glutamate transporters in a specific organ, tissue or group of cells of
interest. To overcome this limitation, control over the activity of the inhibitor with an
external stimulus would be highly desirable as it would allow to reversibly turn the inhibitor
on and off at specific organs, tissues and cells at any chosen time and in a reversible
manner. Such a remotely controlled inhibitor would contribute to a better understanding
of the role of the glutamate transporters in health and disease, as also exemplified by a
recent report by Trauner and Kavanaugh in which one of the molecules also reported here
was evaluated on human EAATs25.

Figure 3.1: Schematic view of photo‐control over glutamate transporter activity, along the
principles of photopharmacology. The yellow box represents an inactive inhibitor, which does
not block the transport of the substrate (purple). By irradiation with light of wavelength λ 1,
the active inhibitor can be locally formed (green cylinder), which blocks substrate transport.
This process is reversible by irradiation with light of wavelength λ 2 .
In recent years, bio‐active molecules have been developed that can be switched on and off
with light as an external stimulus (Figure 3.1), along the principles of
photopharmacology26-28 . Photo‐control over biological activity can be achieved by the
introduction of a molecular photoswitch, such as azobenzene29, into the structure of the
molecule. Thermally stable trans‐azobenzene (See Figure 3.2 in blue) is a linear, (near) flat
molecule; irradiation with UV light results in the isomerization of the azo bond and gives
cis‐azobenzene, which is less stable, non‐planar, has a higher dipole moment 29,30 and is
more soluble in aqueous solutions than the trans isomer31. Trans to cis isomerization can be
reversed by irradiation with visible light; however, the cis‐trans isomerization also happens
spontaneously on a time scale of milliseconds to years, depending on the azobenzene
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structure29,30 . Since trans‐azobenzene and cis‐azobenzene strongly differ in structure and
polarity, they have the potential to differently influence the activity of a bio‐active
molecule into the structure of which they have been incorporated. This enables the
reversible photoswitching between the forms of a photo‐active molecule with different
potency26-28. A schematic view of possible photo‐control over glutamate transporter
activity using a photo‐controlled inhibitor is shown in Figure 3.1. The glutamate
transporter facilitates the transport of substrate, together with sodium ions12,16. The
inhibitor has two states, an inactive state (yellow) that does not bind to the transporter and
an active state (green) that blocks transport. Light of specific wavelengths can be used to
switch between the two states of the inhibitor and thereby a reversible photo‐control over
transport can be achieved, offering additional advantages of high spatiotemporal
resolution possible in light delivery and the low toxicity of photons to biological systems27.
This approach has been successfully demonstrated in developing photo‐controlled
antibiotics32,33, anticancer drugs34-39, and receptor ligands40-49, among others.

Figure 3.2: TFB‐TBOA and designed photoswitchable glutamate transporter inhibitors azo‐
TBOAs, with the photoswitch azobenzene marked in blue.
Here we present the synthesis and evaluation of seven analogues of TBOA and TFB‐TBOA
with photo‐controlled activity. The compounds were prepared using a key enzymatic step
to ensure high stereocontrol in the synthesis of enantiopure precursor. Subsequently, the
photochemical properties were studied and biological activity was determined using the
archaeal aspartate transporter Glt Tk. p‐MeO‐azo‐TBOA and p‐HexO‐azo‐TBOA showed
the best photochemical properties, in which nearly full conversion from trans to cis isomer
can be achieved upon irradiation. The largest difference in activity between trans and cis
isomers was observed for p‐MeO‐azo‐TBOA and this difference was successfully used to
reversibly control the transport rate by light in situ.

3.2

Results and discussion

3.2.1

Design and synthesis

Our design of photoswitchable inhibitors is based on a known EAAT inhibitor TFB‐TBOA
(Figure 3.2)50 which has been widely used to study glutamate transport in the CNS20,21. To
render TFB‐TBOA photoresponsive, we replaced the amide bond by a diazo moiety (Figure
3.2), in a photopharmacological approach known as azologization51. An extensive SAR of
TBOA has been described50 on EAAT2 and EAAT3 and it demonstrated that substituents
at the para position are beneficial for the potency. TFB‐TBOA (p‐CF 3) has an affinity of 1.9
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nM and 28 nM for EAAT2 and EAAT3, respectively. Other potent inhibitors disclosed in the
SAR study have either p‐HexO (1.2 nM for EAAT2, 18 nM for EAAT3), p‐MeO (12 nM for
EAAT2 and 266 nM for EAAT3) or p‐CF 3O (7 nM for EAAT2 and 128 nM for EAAT3)
substituents at the para position. With those high potencies in mind, p‐CF 3‐azo‐TBOA, p‐
HexO‐azo‐TBOA, p‐MeO‐azo‐TBOA and p‐CF 3O‐azo‐TBOA (Figure 3.2) were synthesized
and evaluated in our study. The choice of MeO and HexO substituents was further expected
to be beneficiary, since alkyloxy substituents in the para position of azobenzene often
result in good band separation of the isomers, enabling nearly full isomerization to cis upon
irradiation52 . To evaluate the importance of the position on the ring, further azo‐TBOAs
with methyl substituents at the ortho, meta, and para positions were designed (Figure 3.2).
Due to the difference in electronic properties and structure, all the substituents likely
influence both the biological activity of cis and trans isomers and the photochemical
properties such as the maximum wavelength of absorption, ratio of isomers at the photo‐
stationary states (PSS) and half‐life of the cis isomer. Finally, we also sought to evaluat e
the p‐CF 3 substituted compound, which is the closest to the original TFB‐TBOA structure,
inspired by a recent report by Trauner and Kavanaugh 25. In their study, differences in
activity between trans and cis isomers were observed on oocytes overexpressing either
EAAT1, EAAT2, or EAAT3 by measuring membrane voltage. The photo‐controlled
glutamate transporter inhibitor was more potent in the trans configuration than in cis form.

Figure 3.3: Synthesis of azo‐TBOAs.
The azo‐TBOAs were prepared in a convergent synthesis, where the alkylating agents 4a‐
g and the chiral building block 17 were synthesized separately and coupled at a late stage
in the synthetic route (Figure 3.3). The alkylating agents 4a‐g, containing the azobenzene
photoswitch, were synthesized using standard procedures, as described in the
experimental procedures. The chiral building block 17 was synthesized using an enzymatic
reaction, in which an optimized mutant of methylaspartate ammonia lyase (MAL) 53,54
stereoselectively aminates 2‐(benzyloxy)fumaric acid 13 to (2S,3S)‐2‐amino‐3‐
(benzyloxy)succinic acid 1455. Subsequently, the free amine and carboxylic acid groups of
compound 14 were protected and, after debenzylation, the reaction of the alcohol moiety
in 17 with bromides 4a‐g, followed by global deprotection, gave final compounds 1a‐g
(azo‐TBOAs).
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3.2.2

Photochemical properties

Next, the photochemical properties of the azo‐TBOAs were analyzed (Figure 3.4). As
determined by UV/VIS spectroscopy, all compounds absorb in the UV region, where trans‐
p‐MeO‐azo‐TBOA and trans‐p‐HexO‐azo‐TBOA have an absorption maximum in DMSO of
355 nm and 353 nm, respectively (Figure 3.4B). All other trans‐azo‐TBOAs have an
absorption maximum in the 317 – 332 nm region, slightly more blue‐shifted than p‐HexO‐
azo‐TBOA and p‐MeO‐azo‐TBOA. All azo‐TBOAs could be switched for several cycles in
DMSO with little fatigue observed.

Figure 3.4: Photochemical properties of azo‐TBOAs. A) Photochemical properties of azo‐
TBOAs in DMSO. B) UV/VIS spectra of p‐MeO‐azo‐TBOA, 20 μM in DMSO, thermally
adapted, irradiated with λ = 365 nm light for 40 s and white light for 20 s. C) UV/VIS
absorbance of p‐MeO‐azo‐TBOA at λ = 355 nm, 20 μm in DMSO, irradiated with 365 nm light
and white light (WL). D) 1H NMR spectrum of p‐MeO‐azo‐TBOA, 1 mg in 500 μl DMSO‐d 6 , cis–
trans ratio's calculated from the 1H signals of Ar‐CH2‐O (1) and O‐CH‐R 2 (2). Top: thermal, cis–
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trans ratio 1:99. Bottom: irradiated with λ = 365 nm light for 60 min, cis–trans ratio 96:4.
Right: structure of p‐MeO‐azo‐TBOA in trans and cis configuration.
Using 1H NMR spectroscopy, ratios of isomers at the the photo‐stationary states (PSS) of
all azo‐TBOAs in DMSO were determined, providing information on how much of the
compound can be switched to the cis isomer upon irradiation in DMSO as a solvent. As
expected, p‐alkyloxy substituted azobenzenes p‐MeO‐azo‐TBOA and p‐HexO‐azo‐TBO A
showed excellent PSS: irradiation with 365 nm light results in nearly full isomerization to
the cis isomer (Figure 3.4D). In contrast, p‐CF 3O‐azo‐TBOA shows a only 71% cis present
at PSS upon irradiation with 312 nm light. Irradiation of p‐Me‐azo‐TBOA, m‐Me‐azo‐TBO A
and o‐Me‐azo‐TBOA resulted in a 93%, 86%, and 90% of the cis isomer, respectively at PSS.
Surprisingly, p‐CF 3‐azo‐TBOA, reported earlier25, was in our hands unstable and small
shifts in the spectra upon five cycles of irradiation were observed. When determining the
ratio of isomers at PSS upon irradiation in DMSO by 1H NMR spectroscopy, formation of
side products was observed, which was not observed before25. However, it must be noted
that we used different wavelengths of irradiation (312 nm and 365 nm vs 350 nm 25) and the
shifts in the spectrum are mainly observed for switching in DMSO and not in 50 mM KPi
buffer (pH 7.4). For all other compounds, no photodegradation was observed. To confirm
that the excellent switching behavior extends to biologically relevant solvents, p‐MeO‐azo‐
TBOA was dissolved in 50 mM KPi buffer (pH 7.4) and switching was studied with UV/VIS
spectroscopy, showing very similar properties to those in DMSO (Figures 3.9 and 3.10). To
evaluate the rate of thermal cis‐trans relaxation, half‐lives for all compounds were
determined in DMSO at 37 °C. For all azo‐TBOAs, a half‐life at 37 °C in DMSO of >10 h was
observed, showing that the cis isomer is relatively stable. The half‐life of the cis isomer of
p‐MeO‐azo‐TBOA in 50 mM KPi buffer (pH 7.4) at 37 °C is approximately 6 h, which is
shorter than in DMSO, but the isomer is still relatively stable on the timescale (4–12 min)
of the experiments that were used to evaluate the biological activity of azo‐TBOAs (vide
infra).
3.2.3

Biological evaluation

Next, the biological activity of the synthesized azo‐TBOAs was determined on the
aspartate transporter Glt Tk from the archaeon T. kodakarensis, that shows 32% sequence
identity with human EAATs with even higher conservation of amino acid residues in the
substrate/cation binding site and therefore has been used for structural and mechanistic
studies12 . Glt Tk catalyzes uptake of aspartate coupled to the symport of three Na+ ions16. To
study the inhibition of uptake by azo‐TBOAs, Glt Tk was purified, incorporated in liposomes
and the rate of uptake of 14C‐labeled aspartate into the lumen of the liposomes was
assayed1 in the presence and absence of the photoswitchable inhibitors.
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Figure 3.5: Biological evaluation of azo‐TBOAs. A) Screening of the GltTk inhibitory activity of
azo‐TBOAs at 10 μM, dark and irradiated; error bars represent the range obtained in duplicate
experiments; n.s., not significant; *p < 0.05. B) IC50 curves for TFB‐TBOA (0.4 ± 0.1 μM), p‐
MeO‐azo‐TBOA in trans (2.5 ± 0.4 μM), cis (9.1 ± 1.5 μM) and p‐HexO‐a zo‐TBOA in trans (0.7
± 0.1 μM) and cis (0.6 ± 0.1 μM), experiments performed in duplicate. C) Binding affinity of
compounds to GltTk, determined using isothermal titration calorimetry (ITC), including the
standard error.
For initial screening, [14C]aspartate was used at a concentration of 1 μM, and all azo‐TBOAs
were tested at 10 μM concentration, both in the dark (full trans) or irradiated (PSS) state,
together with a negative control (no inhibitor) and a positive control (TFB‐TBOA) ( Figure
3.5A). The uninhibited uptake rate was set at 100% transporter activity. At 10 μM
concentration, all para‐substituted trans‐azo‐TBOAs showed activity in the same range as
TFB‐TBOA, while trans‐m‐Me‐azo‐TBOA and trans‐o‐Me‐azo‐TBOA were less potent. This
shows that for a better inhibitor in the trans configuration, a substituent at the para
position is preferred, in agreement with previously reported SAR for TFB‐TBOA 50 . In
general, the irradiated cis azo‐TBOAs had less inhibitory effect than the corresponding
trans isomers. For p‐MeO‐azo‐TBOA, we have observed the largest difference in inhibitory
activity between the cis and trans forms at 10 μM and therefore the IC 50 values for both cis
and trans isomers were determined (Figure 3.5B), showing IC 50 = 2.5 ± 0.4 μM for trans and
IC50 = 9.1 ± 1.5 μM for cis, which represents a statistically significant 3.6‐fold drop in activity
upon irradiation. As compared to TFB‐TBOA (IC 50 of 0.4 ± 0.1 μM), p‐MeO‐azo‐TBOA lost
one order of potency due to the azologization. Since p‐MeO‐azo‐TBOA and p‐HexO‐azo‐
TBOA have nearly identical photochemical properties, also IC 50 was determined for p‐
HexO‐azo‐TBOA. Surprisingly, for p‐HexO‐azo‐TBOA, we observed no differences in
activity between trans and cis isomers, giving IC 50 values of 0.7 ± 0.1 μM and 0.6 ± 0.1 μM,
respectively. This result cannot be explained by differences in photoswitching efficiency
between the p‐MeO‐ and p‐HexO‐substituted molecules, since in both cases the trans
isomer can nearly completely be switched to the cis isomer. Interestingly, both isomers of
p‐HexO‐azo‐TBOA are nearly as active as TFB‐TBOA (Figure 3.5b). To demonstrate that
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the lower activity of cis compared to trans is not because of an unexpected
photodegradation effect, p‐MeO‐azo‐TBOA was switched in several cycles in DMSO to
confirm the recovery of the activity of the trans isomer (Figure 3.12).
Besides the biological activity in the uptake assay, dissociation constants (Kd) were
determined using isothermal titration calorimetry (ITC) 16 (Figure 3.5C). The affinity of the
transporter substrate aspartate and the inhibitor TFB‐TBOA were determined with Kd
values of 0.12 ± 0.03 μM and 0.86 ± 0.19 μM, respectively. For TFB‐TBOA, the affinity of
0.86 ± 0.19 μM is in the same order as the IC 50 of 0.4 ± 0.1 μM, as determined by the uptake
assay. The isomers of p‐MeO‐azo‐TBOA have Kd of 1.89 ± 1.26 μM and 3.19 ± 0.49 μM, for
the trans and cis form respectively, with no statistically significant difference between the
values. Also for p‐HexO‐azo‐TBOA no significant difference in binding was observed for
the two isomers, where trans binds with an affinity of 2.56 ± 0.77 μM and cis with 4.99 ±
3.05 μM. Although the error in the ITC measurements is too large to determine whether
the cis and trans isomers bind with different affinity to the transporter, the Kd values in the
low micromolar range are consistent with the uptake assays. Furthermore, we expect that
the observed differences in the inhibitory activity between the two different photo-isomers
may not originate only from differences in binding affinity, but possibly also binding
kinetics56.
Reversibility and temporal control are important features of bio‐active molecules with
photo‐controlled activity, since they enable the control over time and place (tissue or group
of cells) where the inhibitor is active. To test whether the 3.6‐fold difference in IC 50 values
between trans and cis isomers of p‐MeO‐azo‐TBOA is sufficient to reversibly control the
transport in time, we attempted to photoswitch this inhibitor between the higher and
lower potency states during the uptake assay. As shown in Figure 3.6A, the experiment
was started with the cis isomer of p‐MeO‐azo‐TBOA (weaker inhibitor) and fast uptake was
observed. Upon irradiation with white light, the inhibitor was switched to the trans isomer
(stronger inhibitor) and uptake was attenuated. Subsequent irradiation with UV light again
resulted in switching to the weaker inhibitor and an increase in uptake rate was observed.
The second irradiation with white light to the trans isomer, attenuated the uptake again.
The same experiment was performed starting with the trans isomer (Figure 3.6B), showing
that irradiating with UV light increases uptake rate and with white light decreases uptake
rate, in a reversible manner. As controls, aspartate transport was measured in the presence
of 1 vol% DMSO, while continuously irradiating with UV light or with visible light (Figure
3.18). No changes in transport rate were observed, demonstrating that the
proteoliposomes are not affected by light and further supporting the reversibility and
temporal control of p‐MeO‐azo‐TBOA over transport.
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Figure 3.6: Photo‐control over the transport rate by switching p‐MeO‐azo‐TBOA. A)
Irradiation reversibly controls the transport, starting with cis‐p‐MeO‐azo‐TBOA, irradiated
with white light (45 s) after 2.5 min, UV light (45 s) after 5.75 min and white light (45 s) after 9
min. B) Irradiation reversibly controls the transport, starting with trans‐p‐MeO‐azo‐TBOA,
irradiated with UV light (45 s) after 2.5 min, white light (45 s) after 5.75 min and UV light (45
s) after 9 min. C) Transport rate of [14 C]aspartate as a function of % trans‐p‐MeO‐azo‐TBOA
at 50 μM. All experiments were done in duplicate.
Besides the “strong inhibitor trans” and “weak inhibitor cis” states, different cis–trans ratios
between the thermal cis–trans ratio and the ratio at PSS can be obtained by dosing the
duration and intensity of irradiation. To demonstrate this concept, several cis–trans ratios
of p‐MeO‐azo‐TBOA were acquired by tuning the duration of irradiation and for all
mixtures their effect on the transport rate was measured (Figure 3.6C), showing a linear
dependence of the transport rate on the percentage of cis isomer achieved by irradiation.

3.3

Conclusions

We present the design, synthesis and biological evaluation of inhibitors of the SLC1
transporter Glt Tk with photo‐controlled activity. Based on the known inhibitor TFB‐TBOA,
seven azo‐TBOAs were synthesized using a key stereoselective enzymatic step. Of the
seven azo‐TBOAs, those with alkyloxy substituents at the para‐position showed an
excellent ratio of isomers PSS and long half‐lives of the cis isomer. The largest difference
in inhibitory activity was observed for p‐MeO‐azo‐TBOA; the trans isomer is 3.6‐fold more
active compared to the cis isomer.
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Notably, p‐HexO‐azo‐TBOA shows an excellent ratio of isomers at PSS but no difference
in activity between cis and trans. This means that switching from trans to cis or from cis to
trans has no effect on the biological activity, despite the large structural change. In fact, p‐
MeO‐azo‐TBOA and p‐HexO‐azo‐TBOA have nearly identical photochemical properties.
Therefore, these compounds give insight into the relation between structure and binding
to Glt Tk, providing important structural guidance in the rational design of new photo‐
controlled glutamate transporter inhibitors.
We demonstrate the reversible and temporal control over glutamate transport using
photo‐controlled inhibitors and light. Besides switching “on” and “off,” also intermediat e
transport rates between those in the presence of full cis and full trans isomers can be
achieved by dosing the light, demonstrating the concept of photodosing Employing
glutamate transporter inhibitors with photo‐controlled activity can potentially provide a
better understanding of the role of glutamate transporters in healthy tissues and disease
pathology.
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3.5

Experimental contributions

M.W.H.H. designed the compounds, synthesized the alkylating agents, determined
photochemical properties, assisted with the biological evaluation and processed data of
the biological evaluation. H.F. synthesized of the chiral building block and one of the
alkylating agents, reacted the protected chiral building block with the alkylating agents
and purified the final compounds. R.H.H. purified the transporter and performed the
biological evaluation. G.T. performed ITC measurements. V.A. purified the transporter.

3.6

Experimental data

3.6.1

General remarks

All chemicals for synthesis were obtained from commercial sources and used as received unless
stated otherwise. Solvents were reagent grade. Thin-layer chromatography (TLC) was performed
using commercial Kieselgel 60, F254 silica gel plates, and components were visualized with KMnO 4
or phosphomolybdic acid reagent. Flash chromatography was performed on silica gel (Silicycle
Siliaflash P60, 230-400 mesh). Drying of solutions was performed with MgSO 4 and solvents were
removed with a rotary evaporator. Chemical shifts for 1 H NMR measurements were determined in
CDCl3 relative to the tetramethylsilane internal standard (TMS, δ = 0.00). Chemical shifts for 13 C NMR
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measurements were determined relative to the residual solvent peaks (CHCl 3 , δ = 77.0; DMSO-d6, δ
= 40.0). The following abbreviations are used to indicate signal multiplicity: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; br s, broad signal; app, apparent. High resolution mass spectra
(electrospray ionisation) spectra were obtained on a Thermo scientific LTQ Orbitrap XL. Melting
points were recorded using a Buchi melting point B-545 apparatus.

3.6.2

Synthesis

All azo-TBOAs were synthesized by alkylating the chiral building block with azobenzenes, which
were both synthesized separately. The complete synthetic route and characterization can be found
in the supporting information of the published article.

Figure 3.7: Synthesis of alkylating agents 4b,c
Ethyl (E)-3-((4-hydroxyphenyl)diaze nyl)be nzoate (6)
Ethyl 3-aminobenzoate 5 (3.0 mL, 2.7 g, 17 mmol) was dissolved in aq. 1 N HCl (50 mL) and NaNO 2
(1.60 g, 23 mmol) was added. The reaction mixture was stirred in an ice-bath for 10 min. MeOH (25
mL) was added to the reaction mixture and a solution of PhOH (1.93 g, 14.6 mmol) and KOH (2.14 g,
38.1 mmol) in MeOH (20 mL) was added dropwise. The reaction mixture was stirred at room
temperature for 1h. After completion, aq. 1 N HCl (50 mL) and EtOAc (50 mL) were added to the
reaction mixture and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic
layers were concentrated in vacuo, Et2O was added (100 mL) and the precipitated product was
filtered off and washed with pentane. The product was obtained as an orange solid (1.58 g, 5.8 mmol,
34% yield). Mp: 141-146 oC, 1 H NMR (400 MHz, CDCl 3 ) δ 1.44 (t, J = 7.1 Hz, 3H, CH3 ), 4.38 – 4.48 (m,
2H, CH2), 5.65 (s, 1H, ArOH), 6.98 (d, J = 6.9 Hz, 2H, ArH), 7.58 (t, J = 7.8 Hz, 1H, ArH), 7.91 (d, J = 6.9
Hz, 2H, ArH), 8.05 (d, J = 7.9 Hz, 1H, ArH), 8.12 (d, J = 7.7 Hz, 1H, ArH), 8.52 (s, 1H, ArH). 13 C NMR (101
MHz, CDCl3 ) δ 14.3, 61.4, 115.9, 123.9, 125.2, 126.4, 129.1, 131.1, 147.0, 152.7, 158.7, 166.4. HRMS
(ESI+) calc. for. [M+H+] (C15H15N2O3 ) 271.1077, found: 271.1074.

Ethyl (E)-3-((4-methoxyphenyl)diazenyl)benzoate (7b)
Compound 6 (0.70 g, 2.6 mmol) was dissolved in acetone (20 mL) and MeI (3.0 mL, 1.3 g, 9.3 mmol)
and K2CO3 (3.7 g, 26.8 mmol) were added. The reaction mixture was stirred at 40 oC overnight. After
completion, Et2O (50 mL) and water (50 mL) were added and the organic layer was separated, dried
with MgSO 4 and concentrated in vacuo. The product was purified by flash chromatography (Silicagel
40 – 63 nm, 0-10% EtOAc in pentane). The product was obtained as an orange solid (0.62 g, 2.2 mmol,
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85% yield). Mp: 40 - 42 oC, 1 H NMR (400 MHz, CDCl3 ) δ 1.42 (d, J = 14.3 Hz, 3H, CH3 ), 3.85 (s, 3H, OCH3 ),
4.42 (q, J = 7.1 Hz, 2H, CH2), 6.99 (d, J = 9.0 Hz, 2H, ArH), 7.54 (t, J = 7.8 Hz, 1H, ArH), 7.94 (d, J = 9.0
Hz, 2H, ArH), 8.11 (d, J = 7.9 Hz, 1H, ArH), 8.53 (s, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 14.4, 55.5,
61.2, 76.8, 77.1, 77.4, 114.2, 123.9, 125.0, 126.3, 129.0, 131.0, 131.6, 146.8, 152.7, 162.4, 166.1. HRMS
(ESI+) calc. for. [M+H+] (C16H16N2O3 ) 285.1234, found: 285.1232.

(E)-(3-((4-methoxyphenyl)diazenyl)phenyl)methanol (8b)
Compound 7b (0.50 g, 1.8 mmol) was dissolved in dry THF (5 mL) and the reaction mixture was cooled
in an ice-bath. LiAlH4 (1.8 mL of 1M solution in THF) was added and the reaction mixture was stirred
overnight at room temperature. After completion, MeOH (5 mL), EtOAc (50 mL), and sodium tartrate
(5 g in 100 mL H2O) were added and the resulting mixture was stirred for 1 h. The layers were
separated and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers
were washed with water and brine, dried with MgSO 4 and concentrated in vacuo. The product was
purified by flash chromatography (Silicagel 40 – 63 nm, pentane, 0 - 50% Et2O in pentane) and
precipitated with pentane. The product was obtained as an orange solid (0.27 g, 1.1 mmol, 61% yield).
Mp: 54 - 55 oC, 1 H NMR (400 MHz, CDCl 3 ) δ 3.86 (s, 3H, OCH3 ), 4.74 (s, 2H, CH2OH), 6.99 (d, J = 8.7 Hz,
2H, ArH), 7.37 – 7.50 (m, 2H, ArH), 7.75 – 7.86 (m, 2H, ArH), 7.90 (d, J = 8.6 Hz, 2H, ArH). 13 C NMR (101
MHz, CDCl3 ) δ 55.6, 64.9, 114.2, 120.3, 122.3, 124.8, 128.7, 129.2, 142.0, 146.9, 152.9, 162.1. HRMS
(ESI+) calc. for. [M+H+] (C14H15N2O2) 243.1128, found: 243.1125.

(E)-1-(3-(bromomethyl)phenyl)-2-(4-methoxyphe nyl)diazene (4b)
Compound 8b (0.23 g, 0.94 mmol) was dissolved in DCM (10 mL) and NBS (0.25 g, 1.4 mmol) and
triphenylphospine (0.34 g, 1.3 mmol) were added. The reaction mixture was stirred overnight at room
temperature. After completion, the reaction mixture was concentrated in vacuo. The product was
purified by flash chromatography (Silicagel 40 – 63 nm, pentane, 0 - 5% Et2O). The product was
obtained as an orange solid (0.20 g, 0.65 mmol, 69% yield). 1 H NMR (400 MHz, CDCl 3 ) δ 3.88 (s, 3H,
OCH3 ), 4.57 (s, 2H, CH2Br), 7.01 (d, J = 9.0 Hz, 2H, ArH), 7.47 (d, J = 6.0 Hz, 2H, ArH), 7.81 (dd, J = 6.2,
2.8 Hz, 1H, ArH), 7.87 – 7.96 (m, 3H, ArH). Mp: 56 - 60 oC. 13 C NMR (101 MHz, CDCl 3 ) δ 33.0, 55.6, 114.3,
122.6, 123.1, 124.9, 129.5, 130.8, 138.8, 146.9, 153.0, 162.3. HRMS (ESI+) calc. for. [M+H +]
(C14H14BrN2O2) 305.0282, found: 305.0283.

Ethyl (E)-3-((4-methoxyphenyl)diazenyl)benzoate (7c)
Compound 6 (0.70 g, 2.6 mmol) was dissolved in acetone (20 mL) and 1-bromohexane (3.0 mL, 1.3 g,
9.3 mmol) and K2CO3 (3.7 g, 26.8 mmol) were added. The reaction mixture was stirred at 40 oC
overnight. After completion, Et2O (50 mL) and water (50 mL) were added and the organic layer was
separated, dried with MgSO 4 and concentrated in vacuo. The product was purified by flash
chromatography (Silicagel 40 – 63 nm, pentane; 0-10% EtOAc in pentane). The product was obtained
as an orange solid (0.62 g, 2.2 mmol, 85% yield). Mp: 40 - 42 oC, 1 H NMR (400 MHz, CDCl 3 ) δ 1.42 (d,
J = 14.3 Hz, 3H, CH3 ), 3.85 (s, 3H, OCH3 ), 4.42 (q, J = 7.1 Hz, 2H, CH2), 6.99 (d, J = 9.0 Hz, 2H, ArH), 7.54
(t, J = 7.8 Hz, 1H, ArH), 7.94 (d, J = 9.0 Hz, 2H, ArH), 8.11 (d, J = 7.9 Hz, 1H, ArH), 8.53 (s, 1H, ArH). 13 C
NMR (101 MHz, CDCl 3 ) δ 14.4, 55.5, 61.2, 76.8, 77.1, 77.4, 114.2, 123.9, 125.0, 126.3, 129.0, 131.0, 131.6,
146.8, 152.7, 162.4, 166.1. HRMS (ESI+) calc. for. [M+H +] (C16H16N2O3 ) 285.1234, found: 285.1232.

(E)-(3-((4-hexyloxyphenyl)diaze nyl)phenyl)methanol (8c)
Compound 7c (0.61 g, 1.7 mmol) was dissolved in dry THF (5 mL) and the reaction mixture was cooled
in an ice-bath. LiAlH4 (1.8 mL of 1M solution in THF) was added and the reaction mixture was stirred
overnight at room temperature. After completion MeOH (5 mL), EtOAc (50 mL), sodium tartrate (5
g in 100 mL) were added to reaction mixture and stirred for 1 hour. The layers were separated and
the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed
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with water and brine, dried with MgSO 4 and concentrated in vacuo. The product was purified by flash
chromatography (Silicagel 40 – 63 nm, pentane, 0 - 50% Et2O in pentane) and precipitated with
pentane. The product was obtained as an orange solid (0.46 g, 1.5 mmol, 88% yield). Mp: 43 - 46 oC,
1 H NMR (400 MHz, CDCl 3 ) δ 0.88 – 0.97 (m, 3H, CH3 ), 1.28 – 1.41 (m, 4H, CH2, CH2), 1.41 – 1.53 (m, 2H,
CH2), 1.77 – 1.88 (m, 2H, CH2), 4.03 (t, J = 6.6 Hz, 2H, CH2), 4.77 (s, 2H, CH2OH), 6.99 (d, J = 9.0 Hz, 2H,
ArH), 7.41 – 7.52 (m, 2H, ArH), 7.80 (d, J = 7.7 Hz, 1H, ArH), 7.86 (s, 1H, ArH), 7.90 (d, J = 9.0 Hz, 2H,
ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 14.0, 22.6, 25.7, 29.1, 31.6, 65.0, 68.4, 114.7, 120.3, 122.3, 124.8,
128.6, 129.2, 141.9, 146.8, 153.0, 161.8. HRMS (ESI+) calc. for. [M+H +] (C19H25N2O2) 313.1911, found:
313.1908.

(E)-1-(3-(bromomethyl)phenyl)-2-(4-hexyloxypheny l)diazene (4c)
Compound 8c (0.36 g, 1.2 mmol) was dissolved in DCM (10 mL) and NBS (0.24 g, 1.4 mmol) and
triphenylphospine (0.39 g, 1.5 mmol) were added. The reaction mixture was stirred overnight at room
temperature. After completion, the reaction mixture was concentrated in vacuo. The product was
purified by flash chromatography (Silicagel 40 – 63 nm, pentane, 0-5% Et2O) two times. The product
was obtained as an orange solid (0.32 g, 0.86 mmol, 72% yield). Mp: 51 - 53 oC, 1 H NMR (400 MHz,
CDCl3 ) δ 0.92 (t, J = 6.8 Hz, 3H, CH3 ), 1.29 – 1.41 (m, 4H, CH2, CH2), 1.43 – 1.54 (m, 2H, CH2), 1.81 (p, J
= 6.7 Hz, 2H, CH2), 4.03 (t, J = 6.5 Hz, 2H, CH2), 4.56 (s, 2H, CH2Br), 7.00 (d, J = 8.8 Hz, 2H, ArH), 7.46
(d, J = 6.0 Hz, 2H, ArH), 7.80 (s, 1H, ArH), 7.91 (m, 3H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 14.1, 22.6,
25.7, 29.2, 31.6, 33.0, 68.4, 114.7, 122.6, 123.0, 124.9, 129.5, 130.7, 138.8, 146.7, 153.0, 161.9. HRMS
(ESI+) calc. for. [M+H+] (C19H24BrN2O2) 375.1067, found: 375.1067.

Figure 3.8: Synthesis of alkylating agents 4d-g
(E)-(3-(p-tolyldiazenyl)phe nyl)methanol (11d)
Para-toluidine 9d (1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water (100 mL) and Oxone (5.2
g, 19 mmol) was added. The reaction mixture was stirred at room temperature for 85 min. After
completion, DCM (20 mL) was added and the aqueous layer was extracted with DCM (3 x 20 mL). The
combined organic layers were washed with sat. aq. NaHCO 3 , aq. 1 N HCl and brine and concentrated
in vacuo. The crude product was flushed over a silica gel column (Silicagel 40 – 63 nm, pentane).
Without further purification, the crude product (0.18 g, 1.4 mmol) was dissolved in acetic acid (5 mL)
and (3-aminophenyl)methanol (0.3 g, 2.4 mmol) was added. The reaction mixture was stirred at 40 oC
overnight. After completion EtOAc (15 mL) and sat aq. NaHCO 3 (10 mL) were added and the reaction
mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and the aqueous layer
was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with sat. aq.
NaHCO3 , aq. 1 N HCl and brine, dried with MgSO 4 and concentrated in vacuo. The product was
purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 50% Et2O). The product was
obtained as an orange solid (0.17 g, 0.8 mmol, 51% yield over two steps). Mp: 66 - 68 oC, 1 H NMR (400
MHz, CDCl3 ) δ 2.40 (s, 4H, CH3 , OH), 4.71 (s, 2H, CH2OH), 7.28 (d, J = 8.1 Hz, 2H, ArH), 7.43 (m, 2H,
ArH), 7.67 – 7.94 (m, 4H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 21.5, 64.8, 120.5, 122.4, 122.9, 129.1,
129.2, 129.8, 141.7, 142.0, 150.7, 152.8. HRMS (ESI+) calc. for. [M+H+] (C14H15N2O) 227.1180, found:
227.1176.
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(E)-1-(3-(bromomethyl)phenyl)-2-(p-tolyl)diaze ne (4d)
Compound 11d (0.15 g, 0.66 mmol) was dissolved in DCM (10mL) and NBS (0.18 g, 1.0 mmol) and
triphenylphosphine (0.25 g, 0.95 mmol) were added. The reaction mixture was stirred at room
temperature overnight. After completion, the reaction mixture was concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 5% Et2O). The
product was obtained as an orange solid (0.12 g, 0.42 mmol, 63% yield). Mp: 68 - 69 oC, 1 H NMR (400
MHz, CDCl3 ) δ 2.42 (s, 3H, CH3 ), 4.55 (s, 2H, CH2Br), 7.30 (d, J = 8.2 Hz, 2H, ArH), 7.46 (d, J = 5.2 Hz,
2H, ArH), 7.83 (d, J = 8.2 Hz, 3H, ArH), 7.91 (s, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 21.6, 32.9, 122.8,
123.0, 123.2, 129.5, 129.8, 131.1, 138.8, 141.9, 150.7, 152.9. HRMS (ESI+) calc. for. [M+H +] (C14H14BrN2)
289.0335, found: 289.0335.

E)-(3-((4-(trifluoromethoxy)phenyl)diazeny l)phenyl)methanol (11e)
4-(trifluoromethoxy)aniline 9e (2.00 g, 11.3 mmol) was dissolved in DCM (20 mL) and water (100 mL)
and Oxone (8.0 g, 26 mmol) was added. The reaction mixture was stirred at room temperature for 1
h. After completion, DCM (20 mL) was added and the aqueous layer was extracted with DCM (3 x 20
mL). The combined organic layers were washed with sat. aq. NaHCO 3 , aq. 1 N HCl and brine and
concentrated in vacuo. The crude product was flushed over a silica gel column (Silicagel 40 – 63 nm,
pentane). Without further purification, the crude product (0.73 g, 2.5 mmol) was dissolved in acetic
acid (20 mL) and (3-aminophenyl)methanol (1.5 g, 5.1 mmol) was added. The reaction mixture was
stirred at 40oC overnight. After completion EtOAc (15 mL) and sat aq. NaHCO 3 (10 mL) were added
and the reaction mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and
the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed
with sat. aq. NaHCO 3 , aq. 1 N HCl and brine, dried with MgSO 4 and concentrated in vacuo. The
product was purified by flash chromatography t (Silicagel 40 – 63 nm, pentane; 0 – 30% Et2O). The
product was obtained as orange solid (0.73 g, 2.5 mmol, 22% yield). Mp: 47 - 48 oC, 1 H NMR (400 MHz,
CDCl3 ) δ 4.79 (s, 2H, CH2OH), 7.34 (d, J = 8.8 Hz, 2H, ArH), 7.50 (d, J = 6.8 Hz, 2H, ArH), 7.83 (d, J = 7.0
Hz, 1H, ArH), 7.90 (s, 1H, ArH), 7.95 (d, J = 8.7 Hz, 2H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 152.6, 150.9,
150.6, 142.1, 129.7, 129.3, 124.4, 122.7, 121.3, 120.7, 64.8. 19F NMR (376 MHz, CDCl 3 ) δ -57.7. HRMS
(ESI+) calc. for. [M+H+] (C14H12F3 N2O2) 297.0844, found: 297.0844.

(E)-1-(3-(bromomethyl)phenyl)-2-(4-(trifluoromethoxy)pheny l)diaze ne (4e)
Compound 11e (0.3 g, 1 mmol) was dissolved in DCM (10mL) and NBS (0.29 g, 1.6 mmol) and
triphenylphosphine (0.33 g, 1.3 mmol) were added. The reaction mixture was stirred at room
temperature overnight. After completion, the reaction mixture was concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 5% Et2O). The
product was obtained as an orange solid (0.31 g, 0.85 mmol, 83% yield). Mp: 64 - 67 oC, 1 H NMR (400
MHz, CDCl3 ) δ 4.58 (s, 2H, CH2Br), 7.36 (d, J = 8.2 Hz, 2H, ArH), 7.52 (d, J = 7.0 Hz, 2H, ArH), 7.86 (d, J
= 6.8 Hz, 1H, ArH), 7.92 – 8.01 (m, 3H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 32.7, 121.3, 123.0, 123.4,
124.4, 129.6, 131.7, 139.0, 150.6, 151.1, 152.6. 19F NMR (376 MHz, CDCl3 ) δ -57.7. HRMS (ESI+) calc.
for. [M+H+] (C14H11 BrF3 N2O+) Exact Mass: 359.0002, found: 359.0001.

(E)-(3-(m-tolyldiazenyl)phe nyl)methanol (11f)
Meta-toluidine 9f (1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water (100 mL) and Oxone (5.2
g, 19 mmol) was added. The reaction mixture was stirred at room temperature for 90 min. After
completion, DCM (20 mL) was added and the aqueous layer was extracted with DCM (3 x 20 mL). The
combined organic layers were washed with sat. aq. NaHCO 3 , aq. 1 N HCl and brine and concentrated
in vacuo. The crude product was flushed over a silica gel column (Silicagel 40 – 63 nm, pentane).
Without further purification, the crude product (0.18 g, 1.4 mmol) was dissolved in acetic acid (5 mL)
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and (3-aminophenyl)methanol (0.30 g, 2.4 mmol) was added. The reaction mixture was stirred at
40oC overnight. After completion EtOAc (15 mL) and sat aq. NaHCO 3 (10 mL) were added and the
reaction mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and the
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with
sat. aq. NaHCO 3 , aq. 1 N HCl and brine, dried with MgSO 4 and concentrated in vacuo. The product
was purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 50% Et2O). The product was
obtained as orange oil (0.17 g, 0.8 mmol, 51% yield over two steps). 1 H NMR (400 MHz, CDCl 3 ) δ 2.41
(s, 3H, CH3 ), 2.77 (s, 1H, OH), 4.69 (s, 2H, CH2OH), 7.25 (d, J = 7.8 Hz, 1H, ArH), 7.33 – 7.46 (m, 3H,
ArH), 7.69 (d, J = 6.4 Hz, 2H, ArH), 7.79 (d, J = 7.5 Hz, 1H, ArH), 7.83 (s, 1H, ArH). 13 C NMR (101 MHz,
CDCl3 ) δ 21.4, 64.7, 120.5, 120.6, 122.5, 123.0, 128.9, 129.2, 129.3, 131.9, 139.0, 142.1, 152.7, 152.8.
HRMS (ESI+) calc. for. [M+H+] (C14H15N2O) 227.1180, found: 227.1179.

(E)-1-(3-(bromomethyl)phenyl)-2-(m-tolyl)diaze ne (4f)
Compound 11f (0.15 g, 0.66 mmol) was dissolved in DCM (10mL) and NBS (0.18 g, 1.0 mmol) and
triphenylphosphine (0.25 g, 0.95 mmol) were added. The reaction mixture was stirred at room
temperature overnight. After completion, the reaction mixture was concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 5% Et2O). The
product was obtained as an orange oil (0.12 g, 0.42 mmol, 63% yield) 1 H NMR (400 MHz, CDCl3 ) δ
2.49 (s, 3H, CH3 ), 4.59 (s, 2H, CH2Br), 7.33 (d, J = 7.7 Hz, 1H, ArH), 7.45 (t, J = 8.0 Hz, 1H, ArH), 7.52 (m,
2H, ArH), 7.80 (m, 2H, ArH), 7.91 (m, 1H, ArH), 7.99 (s, 1H, ArH) 13 C NMR (101 MHz, CDCl 3 ) δ 21.5,
32.9, 120.7, 122.9, 123.3, 129.0, 129.6, 131.4, 132.1, 139.0, 152.6, 152.9. HRMS (ESI+) calc. for. [M+H +]
(C14H15BrN2) 289.0335, found: 289.0335.

(E)-(3-(o-tolyldiazenyl)phe nyl)methanol (11g)
Ortho-toluidine 9g (1.0 ml, 1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water (100 mL) and
Oxone (5.2 g, 19 mmol) was added. The reaction mixture was stirred at room temperature for 20 min.
After completion, DCM (20 mL) was added and the aqueous layer was extracted with DCM (3 x 20
mL). The combined organic layers were washed with sat. aq. NaHCO3 , aq. 1 N HCl and brine and
concentrated in vacuo. The crude product was flushed over a silica gel column (Silicagel 40 – 63 nm,
pentane). Without further purification, the crude product (0.20 g, 1.7 mmol) was dissolved in acetic
acid (5 mL) and (3-aminophenyl)methanol (0.3 g, 2.4 mmol) was added. The reaction mixture was
stirred at 40oC overnight. After completion EtOAc (15 mL) and sat aq. NaHCO 3 (10 mL) were added
and the reaction mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and
the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed
with sat. aq. NaHCO 3 , aq. 1 N HCl and brine, dried with MgSO 4 and concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane, pentane; 0 – 50% Et2O).
The product was obtained as orange oil (0.17 g, 0.8 mmol, 6% yield over two steps). 1 H NMR (400
MHz, CDCl3 ) δ 2.70 (s, 3H, CH3 ), 4.72 (s, 2H, CH2Br), 7.24 (t, J = 7.0 Hz, 1H, ArH), 7.33 (m, 2H, ArH), 7.38
– 7.48 (m, 2H, ArH), 7.60 (d, J = 8.0 Hz, 1H, ArH), 7.81 (d, J = 7.5 Hz, 1H), 7.86 (s, 1H). 13 C NMR (101
MHz, CDCl3 ) δ 17.6, 64.8, 115.5, 121.1, 122.3, 129.2, 129.2, 131.0, 131.3, 138.1, 142.0, 150.7, 153.1.
HRMS (ESI+) calc. for. [M+H+] (C14H15N2O): 227.1180, found: 227.1176.

(E)-1-(3-(bromomethyl)phenyl)-2-(o-tolyl)diaze ne (4g)
Compound 11g (0.15 g, 0.66 mmol) was dissolved in DCM (10mL) and NBS (0.16 g, 0.9 mmol) and
triphenylphosphine (0.24 g, 0.92 mmol) were added. The reaction mixture was stirred at room
temperature overnight. After completion, the reaction mixture was concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane; 0 – 5% Et2O). The
product was obtained as an orange solid (0.11 g, 0.38 mmol, 57% yield). Mp: 46 - 48 oC, 1 H NMR (400
MHz, CDCl3 ) δ 2.73 (s, 3H, CH3 ), 4.59 (s, 2H, CH2Br), 7.28 (d, J = 8.1 Hz, 1H, ArH), 7.32 – 7.40 (m, 2H,
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ArH), 7.50 (m, 2H, ArH), 7.63 (d, J = 8.3 Hz, 1H), ArH, 7.82 – 7.89 (m, 1H, ArH), 7.93 (s, 1H). 13 C NMR
(101 MHz, CDCl 3 ) δ 17.5, 32.9, 115.4, 123.1, 123.3, 126.4, 129.5, 131.2, 131.3, 138.3, 138.8, 150.6, 153.2.
HRMS (ESI+) calc. for. [M+H+] (C14H14BrN2) 289.0335, found: 289.0335.

3.6.3

Analysis of the photochemical properties

Full analysis of the photochemical properties of aza-TBOAs can be found in the supporting
information of the published article. Here the example for compound p-MeO-azo-TBOA is
presented.
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Figure 3.9: UV/VIS spectra of p-MeO-azo-TBOA 20 µM in DMSO, thermally adapted, irradiated with λ
= 365 nm light for 40s and white light for 20s.
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Figure 3.10: UV/VIS spectra of p-MeO-azo-TBOA 20 µM in 50µM KPi pH = 7.4, 1% DMSO, thermally
adapted, irradiated with λ=365 nm light for 40s and white light for 20s.
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Figure 3.11: UV/VIS absorbance of p-MeO-azo-TBOA at λ = 354 nm, ~0.1 mM in DMSO in quadruplo,
measured for thermal cis-trans isomerization at 37oC.
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Figure 3.12: UV/VIS absorbance of p-MeO-azo-TBOA at λ = 353 nm, 20 µM in DMSO, irradiated with
365 nm light and white light.
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Figure 3.13: 1 H NMR spectrum of p-MeO-azo-TBOA 1 mg in 500 µl DMSO-d6, cis-trans ratio’s calculated
from the 1 H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, cis-trans ratio 1:99. Bottom:
irradiated with λ = 365 nm light, cis-trans ratio 96:4.

3.6.4

Uptake assay

The proteoliposomes were thawed, extruded with a 400 nm filter, spin down for 20 minutes at 80000
cpm and subsequently resuspended in 50 mM KPi pH 7.0 at a concentration of 16.7 µg protein per 120
µL buffer. 1800 µL of 50 mM NaP i pH 7.0, 1µM 14C Aspartic acid and 3 µM Valinomycin was stirred in
a tube at 30 oC and to that the transport assay was started by the addition of 10 µL proteoliposomes
(1.39 µg protein) and either pure DMSO or a DMSO solution of inhibitor. From this mixture, at several
time points 100 µL was taken and the transport was stopped by adding 2 mL cold 100mM LiCl and
subsequently filtering over a Protran BA 85-Whatman filter. The filter was washed by 2 mL cold 100
mM LiCl and transported to a cup. (Optionally the assay was irradiated with 365 nm UV light for 45s
to switch compounds p-MeO-azo-TBOA at a concentration of 50mM from trans to cis or irradiated
with white light using a Thor Labs OSL1 - EC Fiber Illuminator to switch compound p-MeO-azo-TBOA
at a concentration of 50mM from cis to trans). To the cup, 2 mL of scintillation liquid was added and
the activity of the cup was measured with a PerkinElmer Tri-Carb 2800RT liquid scintillation counter.
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Figure 3.14: 14C aspartate uptake assay, with 1% DMSO control, 10µM non-irradiated p-MeO-azoTBOA and 10µM irradiated p-MeO-azo-TBOA.
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Figure 3.15: 14C aspartate uptake assay, with an 1% DMSO control and increasing concentrations of pMeO-azo-TBOA trans.
20000

1 nM
10 nM

CPM

15000

100 nM
1 µM

10000

10 µM
100 µM

5000

DMSO

0
0

1

2

3

4

5

t im e ( m in )

Figure 3.16: 14C aspartate uptake assay, with an 1% DMSO control and increasing concentrations of pMeO-azo-TBOA cis.
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Figure 3.17: 14C aspartate uptake assay, with an 1% DMSO control and several concentrations of pMeO-azo-TBOA in different trans-cis ratios. A 0.5 mM stock solution was irradiated and samples were
removed at several timepoints. From the 0.5 mM solution, 20μL was diluted 5 times in DMSO to a total
volume of 100 μL and OD340 was recorded in a transparent 96 well plate. The 0.5 mM solution was
diluted 50 times with buffer to a final concentration of 10 μM at which the uptake was measured.
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Figure 3.18: 14C aspartate uptake assay, with an 1% DMSO control, continuously irradiated with UV
light for 6 minutes and continuously irradiated with white light for 6 minutes.
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Figure 3.19: 14C aspartate uptake assay of p-MeO-azo-TBOA. A 0.5 mM DMSO solution of p-MeO-azoTBOA was irradiated with UV (120 s), white light (180 s), UV light (120 s) and white light (180 s) and after
every irradiation step a samples was taken and diluted 50 times in the uptake assay to a concentration
of 10 µM.
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Figure 3.20: 14C aspartate uptake assay, with an 1% DMSO control and a p-MeO-azo-TBOA trans 50
μM control. Irradiation reversibly controls the transport, starting with p-MeO-azo-TBOA in trans,
Irradiated for 45 s with UV light after 2.5 minutes, 45 s white light after 5.75 minutes and 45 s UV light
after 9 minutes.
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Figure 3.21: 14C aspartate uptake assay, with an 1% DMSO control and a p-MeO-azo-TBOA cis 50 μM
control. Irradiation reversibly controls the transport, starting with p-MeO-azo-TBOA in cis, Irradiated for
45 s with white light after 2.5 minutes, 45 s UV light after 5.75 minutes and 45 s white light after 9
minutes.
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Abstract:
Metastatic melanoma is amongst the most difficult types of cancer to treat, with current
therapies mainly relying on the inhibition of the BRAF V600E mutant kinase. However, systemic
inhibition of BRAF by small molecule drugs in cancer patients results – paradoxically – in
increased wild-type BRAF activity in healthy tissue, causing side-effects and even the
formation of new tumors. Here we show the development of BRAFV600E kinase inhibitors of
which the activity can be switched on and off reversibly with light, offering the possibility to
overcome problems of systemic drug activity by selectively activating the drug at the desired
site of action. Based on a known inhibitor, eight photoswitchable effectors containing an
azobenzene photoswitch were designed, synthesized and evaluated. The most promising
inhibitor showed an approximately 10-fold increase in activity upon light-activation. This
research offers inspiration for the development of therapies for metastatic melanoma in which
tumor tissue is treated with an active BRAFV600E inhibitor with high spatial and temporal
resolution, thus limiting the damage to other tissues.

4.1

Introduction

Skin cancer is one the most frequently occurring types of cancer1. Of all skin cancers,
melanoma has been reported to be the most deadly and challenging to treat 2 .
Approximately 40–50% of melanomas harbor a mutation in the BRAF kinase3, which is a
cytosolic serine/threonine kinase belonging to the family of Rapidly Accelerated
Fibrosarcoma (RAF) kinases. RAF kinases are part of the RAS/RAF/MEK/ERK signal
transduction pathway which is involved in regulation of cell proliferation 4. Increased
activity of this pathway is often involved in the formation of cancer (Figure. 4.1). Due to
the high frequency of the mutations and its role in the formation of cancer, the BRAF kinase
became of clinical interest 3.

Figure 4.1: Conceptual description of the comparison between the disease (left), the systemic
Vemurafenib treatment of Melanoma (middle) and the photopharmacological approach
(right). Left: The BRAFV600E mutation drives the cell proliferation, resulting in cancer. Middle:
For the treatment of Melanoma, Vemurafenib is active in both healthy and cancerous tissue,
where in healthy tissue it can paradoxically increase the activity of the downstream pathway
resulting in increased proliferation and potentially in the formation of new tumors. In
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melanoma, Vemurafenib induces cell death. Right: The photopharmacological approach aims
to use an inactive inhibitor in healthy tissue that does not affect proliferation, while in
melanoma the BRAFV600E inhibitor can be locally switched on with light, inducing cell death.
The activity of BRAF in cells is tightly regulated to prevent too extreme proliferation.
Current hypothesis is that BRAF can be activated by dimerization and subsequent binding
to RAS. While in the homo-dimeric state, it can also inactivate its binding partner through
phosphorylation5,6. A single point mutation is believed to abolish the requirement of
dimerization and binding to RAS for activation, resulting in elevated BRAF kinase activity
in its monomeric form 7. The most common BRAF mutation is V600E, which results in an
about 500 times increased activity of the BRAF kinase compared to the wild-type8 . Since a
single mutation of the BRAF kinase drives the formation of a melanoma, BRAF V600E has
become a therapeutic target. Currently two FDA-approved BRAF V600E-selective ATPcompetitive inhibitors are of use in the clinical practice. Vemurafenib (whose name is
derived from V600E mutated BRAF inhibitor) has selectivity for BRAF V600E over wtBRAF and
is clinically used for the treatment of metastatic melanoma9, alongside the second FDA
approved BRAF V600E inhibitor, Dabrafenib (Figure. 4.2)10.
Unfortunately, BRAF V600E inhibitors Vemurafenib and Dabrafenib, used systemically, have
several disadvantages. BRAF V600E inhibitors can increase the activity of the wild-type BRAF
kinase in healthy cells, an effect known as “BRAF paradox” (See Figure. 4.1). This
paradoxical activation is hypothesized to be caused by sub-saturated state of BRAF as a
homo-dimer, in which the auto-inactivation mechanism is partially inhibited, resulting in a
net increase of BRAF activity10-12 . In healthy cells, increased activity of the
RAS/RAF/MEK/ERK pathway promotes proliferation and development of new cancers, a
fact that has been observed in some melanoma patients treated with BRAF V600E
inhibitors10,13. The side effects observed with these kinase inhibitors illustrate that systemic
exposure to chemotherapeutic agents can tremendously increase the disease burden. This
highlights the importance of developing new concepts for spatial and temporal control
over the exposure to, or activity of, chemotherapeutic agents.
The disadvantages of systemically used chemotherapeutic agents inspire, amongst others,
the development of innovative solutions for local drug activation/inactivation by external
control. Such approaches have the potential to improve the exposure of diseased tissue
and to reduce the exposure of healthy tissue to active chemotherapeutic agents, whereas
the disease tissue can be treated with higher doses. The emerging field of
photopharmacology 14-17 offers a technology that enables local activation of
chemotherapeutic agents by using light to control drug activity (see Figure. 4.1).
Irreversible control can be acquired by the introduction of a photocleavable protecting
group, which will result in a pro-drug that can be light-activated18 . This has been
successfully achieved for many chemotherapeutic agents 19, including BRAF V600E inhibitor
Vemurafenib20 . Reversible photocontrol over drug activity is being achieved through the
introduction of a photoswitchable functional group, such as the frequently used
azobenzene, into the structure of bio-active compounds. Azobenzene (See Figure. 4.2,
highlighted in blue) is stable in the trans isomer and, upon irradiation with UV light, can be
switched to the cis isomer21. This process can be reversed thermally or via irradiation with
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visible light. The two photoisomers of azobenzene differ in structure, polarity and
solubility22 and these differences can be employed to design molecules with
photoswitchable biological activity. Since isomerization from trans to cis can only be
achieved photochemically, while re-isomerization from cis to trans occurs both
photochemically and thermally, the fraction of cis isomer is more easily regulated.
Therefore, it is preferred to carefully design molecules in which the cis isomer is more active
than the trans isomer15.

Figure 4.2. Top: structure of Vemurafenib, Dabrafenib and a common motif found in many
BRAFV600E inhibitors. Bottom: Compound 1 has been reported as an improved Vemurafenib
analog. Inspired by compound 1, eight photoswitchable BRAFV600E inhibitors 2a-h were
designed. Upon irradiation with light of wavelength λ1, trans-2a-h can be switched to cis-2ah. This isomerization can be reversed by irradiation with light of wavelength λ2 or in a thermal
relaxation process.
The photopharmacology approach has been successfully applied for molecules inspired by
anti-cancer drugs such as Vorinostat 23, Bortezomib24,25 and Combretastatin A4 26-29. Also
for kinases, several photocontrolled inhibitors have been reported. For example, the group
of Grøtli acquired control over the activity of the RET kinase30 , the group of Branda over
the activity of Protein Kinase C 31 and the group of Peifer of the activity of vascular
endothelial growth factor receptor 2 (VEGFR2)32 . This sets the stage to apply this concept
to develop molecules that enable reversible, spatial and temporal control over the activity
of BRAF V600E using light. Yet, the development of kinase inhibitors with photocontrolled
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activity has been shown to be challenging 33. This is supported by a review of Hüll et al.,
which reports 123 photoswitchable bioactive compounds 17, with only three of them
targeting a kinase30-32 , even though kinase inhibitors are of high clinical interest. More
recently, the groups of Peifer and Herges reported photo-switchable kinase inhibitors for
the p38α MAPK and CK1β kinases. For these photo-switchable kinase inhibitors, small
differences in activity between photo-isomers was observed, probably due to
conformational adaptation of the kinase to either one of the photo-isomers of the ligand
and/or irreversible reduction of diazo as the key causes for small differences in activity
between photo-isomers34.
Here we describe the design, synthesis and evaluation of BRAF V600E inhibitors with
photocontrolled activity, whose structure was inspired by an analog of Vemurafenib. In
total, eight BRAF V600E inhibitors were synthesized and their photochemical properties were
determined. Subsequently, the activities of both their respective trans and cis isomers were
determined in a cell-free BRAF V600E Western-blot-based activity assay, followed by cell
cytotoxicity studies and kinome off-target screening for the most promising inhibitor.

4.2

Results and discussion

4.2.1

Design and synthesis

Numerous inhibitors for the BRAF V600E kinase, including the FDA-approved drugs
Vemurafenib and Dabrafenib, harbor a common motif (Figure. 4.2, red), which consists of
a benzene ring with a sulfonamide and a fluorine substituents. Group X on the sulfonamide
is generally a propyl or aryl group, while the Y group is usually hydrogen or fluorine and the
Z group consists of heterocycles, coupled either directly (such as in Dabrafenib) or by a
carbonyl linker (such as in Vemurafenib) on an amide35-40 . As demonstrated by co-crystal
structures of BRAF V600E bound to its inhibitors36-39, the common motif and the Z group are
flat or under a small angle in the ATP binding pocket, where the heterocycles of the Z group
form hydrogen bonds with Cys532. In contrast to the rest of the inhibitor, which is planar,
the sulfonamide is bent, resulting in an approximate 90° angle between the common motif
and the X group. This X group binds in a small pocket, stabilized by interactions between
the sulfonamide and Gly596, Phe595 and Asp594.
A straightforward choice for the design of a photoswitchable BRAF V600E inhibitor would be
the replacement of the sulfonamide of Dabrafenib by a diazo group, introducing a
photoswitchable azobenzene, along the principles of azologization 41. However,
Dabrafenib itself is already photochemically unstable. Upon UV light irradiation, a sideproduct is irreversibly formed, which is biologically less active42 . This process might
compete with photoisomerization, which makes Dabrafenib unsuitable as a starting point
for a photoswitchable inhibitor. Our design of a photoswitchable BRAF V600E inhibitor was
instead based on compound 1 (Figure 4.2), which was found upon optimization of
Vemurafenib43. We selected compound 1 as a starting point to design photoswitchable
analogs. This compound contains three aromatic moieties coupled by either an amide or a
sulfonamide linker. Both linkers provides a site for replacement by a diazo group to
generate inhibitors with an azobenzene photoswitch. Yet, when comparing into the
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binding mode of inhibitors in co-crystals with the BRAF V600E mutant, it became apparent to
us that the two aromatic rings coupled by the amide are in one plane or deviate only slightly
from this plane. Replacement of this amide by a trans isomer of the azobenzene
functionality would provide inhibitors that retain the orientation of these rings. In crystal
structures, the two aromatic rings coupled by the sulfonamide adopt a bent conformation.
Therefore we anticipate that replacement of the sulfonamide by the cis isomer of the
azobenzene functionality would retain the bio-active conformation. Since the concept of
photo-activation requires activity of the cis isomer and inactivity of the trans isomer (vide
supra), we chose to replace the sulfonamide functionality of 1 by a diazo group. We note,
however, that the sulfonamide is involved in binding to the BRAF V600E kinase and we,
therefore, anticipate a decrease of activity.
For bio-active compounds with photo-controlled activity, every chemical modification to
the structure potentially changes both the biological and photochemical properties such
as the position of the absorption band, the rate of thermal relaxation of the cis isomer back
to the trans isomer and the highest ratio between trans and cis that can be achieved upon
irradiation at photo-stationary state (PSS). Optimizing photo-controlled inhibitors with
respect to all the parameters proved to be challenging, because a maximal difference in
biological activity between both photo-isomers had to be achieved, while retaining optimal
trans-cis ratios at PSS and half-life of the cis isomer. First, compound 2a was designed to
determine the effect of replacing the sulfonamide group with a diazo linker. While the
percentages of the cis isomer at PSS of unsubstituted azobenzenes are usually relatively
low, installing a p-MeO group enable improvement to more than 95% of the cis isomer
upon isomerization 44. This idea inspired the design of compound 2b with a p-MeO on the
azobenzene photoswitch. The MeO group was moved to the ortho position in compound
2h, with the idea that this can also improve the ratio of isomers at PSS. Compound 2c was
designed to determine the effect of both the fluorine atoms at the R 1 and R2 position.
Compounds 2d and 2f were inspired by the SAR described by Wenglowsky et al.43, where
fluorine at R 3 increase the activity of the inhibitor, while at R 4 it showed opposite effects.
To increase the steric bulk, compound 2e and 2g were designed with a methyl substituent
at either the ortho or para position.

Scheme 4.1: Synthesis of BRAFV600E inhibitors with photocontrolled activity.
Photoswitchable BRAF V600E inhibitors 2a-h were synthesized (Scheme 4.1) by condensing
anilines 3 and nitrosobenzenes 4a-h under standard Mills reaction. Subsequently, the
methyl ester of 5a-h was hydrolyzed using LiOH and the resulting acid was coupled to a
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previously reported35 3-methoxy-1H-pyrazolo[3,4-b]pyridine-5-amine, giving the final
compounds 2a-h. Thus we generated eight photoswitchable BRAF V600E inhibitors.
4.2.2

Photochemical properties of compounds 2a-h

Next, the photochemical properties of these eight photoswitchable BRAF V600E inhibitors
were determined and the results are shown in Table 4.1. Compounds 2b and 2c containing
a p-MeO substituent have absorption maxima in DMSO at λ = 357 nm and 352 nm,
respectively. All other inhibitors have absorption maxima at λs ranging from 332 to
340 nm. When recording absorption spectra in the more biologically relevant BRAF assay
buffer, the absorption bands show small hypsochromic shifts, yet all retain their maxima
between 328 and 345 nm.
Table 4.1: Photochemical properties.

t1/2 cis #

% cis at
PSS #

λmax,trans

332 nm

> 10 h

55%

328 nm

5.4 h

2b

357 nm

> 10 h

92%

341 nm

> 24 h *

2c

352 nm

> 10 h

94%

345 nm

> 10 h

2d

336 nm

> 20 h

71%

331 nm

>5h*

2e

340 nm

> 20 h

84%

338 nm

> 24 h *

2f

335 nm

> 20 h

62%

338 nm

> 24 h *

2g

335 nm

> 70 h

77%

334 nm

> 24 h *

2h

334 nm

> 24 h

88%

327 nm

> 24 h *

compound

λmax,trans

2a

# in

#

DMSO, room temperature.

@ BRAF

@

t1/2 cis @

assay buffer, room temperature. * 50% ACN

Using NMR spectroscopy, the distribution of isomers at the photo-stationairy state (PSS)
upon irradiation with 365 nm light was determined, to quantify the efficiency of
photochemical trans-cis isomerization. Unsubstituted compound 2a can only reach 55% cis
at PSS. Methoxy substituents at the R 3 and R4 positions of 2b, 2c and 2h resulted in nearquantitative switching. Methyl and fluorine substituents (compound 2d-g) result in
between 61 and 84% cis at PSS.
To determine the rate of thermal cis-trans relaxation, the half-lives of the cis isomers were
determined in both DMSO and the BRAF assay buffer at room temperature. In DMSO, for
all compounds relatively long half-lives were observed. The half-life of the cis isomer of
compounds 2a and 2c was determined in BRAF assay buffer to be shorter than in DMSO,
yet the half-lives are still in the hour range. Of all other compounds, the half-lifes of the
respective cis isomers were determined in a 1:1 mixture of BRAF assay buffer and
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acetonitrile, for solubility reasons. In this mixture, long half-lives of over a day were
observed at room temperature. From the measured half-lives we concluded that the
extend of thermal relaxation from cis to trans during the 1 h reaction time used in the
Western blot BRAF V600E activity assay (vide infra) is very limited.
4.2.3

Biological evaluation

The activity of the BRAF V600E inhibitors was determined using an assay45 with purified
recombinant BRAF V600E with inactive MEK-1 as a substrate, and the enzymatic activity was
determined by quantifying the phosphorylated-MEK-1 product using Western Blot. Prior
to the assay, the inhibitor was either heated for 30 min at 60 °C to fully thermally adapt
to the trans isomer or irradiated with 365 nm light for 45 min to reach PSS (see Table 4.1).
First, the IC 50 values of the reference compounds Vemurafenib and compound 1 were
determined to be 9.6 ± 3.3 nM and 22 ± 10 nM, respectively (Figure 4.3A). Compound
2a, with H as substituents at R3 and R4, showed an IC 50 in the dark of 1.68 ± 0.62 μM ,
which decreased to 156 ± 47 nM upon light-induced switching to the cis isomer, resulting
in an approximately 10-fold increase in activity upon irradiation, as shown in Figure 4.3B.
Furthermore, the reversibility of this activation was determined, as demonstrated in Figure
4.3C: going through a cycle of switching to cis with UV light and thermal re-isomerization,
the original activity was recovered, indicating that the irradiation leads to reversible
isomerization of the azobenzene moiety and does not result in an irreversible
photodegradation. We have observed that, as compared to 1, compound 2a lost some of
the potency, likely due to the loss of the beneficial interactions of the sulfonamide within
the active site. Unfortunately, the photochemical properties of compound 2a are
suboptimal, with only 55% of the active cis isomer at PSS.

Figure 4.3. BRAFV600E activity assay. A: IC50 values as determined using the BRAFV600E assay.
B: Top: dose-response curve of 2a in trans and cis. Bottom: Western Blot detection of p-MEK1.
C: Kinase activity after sequential switching, by irradiation from trans to cis, thermal
relaxation to trans and irradiation from trans to cis, at 1 μM of 2a (N = 2, ± S.D.).
Compared to compound 2a, installing a para-alkyloxy substituent on azobenzenes usually
results in near quantitative isomerization from trans to cis, as was also observed for
compounds 2b and 2c, bearing a MeO substituent at the R 4 position. Even though 2b and
2c show improved photo-isomerization compared to 2a, no statistically significant
difference in kinase inhibitory activity between the dark and irradiated state was observed
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for either compound. The difference between 2b and 2c is the presence of two fluorine
substituents at the R 1 and R 2 position of compound 2b. However, having the two fluorines
replaced by hydrogen in compound 2c did not affect the biological activity.
Additional fluorine substituents were placed at the R 3 position in compound 2d and at the
R4 position of compound 2f. Both for compound 2d and 2f no statistically significant
difference in activity between the dark and irradiated state was observed and the fluorine
substituents resulted in less active inhibitors. In contrast to placing a small fluorine
substituent at the R 4 position – surprisingly – a methyl substituent on this position of
compound 2e resulted in improved activity. Even though no difference in activity between
the dark and irradiated state of 2e was observed, the inhibitor has an IC 50 value comparable
to reference compound 1 and Vemurafenib. Furthermore, the influence of ortho
substituents was further determined with compound 2g with a methyl at the R 3 position
and compound 2 h with a methoxy substituent at the R 3 position, again showing no
statistically significant difference between the dark and irradiated state a further loss of
potency.
In the enzymatic assay, the activity of compound 2a increased approximately 10-fold upon
irradiation. To determine if the observed difference in activity from the enzyme assay could
be translated to a difference in cytotoxicity, cell viability experiments were performed in
A375 cells, a melanoma cell line - harboring the BRAF V600E mutation – which is commonly
used to study the cytotoxicity of BRAF V600E inhibitors12,38,40,46. However, upon incubation
for 24 h (see Figure 4.4A), no cytotoxicity was observed for both 2a in the dark and
irradiated state, where both reference compounds resulted in lower cell viability. The
inhibition of BRAF V600E by compound 2a in the enzymatic inhibition assay could not be
translated to cytotoxicity in A375 cells, possibly due to off-target activity for other kinases
or escape routes to the RAS/RAF/MEK/ERK proliferation pathway.
In the development of kinase inhibitors, it has proven to be very challenging to develop
inhibitors with high selectivity towards other kinases47. This implies that azologization of a
selective kinase inhibitor can potentially result in a loss of selectivity among kinase
isoenzymes. To acquire a deeper understanding of other effects of the photoswitchable
BRAF V600E kinase inhibitor 2a, the kinome inhibition profile was investigated using
Pamgene STK Chips, which is a well-established method for target evaluation 48,49. Cell
lysates from SK-Mel-28 cell were treated with DMSO as a control, compound 1 on which
the photoswitchable inhibitors were based and compound 2a (both dark and irradiated)
(See Figure 4.4B). Compared to the DMSO control, compound 1 resulted in a decrease in
kinase activity in the cell lysates. Interestingly, treatment with compound 2a (dark)
resulted in a general increase in phosphorylation activity (See Figure 4.4C). In line with the
expectation, treatment of 2a (irradiated) showed a decrease in phosphorylation activity
compared to the 2a (dark), which corresponds to increased kinase inhibition upon
irradiation. However, compared to the DMSO control, the general phosphorylation level
upon 2a (irradiated) treatment is still elevated. This could be explained by the presence of
2a trans in the irradiated state, where irradiation with λ = 365 nm light results in only 55%
of the more active cis isomer. Yet, the unexpected increased phosphorylation level in
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lysates SK-MEL28 observed for compound 2a in both the dark and irradiated state fit with
the lack of cytotoxicity of compound 2a in A375 cells.

Figure 4.4. A: Cell viability MTS assay of A375 cells after 24 h incubation with 10mM
Vemurafenib, compound 1, compound 2a thermally adapted and irradiated, all compared to
DMSO. B-C: Kinome profiling using cell lysates from SK-Mel-28 cells. The lysates were treated
with a DMSO control, reference compound 1, compound 2a dark and compound 2a irradiated
with 365 nm light (in vitro inhibition). B: Heatmap showing log2-transformed signal intensities
of the phosphorylated peptides included on the STK arrays. The signals were sorted from high
(red) to low (blue) intensity. C: Box plots summarizing the overall peptide phosphorylation
levels depicted in C.
As an important prerequisite for any future in vivo applications, we have further tested the
plasma stability of compound 2a. First, photo-isomerization of compound 2a in bovine
plasma was studied. Irradiation with 365 nm results in a decrease of the absorption band
of 2a trans, however, surprisingly, irradiation with white light does not result in photoisomerization back to the trans isomer. The same photochemical behavior is observed after
incubation of 1 h at 37 °C prior to photo-isomerization, which suggests at least partial
preservation of the azobenzene fragment. When compound 2a was pre-irradiated with
365 nm light in DMSO, added to plasma and incubated at 37 °C for 1 h, reversible photoisomerization was observed. Finally, compound 2a was incubated for 20 h in bovine
plasma at 37 °C, after which by LCMS masses of both isomers of the fully intact molecules
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were detected. An additional peak corresponding to an unknown product was observed, of
which the mass doesn't match with products of azobenzene reduction. Altogether, this
further supports that 20 h of plasma incubation does not fully degrade photoswitchable
BRAF V600E inhibitor 2a.

Figure 4.5. Binding site of BRAFV600E co-crystallized with compound 1 (PDB ID: 3SKC, protein
in grey and ligand in cyan), superimposed on the docking poses of (A) compound 2a trans
(green) and (B) compound 2a cis (orange). Hydrogen bonds are depicted as yellow dashed
lines.
Finally, to rationalize the 10-fold difference in BRAF inhibitory potency between the two
isomers of inhibitor 2a, both photo-isomers were docked into the crystal structure of
BRAF V600E. As shown in Figure 4.5A, compound cis-2a shows a nearly perfect overlap with
reference compound 1. However, due to the replacing the sulfonamide for a diazo bridge,
the interactions with the Asp594, Phe595 and Gly596 backbone are no longer present ,
which could explain the drop in potency of compound 2a compared to compound 1. Still,
cis-2a and 1 are spectacularly close in conformation, demonstrating that cis-azobenzenes
are suitable for mimicking diarylsulfonamide moieties in drugs. Also trans-2a was docked
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into the same crystal structure, as shown in Figure 4.5B. Compound trans-2a docked into
a conformation that is completely different from the original compound 1, thus indicating
binding of this isomer to the kinase active site is perturbed. The docking data of 2a trans
suggest that bulky groups at the R 1 position might disfavor binding of the trans isomer and
decrease the activity, which could potentially improve the difference in activity between
trans and cis of 2a.

4.3

Conclusion

In the emerging field of photopharmacology, the development of kinase inhibitors has
been very challenging and only a few examples have been reported 30-32,34 . Herein, we show
a proof of concept for the development of a BRAF V600E inhibitor with photocontrolled
activity, which is a reversibly photocontrolled inhibitor for a therapeutically relevant
kinase. We have identified compound 2a, which has a difference in activity between the
thermal and irradiated state of 10-fold, even though only 55% of the cis isomer was
achieved upon irradiation. Using docking studies, we rationalized the binding of both cis
and trans, which indicates how photo-isomerization can change activity. Using kinome
screening, it was found that azologization of compound 1 to provide compound 2a resulted
in increased kinase activity for both dark and irradiated samples, which could explain the
observed lack of cytotoxicity for the BRAF V600E inhibitor photo-isomers in A375 cells,
despite their 10-fold difference in activity in the ATP-competitive enzyme inhibition
studies. This demonstrates the importance of off-target screening in the development of
photoswitchable kinase inhibitors.
Selective BRAF V600E inhibitors with light-controlled activity will provide opportunities for
local and precise treatment of BRAF V600E-driven tumors, without harming the activity of
the RAS/RAF/MEK/ERK pathway in healthy cells and tissues. Selective UV light irradiation
of BRAF V600E-driven tumors activates the inhibitor and can besides that possibly be of
additional therapeutic value by inducing phototoxicity. Indeed, UV light irradiation is used
for treating other types of skin cancer such as cutaneous T-Cell lymphoma in which
irradiation results in apoptosis50. Furthermore, in a research setting, a BRAF V600E inhibitor
with light-controlled activity will be a powerful research tool 51 to study the kinase and its
interplay with other proteins that control the activity of the RAS/RAF/MEK/ERK pathway.
Photocontrolled inhibitors allow for short-term BRAF activation and inactivation in a fully
reversible manner. Besides that, spatial control allows for local modulation of BRAF activity
with high resolution. Such insights are particularly relevant for the BRAF kinase because of
the complex mechanisms involved in its regulation, which will contribute to develop better
therapies for melanoma in the future.
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4.6

Experimental data

4.6.1

Inhibition studies

Materials
Human recombinant BRAFV600E was purchased from ProQinase. MEK1 (K97R), inactive, His-tag was
purchased from BPS Bioscience, rabbit anti-phospho-MEK1 (Ser218/222)/MEK2 (Ser222/226) from
Merck Millipore and ATP from Sigma Aldrich, the Netherlands. Fermentas PageRuler™ Prestained
Protein Ladder was used as a ladder during sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The loading buffer (4x) consists of 20% of 0.2 M Tris-HCl pH 6.8, 8.9 %
of SDS, 40% of glycerol, 10% of 0.05 M EDTA, 0.09% of bromophenol blue, 21% of deionized H 2O.
Immun-Blot® PVDF Membranes from BIO-RAD were used for Western blotting. The membranes
were blocked using Campina Elk skimmed milk powder. Polyclonal goat anti -rabbit-HRP was
purchased from Dako and Western Lightning® Plus-ECL from PerkinElmer was used for the
Enhanced Chemiluminescence assay. Chemiluminescence imaging was performed in G:BOX from
Syngene under no light and no filter.

Assay buffer
The assay buffer consisted of 40 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.25 mM DTT and 10 mM MgCl 2.
Before use, Bovine Serum Albumine (BSA) was added to reach a final concentration of 0.1 mg/mL.

MEK1 substrate
MEK1 (1.04 µg/µL) was aliquoted in cups, snap-frozen in liquid nitrogen and stored at -80 oC.

ATP substrate
A solution of 18 μM was prepared in assay buffer, aliquoted and stored at -20 oC. Shortly before use,
it was diluted twice with the assay buffer.

BRAFV600E
BRAFV600E (0.19 μg/μL) was aliquoted in cups, snap-frozen in liquid nitrogen and stored at -80 oC.
Shortly before use, it was diluted four times with the assay buffer (5 µL in 15 µL of buffer).

BRAFV600E inhibition assay
The inhibitors were dissolved in DMSO to reach a final concentration of 10 mM. Each solution was
heated at 60 oC for 10 min prior to use to ensure that it consisted of pure trans isomeric form. The cis
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form was tested after 45 min irradiation at 365 nm. Appropriate dilutions were performed, using the
assay buffer, to give stock solutions of the desired concentration range.
In 9 epis were added sequentially 5 µL of buffer, 5 µL of diluted ATP (final concentration 5 µM), 0.75
µL of aliquoted MEK1, 1 µL of each inhibitor stock solution (12.5% DMSO, final concentration 1%
DMSO) and, lastly, 1 µL of diluted BRAF V600E (4x diluted from aliquot)). Samples were centrifuged
briefly and left shaken (140 rpm) at 25 oC for 1 h. The reaction was stopped with the addition of 5 µL
4(x) SDS loading buffer and the samples were boiled for 5 min. The assay was performed two
independent times for each isomeric form of the inhibitors .

Detection of phosphorylated MEK1
Samples were loaded on a 4 - 15% gradient SDS-PAGE pre-cast gel (Mini-PROTEAN® Precast TGX
Gels, Bio-rad) along with 5.0 µL of the protein ladder. Proteins were separated on SDS-PAGE and
then transferred to a PVDF membrane by Western blot (100 V, 1 h). The membrane was then left
shaking in 5% milk in PBS-T buffer (10 mL) (1x PBS containing 0.1% Tween 20) for 1 h and washed
three times with the PBS-T buffer every 10 min.
The buffer was discarded and 1 µL of anti-phospho-MEK1 in PBS-T buffer (5 mL) containing 5% BSA
was added. The membrane was then left shaking at 4 oC overnight. Then it was washed three times
with the PBS-T buffer every 10 min and left shaking in PBS-T buffer (10 mL) containing 5% BSA and
5 µL polyclonal goat anti-rabbit-HRP for 1h at room temperature. Lastly, the membrane was washed
three times with the PBS buffer every 10 min. Enhanced luminol reagent (1.0 mL) and oxidizing
reagent (1.0 mL) were mixed and applied onto the membrane. The proteins were detected by
luminescence (enhanced chemiluminescence assay, ECL) and the bands were quantified using
ImageJ. GraphPad Prism 6.0, GraphPad Software, Inc. GraphPad was used for the determination of
the half maximal inhibitory concentration (IC 50) of each inhibitor. Nonlinear regression was used for
data fitting, forcing the fit through 0% and 100% at both limits.
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Figure 4.6. Dose-response curve for Vemurafenib and compound 1, determined in duplo. The IC 50 of
Vemurafenib was 9.6 ± 3.3 nM, The IC 50 of compound 1 is 22 ± 10 nM.
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Figure 4.7. Dose-response curve for compound 2a, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2a thermal was 1.68 ± 0.62 μM and the IC 50 of 2a irradiated was 157
± 47 nM, a statistical significant difference (p<0.05).
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Figure 4.8. Dose-response curve for compound 2b, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2b thermal was 92 ± 53 nM and the IC 50 of 2b irradiated was 0.47 ±
0.25 μM , a statistical not significant difference (p<0.05).
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Figure 4.9. Dose-response curve for compound 2c, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2c thermal was 0.10 ± 0.06 μM and the IC 50 of 2c irradiated was 0.45
± 0.21 μM , a statistical not significant difference (p<0.05).
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Figure 4.10. Dose-response curve for compound 2d, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2d thermal was 0.32 ± 0.17 μM and the IC 50 of 2d irradiated was 0.66
± 0.32 μM , a statistical not significant difference (p<0.05).
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Figure 4.11. Dose-response curve for compound 2e, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2d thermal was 32 ± 17 nM and the IC 50 of 2e irradiated was 9.0 ± 5.3
nM , a statistical not significant difference (p<0.05).
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Figure 4.12. Dose-response curve for compound 2f, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2f thermal was 2.6 ± 1.0 μM and the IC 50 of 2f irradiated was 8.1 ±
4.3 μM , a statistical not significant difference (p<0.05).
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Figure 4.13. Dose-response curve for compound 2g, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC50 of 2g thermal was 1.7 ± 1.0 μM and the IC 50 of 2g irradiated was 0.54 ±
0.29 μM , a statistical not significant difference (p<0.05).
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Figure 4.14. Dose-response curve for compound 2h, determined in duplo, thermally adapted and
irradiated to reach PSS. The IC 50 of 2h thermal was 0.30 ± 0.12 μM and the IC 50 of 2h irradiated was 0.36
± 0.18 μM , a statistical not significant difference (p<0.05).

4.6.2

Cytotoxicity studies

Cytotoxocitiy of compound 2a was studies by measuring cell viability using a CellTiter 96® AQueous
One Solution Cell Proliferation Assay (MTS) kit from Promega. Prior to testing, compound 2a was
heated for 45 minutes at 60 oC or irradiated for 1 h using  = 365 nm light. Metastatic Melanoma cell
line A375 was grown in DMEM medium (10% FBS, 100U/mL penicillin streptomycin). In a sterile 96
well plate, wells were filled with 500 cells per well with a volume of 100 μL per well. The cells were
grown at 37 oC under a 5% CO 2 atmosphere. To determine background absorption, no cells were
seeded and regular cell medium was used. After 24 hours of attachment, 1 μL of 100x diluted
Vemurafenib, compound 1, compound 2a thermally adapted or irradiated (all in DMSO) were added
to reach a final concentration of 1% DMSO and 10 μM of inhibitor, all in triplo. 1 μL pure DMSO
without inhibitor was added to the background wells. The cells were incubated for 24h at 37 oC under
a 5% CO2 atmosphere and subsequently 10 μL of MTS reagent was added. After 2h of incubation at
37oC, the plate was shaken and the OD490 of each well was recorded and cell viability was expressed
in 100%, compared to the uninhibited control.
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Chapter 5
Towards 18F-labelling of a
Photoswitchable Bio-active Molecule

Mark W.H. Hoorens, Laura Slappendel, Piermichele Kobauri, Ben. L. Feringa, Philip H.
Elsinga and Wiktor Szymanski
Results in this chapter have been earlier reported in the master thesis of Laura Slappendel.
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Abstract:
The emerging field of photopharmacology is developing drugs containing a strategically
placed molecular photoswitch that allows for reversible local activation using light. However,
the behavior of a light-controlled drug in vivo has not been studied yet, nor the chemical tools
to study this have been developed. Here we show the initial steps in the design, synthesis and
evaluation of fluorine-containing photoswitchable HDAC2 inhibitors, with the ultimate goal
of synthesizing an 18 F-labelled PET tracer analog for photopharmacology studies in vivo.

5.1

Introduction:

Small molecule drugs are a major class of therapeutics for the treatment of a wide variety
of diseases. During such treatments, upon being administered either orally or
intravenously, the active molecule spreads throughout the body of a patient via the
bloodstream and diffusion. Yet, a systemic activity of drugs is not needed: therapeutic
intervention is only necessary in a specific organ, tissue or group of cells. The drug target
(enzyme, receptor, etc.) can often also be found in healthy cells and tissues and here the
active drug can result in toxicity and side-effects. This calls for the development of
techniques to control drug activity to ultimately enable local activation and inactivation of
the activity, by which healthy cells and tissues remain unaffected 1.
Photopharmacology is developing small molecule drugs of which the activity can be
controlled using light 2 . Biological systems can tolerate light and due the high level of
control that can be attained over the wavelength, intensity, duration and location of
irradiation, light is a powerful external stimulus3. Photocontrol over the activity of drugs
can be achieved by strategically introducing a molecular photoswitch, such as azobenzene,
into the core structure of the bio-active molecule4 (see examples in Chapters 3 and 4 of this
thesis). This results in the existence of two photo-isomers of the drug, such as trans and cis
for the case of commonly used azobenzene5. Photo-isomers of the drug have different
chemical properties, including shape, dipole moment and solubility, which can be
harnessed to obtain photoswitching of biological activity 6. Light of specific wavelengths
can be used to switch from one photo-isomer to the other reversibly, by which the
biological activity is turned on and off7.
Currently, a wide variety of small molecule drugs with light-controlled activity have been
developed4 and also the first in vivo experiments of these future therapeutics are
performed in mice brain8. Yet, a full mammalian body is very complex and there is no
detailed understanding of how both photo-isomers of a drug behave in such a system. The
aforementioned differences between the isomers can result in a differences in distribution,
pharmacokinetics, pharmacodynamics and off-target profiles. These aspects of
photoswitchable drugs have not been studied yet, nor have the chemical tools that would
enable such studies been developed.
Positron Emission Tomography (PET) is a highly sensitive and non-invasive medical
imaging technique used to follow the distribution of small molecules in vivo9,10 , which
would make it a powerful tool to study the behavior of two photo-isomers of a drug. PET
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can be used to follow specific molecules by labeling them with a radio-active isotope which
emits a positron (e+ particle). This particle gradually loses energy by traveling through the
tissue until it undergoes annihilation with an electron, after which two gamma photons
with a specific energy are emitted in exactly opposite directions. These photons can be
detected and their origin in the patient or animal can be reconstructed, enabling the
visualization of the distribution and relative concentration of the molecule of interest in a
3-dimensional image.
Here we present the efforts towards the design and synthesis of a fluorine-labelled photoswitchable HDAC2 inhibitor. Based on a photoswitchable HDAC2 inhibitor reported earlier
by Szymanski et al.,11 a set of HDAC2 inhibitors containing a fluorine atom were designed,
synthesized, their photochemical properties were determined and, using an enzyme
activity assay, the biological activity was tested for both photo-isomers. The results
reported in this chapter forms the starting point towards the development of an 18Flabelled photoswitchable drug, to ultimately study the behavior of both photo-isomers in
vivo in a rodent model.

5.2

Results and discussion

5.2.1

Design

For the development of a positron-emitter-labelled photoswitchable drug, we have
specifically chosen to work with a cancer model and an anti-cancer drug. An advantage is
that a cancer model can be acquired in rodents with control over the expression of the drug
target of choice in a localized tumor xenograft. Several photoswitchable anti-cancer drugs
have been developed, of which the Vorinostat-based HDAC2 inhibitor 1 (see Figure 5.1A)
of Szymanski et al.11 has been selected as a model compound because of its 39-fold
difference in activity between the thermal and irradiated state. Furthermore, upon
irradiation, 92% of the cis isomer is formed, with a half-life of 4.2 h, which should be long
enough to study the behavior of both photo-isomers.
For the PET isotope, we mainly considered 18F and 11C as positron-emitters to follow small
molecules in vivo. Yet, 18F has a half-life of 110 minutes and 11C of only 20 minutes, which
opens more synthetic opportunities for the late stage functionalization of a drug with 18F.
Also 18F-labelling has been successfully used to study the bio-distribution of Vorinostat in
vivo using PET imaging12 . Vorinostat does not contain fluorine, meaning that first a
fluorine-containing variant with similar biological activity had to be developed.
In contrast to modifying a conventional drug, introduction of a fluorine atom into the
structure of compound 1 potentially alters not only the biological activity of both photoisomers, but also their photochemical properties. To choose the best site for the
introduction of fluorine atom, both photo-isomers were docked in silico in the crystal
structure (PDB ID: 4LXZ) of HDAC2 (Figure 5.1CD). This demonstrated that trans-1 is a stiff
molecule and its 4-methoxy-phenyl group is not involved in binding and is solvent exposed.
In contrast, the cis isomer is bent and freely moving around, potentially engaging in an
additional interaction with amino acids on the surface, similarly to the original binding
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mode of Vorinostat. Therefore we chose to investigate new substituent patterns
containing fluorine at the position of the methoxy substituent of compound 1. Yet, due to
the half-life of 110 minutes of 18 F, synthesis of 18F containing compounds requires fast
reactions and preferably introduction of 18 F in the final stage. Therefore, these synthetic
restrictions should be taken into consideration in the design of the fluorine-containing
photoswitchable HDAC2 inhibitors.

Figure 5.1: A) Szymanski et al.11 developed photoswitchable HDAC2 inhibitor 1 based on
Vorinostat. B) Structural modifications of 1 were used to study the role of substituents at the
position of the methoxy group in 1 and how to introduce fluorine. C/D) Docking studies of
Vorinostat (green), 1 trans (blue) and 1 cis (purple) into HDAC2 (PBD ID: 4LXZ). The docking
studies were performed in Maestro by Schrödinger version 11.4.
In total, four new photoswitchable HDAC2 inhibitors based on compound 1 were designed.
Compound 2a has no substituents at the bottom ring of the azobenzene and serves as a
control for understanding the role of the substituent on the photochemistry and
pharmacology. Compound 2b has a fluorine directly on the azobenzene, even though it
would be a challenging substrate for nucleophilic aromatic substitution, a method
commonly used for introducing 18 F. Generally, para-alkoxy-substituted azobenzenes show
near-quantitative photo-isomerization, for which reason compounds 2c and 2d were
designed with larger fluorine-containing alkoxy groups. Late stage introduction of 18F for
the alkoxy designs could be done using the [ 18F]-2-fluoroethyltosylate13 synthon for 2c and
4-[18 F]fluorobenzyl bromide synthon 14,15 for 2d.
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5.2.2

Synthesis of photoswitchable HDAC2 inhibitors

Scheme 5.1: Synthesis of photoswitchable HDAC2 inhibitor 2a
In the development of a synthetic route for the non-radiactive (“cold”), 19F-modified,
photoswitchable HDAC2 inhibitors, the synthetic restrictions of late-stage introduction of
18 F were considered. Generally, 18 F is introduced via an aromatic nucleophilic substitution
reaction16–18 or a substitution reaction 19,20 , in which both the 18 F - anion is used. This means
that these reactions do not work in the presence of an acidic proton such as in the
hydroxamic acid, which results in the formation of radio-active HF gas. Therefore a
synthetic route was developed (Scheme 5.1) in which the hydroxamic acid is protected
with an acid-labile trityl (Trt) protecting group. Acrylic acid 3 was coupled to the tritylprotected hydroxylamine using EDC, yielding N-(trityloxy)acrylamide 4. In parallel,
azobenzene 6 was prepared in a Mills reaction from aniline 5, and was subsequently
coupled to alkene 4 using a Heck reaction to give compound 7. Finally, acidic deprotection
of the trityl protecting group yielded photoswitchable HDAC2 inhibitor 2a. The same
synthetic route was used to prepare photoswitchable HDAC inhibitor 2b, which already
contains a fluorine (Scheme 5.2). Here, the fluorine was introduced in the first reaction step
starting from 4-fluoro-aniline 4, because in the cold synthesis late-stage functionalization
is not yet required.

Scheme 5.2: Synthesis of photoswitchable HDAC2 inhibitor 2b.
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For the synthesis of photoswitchable HDAC2 inhibitors 2c and 2d, a retrosynthetic analysis
was performed (see Figure 5.3), in where we envision two synthetic strategies. In the first
strategy, compounds 2c and 2d are synthesized from compound 12, which has an acidlabile trityl protecting group on the hydroxamic acid. Starting from 4-iodo-4’-hydroxyazobenzene 15, compound 12 could be acquired via either first alkylation to form 4-iodo4’-alkoxy-azobenzene 13 and subsequent Heck coupling with N-(trityloxy)acrylamide 4 or
alternatively first Heck coupling with N-(trityloxy)acrylamide 4 to compound 14, followed
by alkylation. However, the Heck coupling reactions from 15 to 14 and from 13 to 12 were
both unsuccessful, even though this reaction has been widely applied for coupling alkenes
and iodo-aromatic compounds with different electronic properties21,22 . In the second
strategy, as partially reported by Szymanski et al.,11 compound 16a is prepared with an
ethyl ester as a precursor for the synthesis of the hydroxamic acids, which can be formed
by aminolysis reaction with hydroxylamine. Compounds 16a, precursors of final
compounds 2c and 2d, were prepared successfully, however the subsequent reaction with
hydroxylamine did not yield the desired products. Alternatively, hydroxamic acids can also
be prepared from carboxylic acids using hydroxylamine and a coupling reagent, such as
EDC 23. Carboxylic acid 16b was successfully prepared from compound 16a by hydrolyzing
the ethyl ester under basic conditions, however coupling using EDC did not result in the
desired hydroxamic acids 2c and 2d. Alternatively, hydroxamic acids can also be prepared
via quenching of acyl chlorides with hydroxyl amine24. Therefore, acyl chloride 16c was
prepared from 16b using oxalyl chloride, however the subsequent reaction with hydroxyl
amine did not yield final compounds 2c and 2d.

Scheme 5.3: Retrosynthetic considerations made in the unsuccessful synthesis for the
synthesis of photoswitchable HDAC2 inhibitors 2c and 2d.
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5.2.3

Photochemical evaluation

Scheme 5.4: The photochemistry of photoswitchable HDAC2 inhibitors 1, 2a and 2b. The
thermally stable trans photo-isomer can be switched to the cis isomer using light of
wavelength 1. Re-isomerization from the cis to the trans photo-isomer can occur both via
irradiation with light of wavelength 2 or thermally.
To study the different behavior of both photo-isomer in vivo, the model organism needs to
be injected with samples of predominantly one of the photo-isomers. To achieve this, near
quantitative photo-isomerization to the cis isomer and a long thermal half-life of the cisisomer are needed. Irradiation of reference compound 1 with 365 nm light results in 92%
of the cis photo-isomer, which has a half-life in the hour time range11. Photoswitchable
HDAC2 inhibitors 2a and 2b both have an absorption maximum of 357 nm for the trans
isomer in DMSO (Figure 5.2AC). Irradiation with 365 nm light results in up to 71% of the cis
isomer of 2a and 84% of the cis isomer of 2b (Figure 5.2BD), which represents a decrease
compared to the methoxy-substituted compound 1. This shows that placing a hydrogen or
fluorine substituent at the para position does not result in the desired photochemical
properties to study the behaviour of trans and cis separately. Generally, alkyloxy
substituents at the para position of azobenzenes have been described to result in near
quantitative photo-isomerization to the cis isomer25, hence the synthesis of compounds 2c
and 2d should be revisited in the future.
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Figure 5.2: Photochemical properties of compound 2a and 2b in DMSO. A) Absorption
spectrum of 2a measured under irradiation with different light sources from 365 nm to 530 nm.
B) 1H-NMR spectrum of compound 2a: the top spectrum is the thermally-adapted trans
compound and the bottom spectrum is the irradiated (4 h, 365 nm) mixture, containing
predominantly cis isomer. C) Absorption spectrum of 2b measured under irradiation with
different light sources from 365 nm to 530 nm. D) 1H-NMR spectrum of compound 2b (see
panel B for description). For all NMR spectra, 0.5 mg/mL in DMSO-d6 was used.
5.2.4

Enzyme inhibition studies

Despite them not fulfilling the photochemical requirements, the biological activity of
compounds 2a and 2b were tested to acquire better understanding of how structural
changes to compound 1 affect the biological activity, which is valuable in the rational and
computationally supported design of new photoswitchable HDAC2 inhibitors.
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Figure 5.3: Inhibition studies of photoswitchable HDAC2 inhibitors. A) The principle of the
HDAC2 enzyme inhibition assay. B) Calibration curve of 7-amino-4-methylcoumarin (AMC)
fluorescence. C) Michaelis-Menten curve of recombinant HDAC2. D) Dose-response curve of
Vorinostat and 2a, thermally adapted or irradiated to PSS. E) Dose-response curve of
Vorinostat and 2b, thermally adapted or irradiated to PSS.
In the HDAC2 inhibition assay, synthetic substrate Boc-Lys-(Ac)-AMC is de-acetylated by
the recombinant HDAC2 enzyme (Figure 5.3A). After one hour, the enzymatic reaction is
stopped by adding a high concentration of HDAC2 inhibitor and trypsin. The trypsin
exclusively recognizes the de-acetylated Boc-Lys-AMC substrate and catalyses its
cleavage to of fluorescent 7-amino-4-methylcoumarin (AMC). First, the fluorescence signal
was calibrated to the concentration of AMC (Figure 5.3B) and from the Michaelis-Ment en
curve (Figure 5.3C) the Km value of HDAC2 was determined at 188 µM. Performing the
inhibition studies at the Km concentration results in the largest signal between zero and
full inhibition, while rate of the HDAC2 enzyme is still in the linear region.
Subsequently, the biological activity of inhibitors 2a and 2b was determined, either using
a thermally adapted DMSO stock solution or an irradiated stock, and Vorinostat as a
control (see Figure 5.3DE). Compound 2a shows a decrease of biological activity compared
to Vorinostat and no difference in biological activity is found between photo-isomers.
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Compound 2b, containing a fluorine substituent, shows an approximately 5-fold difference
between the thermally adapted (IC 50 = 32 ± 8.0 µM) and irradiated sample (IC 50 = 6.6 ± 3.2
µM). Similarly to compound 1, the irradiated sample containing approximately 84% cis
isomer is biologically more active than the thermally adapted trans photo-isomer.
However, for compound 1 a 39-fold difference between both photo-isomers has been
reported11, which suggests that the methoxy substituent might play a role in binding of the
cis isomer.

5.3

Discussion and outlook

Here we reported the initial steps the development of fluorine-containing photoswitchable HDAC2 inhibitors, with the ultimate goal of obtaining an 18 F-labelled HDAC2
inhibitor of which the behaviour of both photo-isomers can be monitored in vivo using PET
imaging. In total, two new photoswitchable HDAC2 inhibitors were synthesized, inspired
by compound 1 as published by Szymanski et al.11. However, replacing the para-methoxy
substituent by a hydrogen of fluorine atom results in decreased build-up of the cis photoisomer upon irradiation and a decrease in difference in biological activity. This means that
these two new HDAC2 inhibitors do not fulfil the strict requirement as an 18F labelled
research tool for photopharmacology.
Despite multiple attempts, the synthesis of alkoxy-substituted photo-switchable HDAC2
inhibitors 2c and 2d has not been successfully achieved. We predict that the alkoxy
substituents result in near quantitative photo-isomerization to the cis isomer, which would
allow to study the effects of both photo-isomers separately. Furthermore, compounds 2a
and 2b showed a smaller difference in activity between the dark and irradiated state than
compound 1, which upon irradiation with 365 nm becomes 39-fold more activity as a
HDAC2 inhibitor. This could indicate that the alkoxy substituent plays a role in binding in
the cis isomer, which once more highlights the potential of compounds 2c and 2d.
Therefore, future works aims on the cold synthesis of 2c and 2d, followed by
photochemical and biological evaluation. Together with compounds 1, 2a and 2b,
properties of 2c and 2d form valuable input for the computational and rational design of
new fluorine containing photo-switchable HDAC2 inhibitors with all the desired properties
for PET imaging of both photo-isomers in vivo.

5.4

Experimental contributions

M.W.H.H, P.H.E and W.S. conceived the project and designed the molecules. Synthesis
and photochemical evaluation was performed by L.S. The enzyme inhibition study was
done by M.W.H.H. and L.S.

5.5

Experimental data

5.5.1

General synthetic remarks

See Chapter 3.6.1
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5.5.2

Synthetic procedures

N-(trityloxy)acrylamide (4):

Acrylic acid 3 (145 L, 2.12 mmol), O-tritylhydroxylamine (0.68 g, 2.48 mmol) and EDC (0.81 g, 4.21
mmol) were dissolved in DMF (12 mL). The reaction mixture was stirred for 2 days. After completion,
EtOAc (50 mL) and H2O (50 mL) were added. The layers were separated and the aqueous layer was
extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with sat. aq. NaHCO 3
(2 x 30 mL) and brine (3 x 30 mL). The organic layer was dried over MgSO 4 and the solvent was
evaporated in vacuo. The mixture was purified by flash chromatography (Silicagel, 40 - 63 m,
pentane/Et2O, 1:1). The product was obtained as a white solid. (453 mg, 1.38 mmol, 65% yield). Mp =
125 – 130 oC . 1 H NMR (400 MHz, DMSO-d6) δ 5.4 (d, J = 14.9 Hz, 1H), 5.9 (d, J = 20.0 Hz, 1H), 6.0 (d, J
= 15.6 Hz, 1H), 7.3 (m, 15H, ArH), 10.5 (s, 1H). 13 C NMR (101 MHz, CDCl 3 ) δ 120.7, 123.2, 127.3, 127.6,
129.0, 133.9, 143.8, 148.2.

(E)-1-(4-bromophenyl)-2-phe nyldiazene (6):
Nitrosobenzene (251 mg, 2.34 mmol) and 4-iodoaniline (5) (501 mg, 2.28 mmol) were dissolved in
acetic acid (20 mL). The reaction mixture was heated to 40 oC and stirred overnight. After completion
the reaction mixture was neutralized with sat. aq. NaHCO3 . The reaction mixture was diluted with
EtOAc (100 mL), the layers were separated and the aqueous layer was extracted with EtOAc (3 x 50
mL). The combined organic layers were washed with 1N aq. HCl (2 x 50 mL), sat. aq. NaHCO 3 (50 mL)
and brine (40 mL). The organic phase was dried using MgSO 4 and the solvent was concentrated in
vacuo. The mixture was purified by flash chromatography (Silicagel, 40 - 63 m, pentane/Et2O, 1:1).
The product was obtained as an orange solid (503 mg, 1.63 mmol, 71% yield). Mp = 92 – 95 oC. 1 HNMR (400 MHz, CDCl 3 ) δ 7.47 – 7.55 (m, 3H, ArH), 7.66 (d, J = 8.7 Hz, 2H, ArH), 7.87 (d, J = 8.7 Hz, 2H,
ArH), 7.92 (d, J = 8.3 Hz, 2H, ArH). 13 C-NMR (101 MHz, CDCl 3 ) δ 97.6, 123.0, 124.5, 129.1, 131.3, 138.4,
151.9, 152.5. 1 H-NMR and 13 C-NMR spectra in agreement with literature26

(E)-3-(4-((E)-phenyldiaze nyl)phenyl) -N-(trityloxy)acrylamide (7):
Compound 6 (51.2 mg, 0.17 mmol), compound 4 (49.7 mg, 0.51 mmol), Pd(OAc) 2 (14.0 mg, 20.7
mmol), tris-(o-tolyl)phosphine (13.4 mg, 0.04 mmol) and DIPEA (10.5 L, 0.06 mmol) were dissolved
in DMF (10 mL dry) under a N2 atmosphere. The reaction mixture was heated to 90 oC and stirred
overnight. After completion of the reaction mixture was allowed to cool down. EtOAc (100 mL) and
H2O (50 mL) were added and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with sat. aq. NaHCO 3 (2 x 30 mL) and Brine (3 x 30 mL). The organic layer
was dried over MgSO 4 and the solvent was evaporated in vacuo. The mixture was purified by flash
chromatography (Silicagel, 40-63 m, pentane/Et2O, 1:1). The product was obtained as an orange
solid (42.5 mg, 0.08 mmol, 55% yield). Mp = 195 – 198 oC. 1 H-NMR (400 MHz, CDCl 3 ) δ 6.17 (d, J = 15.8
Hz, 1H, C=CH), 7.27 – 7.40 (m, 12H, ArH, C=CH), 7.42 – 7.56 (m, 9H, ArH), 7.85 (d, J = 8.5 Hz, 2H, ArH),
7.92 (d, J = 1.6, 8.2 Hz, 2H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 127.7, 128.1, 128.3, 128.8, 128.9, 129.1,
129.7, 130.2, 131.3, 137.2, 141.2, 152.6, 153.1, 160.9. HRMS (ESI +) calc. for [M+Na] + (C34H27N3 O2):
532.2118 found: 532.1969.

(E)-N-hydroxy-3-(4-((E)-phenyldiazeny l)phe nyl)acrylamide (2a):
Compound 7 (80.0 mg, 0.16 mmol) and TIPS (200L, 0.98 mmol) were dissolved in DCM (2 mL). The
reaction mixture was cooled to 0 oC. TFA (36 L, 0.47 mmol) was added to the reaction mixture
dropwise. After completion the reaction mixture was filtered and washed with cold DCM. The
product was obtained as an orange solid (41.6 mg, 0.16 mmol, 29% yield ) Mp = 148 – 153 oC . 1 H-NMR
(400 MHz, DMSO-d6) δ 6.58 (d, J = 15.7 Hz, 1H, C=CH), 7.51 – 7.65 (m, 4H, ArH), 7.77 (m, 2H, ArH), 7.90
(m, 4H, ArH), 9.10 (s, 1H, NH), 10.82 (s, 1H, OH). 13 C NMR (101 MHz, DMSO-d6) δ 120.4, 121.0, 121.5,
123.1, 123.6, 129.1, 130.0, 132.2, 138.3, 152.4. HRMS (ESI+) calc. for [M+H]+ (C15H13 N3 O2): 268.1081
found: 268.1068.
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1-fluoro-4-nitrosobenzene (8):
4-Fluoroaniline (23) (1.7 mL, 17.9 mmol) was dissolved in DCM (30 mL). A solution of Oxone (11.0
gram, 35.0 mmol) in H2O (150 mL) was added to the reaction mixture. The reaction mixture was
stirred at room temperature for 30 min. After completion DCM (100 mL) and H 2O (50 mL) were added
and the aqueous layer was extracted with DCM (3 x 50 mL). The combined organic layers were
washed aq. 1N HCl (2 x 40 mL), sat. aq. NaHCO 3 (30 mL) and Brine (30 mL). The organic layer was
dried over MgSO 4 and the solvent was evaporated in vacuo. The product was obtained as a green oil.
(486 mg, 3.88 mmol, 31% yield). 1 H-NMR (400 MHz, CDCl 3 ) δ 7.28 (m, 2H, ArH), 7.92 – 7.98 (m, 2H,
ArH). 13 C-NMR (101 MHz, CDCl3 ) δ 116.46, 125.12 (d, J = 248.5 Hz), 164.57 (d, J = 199.4 Hz), 168.15. 19F
NMR (376 MHz, CDCl 3 ) δ -100.1 (tt, J = 5.2, 8.1 Hz) 1 H-NMR and 13 C-NMR spectra in agreement with
literature27.

(E)-1-(4-fluorophenyl)-2-(4-iodophenyl)diazene (10):
Compound 9 (206 mg, 1.65 mmol) and 4-iodoaniline (350 mg, 1.60 mmol) were dissolved in acetic
acid (6 mL). The reaction mixture was heated to 40 oC and stirred overnight. The mixture was
neutralized with sat. aq. NaHCO 3 (50 mL) and EtOAc (50 mL) and H2O (50 mL) were added. The layers
were separated and aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic
layers were washed with aq. 1 N HCl (2 x 40 mL), sat. aq. NaHCO 3 (2 x 40 mL) and brine (30 mL). The
organic layer was dried over MgSO 4 and the solvent was evaporated in vacuo. The mixture was
purified by recrystallization from methanol. The product was obtained as an orange solid (522 mg,
1.60 mmol, 52% yield). Mp = 112 – 115 oC. 1 H-NMR (400 MHz, CDCl 3 ) δ 7.20 (t, J = 8.5 Hz, 2H, ArH),
7.63 (d, J = 8.5 Hz, 2H, ArH), 7.86 (d, J = 8.5 Hz, 2H, ArH), 7.91 – 7.96 (m, 2H, ArH). 13 C-NMR (101 MHz,
CDCl3 ) δ 97.66, 116.01, 116.24, 124.41, 124.96, 125.05, 138.37, 148.95 (d, J = 43.0 Hz), 151.75, 164.57
(d, J = 252.7 Hz). 19F-NMR (376 MHz, CDCl 3 ) δ -108.72 – -108.63 (m). 1 H-NMR, 13 C-NMR and 19F-NMR
spectrum are in agreement with literature 28.

(E)-3-(4-((E)-(4-fluorophenyl)diaze nyl)phenyl) -N-hydroxyacrylamide (3):
Compound 10 (301 mg, 0.92 mmol), compound 4 (299 mg, 0.91 mmol), Pd(OAc) 2 (67.9 mg, 0.10
mmol), tris-(o-tolyl)phosphine (149 mg, 0.49 mmol) and DIPEA (80 L, 0.46 mmol) were dissolved in
DMF (20 mL, dry) under N2 atmosphere. The reaction mixture was heated to 90oC and stirred
overnight. After completion of the reaction mixture was allowed to cool down. EtOAc (100 mL) and
H2O (50 mL) were added and the layers were separated. The aqueous layer was extracted with EtOAc
(3 x 50 mL) and the combined organic layers were sat. aq. NaHCO 3 (3 x 50 mL) and brine (3 x 30 mL).
The organic layer was dried over MgSO 4 and the solvent was evaporated in vacuo. Crude compound
11 precipitated with Et2O/Pentane. Compound 11 (243 mg, 0.46 mmol) and TIPS (0.5 mL, 2.25 mmol)
were dissolved in DCM (20 mL). 2M HCl in Et2O (0.5 mL) was slowly added to the reaction mixture.
The reaction mixture was stirred for 1 hour. The reaction mixture was filtered and washed with
pentane. The product was obtained as an orange solid (94.9 mg, 0.33 mmol, 74% yield). Mp = 180 –
185 oC. 1 H-NMR (400 MHz, DMSO-d6) δ 6.58 (d, J = 15.9 Hz, 1H, C=CH), 7.43 (td, J = 1.6, 8.8 Hz, 2H,
ArH), 7.53 (d, J = 16.0 Hz, 1H, ArH), 7.77 (dd, J = 1.5, 8.6 Hz, 2H, ArH), 7.90 (dd, J = 1.5, 8.4 Hz, 2H, ArH),
7.94 – 8.00 (m, 2H, ArH), 10.84 (s, 1H, OH). 13 C NMR (101 MHz, DMSO-d6) δ 121.7 (d, J = 23.1 Hz),
126.3, 128.4, 130.2 (d, J = 9.3 Hz), 133.8, 142.3, 143.1, 154.0, 157.1, 167.5, 167.9. 19F-NMR (376 MHz,
DMSO-d6) δ -224.11 – -223.68 (m). HRMS (ESI+) calc. for [M+H] + (C15H12FN3 O2): 286.0986 found:
286.0984.

5.5.3

Enzyme inhibition studies

The enzyme inhibition studies were performed as reported in supplementary information
to Szymanski et al.,11
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Abstract:
Light is an exceptional external stimulus for establishing precise control over the properties
and functions of chemical and biological systems, which is enabled through the use of
molecular photoswitches. Ideal photoswitches are operated with visible light only, show large
separation of absorption bands and are functional in various solvents including water, posing
an unmet challenge. Here we show a class of fully-visible-light-operated molecula r
photoswitches, Iminothioindoxyls (ITIs) that meet these requirements. ITIs show a band
separation of over 100 nm, isomerize on picosecond time scale and thermally relax on
millisecond time scale. Using a combination of advanced spectroscopic and computationa l
techniques, we provide the rationale for the switching behavior of ITIs and the influence of
structural modifications and environment, including aqueous solution, on their photochemica l
properties. This research paves the way for the development of improved photo-controlled
systems for a wide variety of applications that require fast responsive functions.

6.1

Introduction

There is currently a growing interest in the development of responsive functional systems
that can be controlled with light, which is a powerful, non-invasive external stimulus.
Photochemical control is exerted at the molecular level through light-responsive chemical
structures, i.e. photoswitches, which usually have two isomers that can be reversibly
interconverted upon irradiation at different wavelengths 1,2 . Often, one of those isomers is
less stable and thermally converts back over time to the stable isomer. The two photoisomers of the switch differ in structure and chemical properties, which enables
photochemical control of the systems in which they are embedded 1,2,3,4 , including drugs
and their protein targets5,6, drug delivery systems7,8, the function of hydrogels in
regenerative medicine9, the conformation of peptides10 and nucleotides11. Fascinating
applications in bio-imaging12,13 and vision restoration 14 are also emerging. However, for
these applications, only a limited number of photoswitches is available, each with its own
scope and limitations.
The selectivity in addressing the photoswitchable component in a complex functional
system is crucial for its application. Because many molecular components of such systems
absorb light in the UV range, a major challenge is to achieve selective switching through
the design of photoswitches that can be operated in both directions using visible light. For
example, in the emerging area of photopharmacology 5,6,15,16,17, visible light switching is
crucial to enable deep tissue penetration, especially in the 650–900 nm range3. However,
most of the commonly used switches, such as diarylethenes, spiropyrans, Donor-Acceptor
Stenhouse Adducts (DASAs) and fulgides, do not show absorption bands of both photoisomers in the visible light region 2,18,19. For switches that can be operated in both directions
in the visible range, such as substituted azobenzenes1 and indigoids such as indigo 20 and
hemithioindigos21,22 , the band separation becomes a challenge, limiting their selective
bidirectional photoisomerization. Only recently, this problem has been addressed for
azobenzenes by the groups of Woolley and Hecht, who developed fully-visible-light responsive azobenzenes1,3,23, which - despite lower water solubility and challenging
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synthesis - have been successfully used for biological applications24,25,26. Yet, the band
separation to achieve selectivity remains an unmet challenge.
In our continuous efforts to expand the limited repertoire of molecular photoswitches, we
further focused on several characteristics that they should possess, besides the visible light
operation with large band separation. Firstly, the photoswitch should be a small structural
motif, in order to introduce it into the structure of a compound or material while affecting
its original design only minimally. Secondly, it should be synthetically readily accessible.
Thirdly, the parameters that control the rate of the thermal back isomerization reaction
should be understood. Finally, for biological applications, the photoswitch should be able
to operate under aqueous conditions. So far, realizing all these requirements in one
molecular photoswitch has not been achieved.
Here we present the design, synthesis and evaluation of a class of photoswitches, which
combine the photochromic dyes thioindigo and azobenzene into a photoswitch called
Iminothioindoxyl (ITI). We demonstrate fully-visible (blue/orange) light switching of ITI in
either direction and a large band separation between both isomers of over 100 nm. We
furthermore investigate, through a comprehensive combination of synthesis,
spectroscopy and theoretical calculations, the influence of the environment and chemical
substitution on the switching process and re-isomerization speed of ITI. Also, we
demonstrate that these spectacular photochemical properties are retained for aqueous
solutions, which opens opportunities for applying ITI for reversibly controlling biological
systems.

6.2

Results and discussion

6.2.1

Design and synthesis of ITI

The design of iminothioindoxyl (ITI) is inspired by the structure of the visible-light responsive molecular photoswitch hemithioindigo (HTI) 21,22 , which consists of half a
thioindigo and half a stilbene moiety, featuring a photo-isomerizable C=C double bond.
Yet, photo-isomerization is not limited to C=C double bonds. In particular, C=N photoisomerization has recently attracted attention in designing molecular photoswitches 27-31.
Based on that, we envisioned that a molecular architecture combining azobenzene and
indigoid photochromic unit could also show switching properties
Already in the early 1900s, the chemical structures of ITI and similar compounds have been
reported as dyes32 . Back in 1910, Rudolf Pummerer reported the one-step synthesis of ITI
by the condensation of thioindoxyl with nitrosobenzene33. Nearly 100 years later, Soeta et
al. reported the synthesis of the same chemical structure using a Passerini-type [4 + 1]
cycloaddition34, also confirming through X-ray crystallography that the Z-form is the
thermodynamically stable one. However, to the best of our knowledge, the behavior of
these structures as molecular photoswitches has not been explored so far.
Here, we report the synthesis of six ITIs 1a-f by the condensation of thioindoxyl with
substituted nitrosobenzene derivatives (Figure 6.6). Besides unsubstituted ITI 1a, two
electron donating substituents (1b, 1c) and three electron withdrawing substituents (1d–
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1f) were placed at the R-position (Figure 6.1a) to determine the influence of different
substitution patterns on the photochemical properties of ITI, including absorption maxima
and switching properties. Full experimental procedures and characterization is reported in
Section 6.6.

Figure 6.1: Design and absorption of ITI. a) The structure of Iminothioindoxyl (ITI) is a hybrid
of thioindigo (purple) and azobenzene (orange). The R group indicates various substituents to
study the electronic effects on the photochemical properties. b) Absorption spectra of 40 μM
ITI 1a in cyclohexane, toluene, chloroform, MeOH and DMSO. c) Millisecond transient
absorption of 400 μM ITI 1a in MeOH at room temperature. The sample was irradiated with a
430 nm light pulse, upon which the spectrum was recorded with 1 ms delay steps. The color
bar represents increased delay of transient absorption spectroscopy and the purple line
represents the spectrum of 40 μM of Z-ITI 1a in MeOH after thermal equilibration
6.2.2

Solvent effects of ITI photo-isomerization

To determine the influence of the medium on the photochemical properties of
unsubstituted ITI 1a, absorption spectra were recorded in five solvents with different
polarity (Figure 6.1b, Table 6.1). In all solvents, the Z-isomer of ITI has an absorption band
in the 400–500 nm region, with only limited solvatochromism. No clear correlation
between solvent polarity and λmax,Z was observed within the group of polar solvents
examined, similarly to the hemithioindigo switch 35. Time-dependent density functional
theory (TD-DFT) calculations at the TD-M06–2X/6–311++G(2df,2p) level36,37, in
combination with the universal solvation model based on density (SMD) 38 predicted that
the band corresponds to the S0→ S2 transition with prevailing π→ π* (HOMO → LUMO)
character, while the first excited state S1 is a mixed state with a significant n→ π* (HOMO4 → LUMO) contribution. In fact, due to twisting of the phenyl group out of the molecular
plane (see θ2 in Figure 6.2a), both excited states are partially mixed.
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Table 6.1: Computational studies on solvents on ITI photo-isomerization

The photo-isomerization of 1a was followed by transient absorption spectroscopy (TA) in
the millisecond time range, which revealed changes in the absorption spectrum upon
irradiation at a short timescale. The transient spectra show a red-shifted absorption band,
assigned to the thermally unstable E-isomer of the unsubstituted ITI 1a (Figure 6.1c) in the
500 to 600 nm region, where Z-ITI 1a does not absorb. In all solvents, the spectrum of the
E-isomer has two maxima (506–517 and at 549–554 nm), of which the most intense has
been highlighted in bold (Table 6.1). ITI thus shows a large Δλmax between the two photoisomers of over 100 nm. In comparison, HTIs usually show Δλmax of only 10 to 50 nm 22,39.
The experimentally observed large Δλmax values are reproduced by the TD-DFT
calculations, which further support the assignment of the absorption bands. B ased on
the Molecular Orbital (MO) analysis, the absorption band of the E-isomer corresponds
to the S0 →S1 transition with a predominant π→
π* character and a small n→
π* contribution
(Table 6.1). The huge bathochromic shift observed upon photoisomerization can be
explained by the twist around the central double bond (C2 = N4) in the E isomer (see θ1
and θ2 in Figure 6.2a). In the more twisted structure (E), the π orbital (HOMO) is
destabilized (due to less efficient overlap of 2p orbitals of C2 and N4 atoms, see
Figure 6.2b) leading to a smaller energy gap in the E isomer.
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Figure 6.2: Computational studies on solvents on ITI photo-isomerization. a) Angles θ1 (top)
and θ2 (bottom). b) Structures of the Z and E forms of ITI 1a in MeOH with the numbering of
atoms in the central part of a molecule, molecular orbitals involved in the observed electronic
transition (energies in Hartrees) and electron density difference (EDD) plots showing the
decrease (blue) and increase (red) of the electron density upon excitation obtained at the SMDTD-M06-2X/6-311++G(2df,2p)//SMD-M06-2X/6-31+G(d) level of theory
The half-life for the E isomer of ITI 1a in the thermal re-isomerization process was
determined at room temperature to be in the millisecond time range, which is much
shorter than found for HTI22 . This finding can be ascribed to the presence of a nitrogen
atom in ITI that can undergo inversion, a thermal relaxation mechanism also observed for
azobenzenes40 and imine photoswitches41. The rate of nitrogen inversion is mediumdependent, with polar solvents increasing the reaction barrier 42, which is consistent with
our experimental data (Table 6.1).
Theoretical observations of the thermal half-life are in line with the experimental ones,
taking into account the limitations of continuum models to accurately describe the protic
nature of MeOH. The calculations reveal that in all solvents the phenyl group is
perpendicular to the molecular plane in the transition state for back isomerization from E
to Z, although a concurrent (less stable) transition state with planar structure was identified
in less polar solvents as well. The preference for the twisted structure is apparently related
to the higher polarity of this conformation compared to the planar one favoring its
interactions with solvent molecules.
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Figure 6.3: NMR and IR spectroscopy. a) NMR spectra of ITI 1a in CD3OD at −60 oC for the
thermally adapted, irradiated and again thermally adapted sample b) E-Z isomerization of ITI
1a at −60 oC in CD3OD, recorded without (thermal) and with λ = 595 nm irradiation) c) E–Z
FTIR difference spectrum recorded upon irradiation at 405 nm in KBr at 184 K for ITI 1a.
Comparison of experimental and theoretical IR difference spectra of 1a. Experimental FTIR
difference spectrum of the compound 1a was obtained from the spectra in the dark and under
405 nm light measured at 184 K in a KBr pellet. Simulated difference spectrum was obtained
from scaled harmonic GS IR spectra (scaling factor f = 0.98) of the E- and Z-isomers of 1a in
acetonitrile calculated with at the SMD-B3LYP/6-31++G(d,p) level.
The isomerization was further studied with low-temperature NMR experiments at −60 oC.
NMR spectra (Figure 6.3a) showed that, upon irradiation with 455 nm light, the signals of
the Z-isomer decreased with a concomitant rise of new signals that can be assigned to the
E-isomer, reaching a photostationary state (PSS) of 65%. The upfield shift of proton signals
upon photo-isomerization of 1a is also predicted by calculations, further supporting our
structure assignment. Thermal relaxation at −60 oC resulted again in the formation of the
Z-isomer with a half-life of 6.8 ± 0.5 min without any observable degradation. An Eyring
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analysis, based on the determination of the back-isomerization rate at different
temperatures by NMR, allowed for the calculation of the thermodynamic properties of the
E-Z re-isomerization step, showing ΔH ‡ = 61.8 ± 5.2 kJmol−1 and ΔS‡ = 81.6 ± 23.4
JK−1mol−1, which results in a ΔG‡ = 77.1 ± 8.7 kJmol−1 (at 298 K).
An important feature of a photoswitch is the ability to be operated photochemically in both
directions exclusively with visible light. To test whether the reverse E-Z isomerization can
be achieved photochemically, ITI 1a in CD3OD at −60 °C was switched to the E-isomer by
irradiation with 455 nm (blue) light, and the rate of back-isomerization was then
determined either without or with λ = 595 nm (orange) light irradiation. An
approximately two-fold increase in the back-isomerization rate was observed under
irradiation (Figure 6.3b)43, showing that 1a is indeed both a T- and P-type photoswitch,
while the heating effect of irradiation could be excluded. Yet it must be noted that the
observation of photochemical E to Z isomerization is not of additional value at room
temperature, because of the fast thermal re-isomerization.
The less stable E-isomer was also further characterized by measuring E-Z difference FTIR
spectra obtained upon irradiating the sample at λ = 405 nm at 184 K (Figure 6.3c).
Importantly, these spectra were acquired with the sample in a KBr pellet, demonstrating
that isomerization also occurs at the solid state. The main spectral features related to
structural differences between the two isomers are fairly well reproduced by the DFT
calculations.
6.2.3

Z-E isomerization of ITI is a fast process

Transient absorption measurements with sub-picosecond time resolution were performed
to determine the timescale of forward Z to E isomerization of ITI, which is expected to be
very fast, based on structural analogies with HTIs and azobenzenes 22,43. For unsubstituted
ITI 1a, the spectra recorded immediately after excitation with λ = 400 nm light are
dominated by a very broad excited state absorption band with an intensity that rapidly
decays, leaving a constant weak differential signal as shown in the time-resolved spectra
reported in Figure 6.4a and the kinetic traces in Figure 6.4b. Importantly, the long-living
signal matches the one measured on the millisecond timescale (Figure 6.1c), and can thus
assigned unambiguously be as the Z-E difference spectrum. The very fast decay of the
excited state absorption band indicates that isomerization itself is a very fast process, since
the system has to reach the conical intersection (CI) leading to the formation of the Z and
E isomers in their respective ground states before the deactivation of the excited states. In
order to get additional kinetic information on the process, we measured the pump-probe
anisotropy by recording the transient spectra with parallel and perpendicular polarization
of the pump beam with respect to the probe. Interestingly, the resulting anisotropy signal,
reported in Figure 6.4c, shows a fast rise component, on a timescale of a few hundred
femtoseconds, and a slower decay, occurring within 12–16 ps. The timescale of the
anisotropy decay is in line with what has been observed for azobenzene in solution 44. The
rise of the anisotropy within the initial 500 fs indicates that a significant charge
redistribution rapidly occurs once the molecule starts to move on the excited state
potential energy surface towards the conical intersection region, in line with the computed
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large difference in transition dipole moments for the Z and E forms (Table 6.1). It is worth
noticing that a similar rise in the anisotropy in a few hundred fs has been previously
observed for rhodopsin, which is known to isomerize on an ultrafast timescale and
interpreted in terms of rapid and substantial change in the charge distribution of the
molecule due to the activation of the vibrational modes leading to isomerization 45.

Figure 6.4: Ultra-fast Transient Spectroscopy of ITI. a) Transient absorption spectra of
unsubstituted ITI 1a recorded in methanol with excitation at 400 nm. b) Representative
kinetic traces (open symbols) and fits obtained from target analysis (continuous line), c) Timeresolved anisotropy, the initial 3 ps are shown in the inset, d) Species-Associated Decay
Spectra (SADS), obtained by analyzing the kinetic traces with the kinetic model depicted on
the right-bottom side of the figure. The black curve represents the S 1 state, the red curve hot
Z isomer and the blue curve the E isomer. E) Proposed model for photo-isomerization
Our calculations indicate that the bright state of ITI is the S2 state. Taking into account the
observed fast excited state decay, we therefore envisioned the excited state relaxation
pathway to be similar to that of azobenzene. To extract the time constants describing the
photodynamics of the system, we fitted the transient isotropic data with the kinetic
scheme shown in Figure 6.4e, retrieving the lifetimes reported therein and the Species Associated Difference Spectra (SADS) of the transient intermediates (Figure 6.4d). Upon
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excitation to S2 , the system rapidly undergoes internal conversion towards S 1, with a time
constant below the time resolution of our measurements. This results in an unreasonable
spectral shape for this state, which is not shown in Figure 6.4d. The remaining SADS are
assigned to the S1 state (black line), to the hot Z isomer (red curve) and the E isomer (blue
curve). The very short S2 lifetime is again similar to what is known for azobenzene, for
which a value of 50 fs has been recently determined44,46. The decay of the broad S1 excited
state band within 320 fs and the rise of anisotropy on the same timescale indicate that ITI
reaches the conical intersection region on a time scale competing with vibrational
relaxation in S1. From there, the molecule relaxes to the ground state of either the Z and E
isomers, where vibrational cooling takes place on a time scale of 10 ps.
Support to our hypothesis that isomerization starts from a hot S 1 state comes from the
computation of the forces acting on the individual atoms of ITI in S 2 and S1 after vertical
excitation, showing that the molecule undergoes more pronounced structural changes in
the S1 state. The presence of a nitrogen atom in the isomerizing double bond opens the
possibility for isomerization to occur through either an inversion or rotation mechanism.
The negligible change in the excited state relaxation time scale observed in solvents with
different viscosity in first instance favors an inversion mechanism, although most probably
the simple vision of motion along a single reaction coordinate is not realistic, as recently
pointed out for azobenzene44.
6.2.4

Substituent effects on ITI photo-isomerization

The influence of the substituents on photoswitching of ITI was studied using a small library
of ITIs with either an electron donating (1b,c) or an electron withdrawing group (1d-f). As
shown in Fig. 6.5, electron donating groups (EDG) result in a slight red-shift of λmax,Z and
increased absorption, while electron withdrawing groups (EWG) result in a slight blue-shift
of λmax,Z and decreased absorption. Theoretical calculations reproduce this trend and show
that the auxochromic effects are mainly due to the twist around the =N-C- central single
bond (θ2 , Fig. 6.2a). Indeed, θ2 is smaller for 1b,c, leading to a more planar structure and
favoring the electron delocalization upon excitation and increasing λmax,Z. In the ground
state, EDGs increase the electron density on the phenyl ring which tends to “planarize” to
increase conjugation with the thioindoxyl moiety in accordance with similar auxochromic
affects have been observed in HTIs47.
Isomerization of the differently substituted ITIs was measured in MeOH upon irradiation
with λ = 430 nm light (Fig. 6.5b) A new absorption band was found for all the substituted
ITIs and for electron donating ITIs 1b and c an impressively large Δλmax of over 100 nm was
observed. ITI 1b was dissolved in MeOH and irradiated with 400 nm while cooled to −60 oC
(Fig. 6.5d). Compared to the thermally adapted state, isomerization resulted in a clear
change in color. Switching for several cycles of 1b in MeOH did not result in observable
degradation (Fig. 6.5e). For all ITIs, the quantum yield for forward switching was estimated
to be between 4 and 6%, which is relatively low compared to many other photoswitches 21.
No clear correlation between Hammett parameter R and the quantum yield for the single
studied position was found, meaning that both electron wit hdrawing and electron
donating groups are tolerated.
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Figure 6.5: Spectroscopy studies on the substituent effects on ITI photo-isomerization. a)
Absorption spectra of 40 μM ITIs 1a–f in MeOH. b) Transient absorption spectra of ITIs 1a–f in
MeOH after irradiation at 430 nm after 3 ms delay. c) Transient absorption spectroscopy of
120 μM p-MeO-ITI 1b in aqueous PBS buffer (6.7% DMSO), irradiated with a 10 ns 430 nm
light pulse and spectra recorded with 1 ms delay steps. The purple line indicates the
absorption spectrum of 120 μM Z-ITI 1b in aqueous PBS buffer (6.7% DMSO). The color bar
represents increased delay in transient absorption spectroscopy. d) Cuvettes 1 and 2 contain
200 µM ITI 1b in MeOH. Left: both thermally adapted. Middle: cuvette 2 irradiated with
400 nm light while cooled at −60 °C in acetone bath. Right: reheating of cuvette 2 to room
temperature. E) Three cycles of photo-isomerisation of 100 µM 1b in MeOH, thermally
adapted and switched with 400 nm light, while cooled at −60 °C in acetone bath.
Our calculations show that the auxochromic effects on Δλmax can be explained by a
combination of geometrical and electronic effects (Supplementary Note 5). While θ2 is
governing the auxochromic effects for the Z and E isomers in the same way (θ2 is larger for
E than for Z but the extent to which E and Z are influenced by a substituent is similar), a
twist around the C=N central double bond (θ1) is only observed for the E isomer. The θ1
twist, being more pronounced for EDG substituents (1b,c), leads to a stronger
destabilization of the π orbital (HOMO) of the E isomer for these substituents compared to
the Z isomer. Such geometrical feature partly contributes to the decrease of the Δλmax
when going from 1b,c to 1a,d,e,f. In addition, the change of the dipole moment upon
excitation for the E form decreases from 2.37 D (1b) to −5.85 D (1f) in methanol following
the nature of the substituents (Table 6.2). We have found that the more negative Δμ, the
larger destabilization of the ES with respect to GS. This electronic effect also contributes
to a smaller Δλmax for EWG substituents.
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Table 6.2: Computational studies on substituent effects on ITI photo-isomerization

Apart from changes in the absorption spectra of Z and E, substituents also influence the
rate of thermal relaxation of the E isomer (Table 6.2). No clear correlation between the
Hammett parameter and the half-lives of the E isomer was observed, albeit the data
suggested a trend in EWG groups results in faster re-isomerization. The same correlation
between Hammett parameter R and the half-lives of the E isomer was observed at −60 oC
upon 455 nm irradiation in the NMR experiment. DFT results were in line with these
observations, revealing that the weak correlation of activation energy with the Hammett
constants could be caused by qualitatively different relaxation paths for the EDG- and
EWG-substituted (and neutral) ITIs. Whereas the E-Z relaxation proceeded through a
planar TS structure in the case of 1b-c, 1a,d-f adopted a twisted conformation in the TS.
The different behavior is a result of interplay between the stabilization of the TS due to πelectron delocalization (favoring the planar conformation) and the stabilization due to
polarity of the TS (favoring the more polar twisted structure). By decreasing the electron
density on the phenyl ring, EWG substituents enhance the interaction of the 2p orbital on
nitrogen with π-orbitals of the phenyl ring favoring the twisted structure.
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6.2.5

Isomerization of ITI in aqueous solutions

In the field of photopharmacology, photo-control over the stereochemistry of a double
bond is used to establish a difference in biological activity between both photo-isomers, as
has been demonstrated for azobenzene and hemithioindigo photoswitches 6,48. For such
biological applications of photoswitches, solubility at medicinally relevant conditions and
photo-isomerization under aqueous and physiological conditions are crucial, yet are rarely
observed for fully-visible-light switches. For example, photo-isomerization of HTI at
physiological conditions has not been reported. To evaluate the performance of ITI in
aqueous solutions, unsubstituted ITI 1a was dissolved in phosphate buffered saline (PBS,
pH 7.4, 1.7% DMSO) at ~30 μM. Irradiation with 400 nm light did not results in observable
degradation. We also demonstrated that ITI has resistance against glutathione (GSH),
which is found in concentrations up to 10 mM in cells and is the key factor for degradation
of other molecular photoswitches49.
Isomerization of ITIs in aqueous PBS (pH 7.4, 6.7% DMSO) was studied using the most redlight shifted p-MeO-ITI 1b (Figure 6.5C) with ms transient absorption spectroscopy. The Z
isomer of 1b has an absorption maximum at 459 nm. Upon irradiation with blue light, the
E isomer was observed with an absorption maximum at 560 nm, demonstrating that a
spectacular difference of absorption maxima is also maintained in aqueous solutions
(Figure 6.5c). From the same experiment, the half-life of the E isomer was found to be
10.0 ± 0.8 ms at room temperature.

6.3

Conclusion

For application in biological systems, new and improved switches are needed. This is
underlined e.g. by a recent report by the group of Thorn-Seshold48 , in which the first HTIbased photo-controlled pharmacophore was reported. This study demonstrates both the
potential of indigoid-based photoswitches as well as the need for improved band
separation of photo-isomers and improved water solubility.
Here we described the discovery of Iminothioindoxyls, a class of small, synthetically
accessible visible-light photoswitches with excellent photochemical properties, showing
very fast switching and an absorption band separation of photo-isomers of over 100 nm.
Importantly, ITIs switch in solid state and in solvents ranging in polarity from cyclohexane
to water, being therefore suitable for a very wide range of applications, varying from
responsive materials to photopharmacology.
ITIs show unique properties when compared to other fully-visible-light-responsiv e
photoswitches. A promising feature of ITIs is the millisecond half-life, making them useful
for applications requiring fast responses. Indeed, many biological processes, such as signal
transduction and neuronal communication, operate at the millisecond scale and their
photomodulation has been achieved with quickly re-isomerizing switches50,51.
Furthermore, ITIs forward switching is faster and shows better band separation than
hemithioindigo, while also operating on a completely different mechanism for thermal
relaxation. Finally, photo-isomerization of HTI in aqueous solutions at physiological pH has
so far not been realized, while for ITI it could be readily observed. Also if compared to red107
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shifted azobenzenes, ITIs present favorable properties: they are slightly smaller in
structure and synthetically more accessible, showing faster switching and a
larger absorption band separation between the two isomers, high stability under
irradiation and under heavily reducing conditions such as those encountered in living cells
Currently, the fast re-isomerization of ITIs prevents the use of their bi-directional
photochemical isomerization at room temperature. To fully exploit the various properties
of this class of photoswitches, an increased build-up and a longer lifetime of the E isomer
is needed. This could be achieved through judiciously substitution patterns that improve
the quantum yield and increasing the thermal barrier of re-isomerization. Similar situations
have occurred in the past when other types of switches have been developed. In view of
the successful studies that have followed to optimize these switches, we are confident that
also for ITIs this will be a realistic target. We therefore consider the discovery of ITIs a
break-through in the field of photocontrol, providing the starting point for developing
improved photoswitches, resulting in major opportunities towards responsive systems well
beyond those offered by the current very limited repertoire of all-visible light switches.
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6.6

Experimental data

6.6.1

General synthetic remarks

See Chapter 3.6.1

6.6.2

Synthetic procedures

Figure 6.6: Synthesis of ITIs 1a-f

Benzo[b]thiophen-3(2H)-one 3
2-(Phenylthio)acetic acid 2 (2.06 g, 12.3 mmol) was dissolved in DCM (dry, 5 mL). Oxalylchloride (1.7
mL, 2.5 g, 20 mmol) and DMF (1 drop) were added. The reaction mixture was stirred at room
temperature for 1 h. Gas formation was observed during the reaction and after no gas formation was
observed any more, the reaction mixture was concentrated in vacuo to remove all solvents and
remaining oxalylchloride. The crude reaction mixture was dissolved in DCE (10 mL) and cooled to 0
oC. AlCl 3 (2.6 g, 20 mmol) was added portion-wise. The reaction mixture was allowed to reach rt and
was stirred further for 1 h. The reaction was stopped when the reaction mixture formed large solid
and subsequently the reaction mixture was diluted with ice water (100 mL) and was extracted with
DCM (3 x 20 mL). The combined organic layers were washed with water (50 mL), dried with MgSO 4
and concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
100% Et2O) and the product was obtained as a red solid (0.80 g, 5.4 mmol, 43% yield). Mp: 46 – 48
oC, lit: 62 – 64 oC, 1 H NMR (400 MHz, CDCl ) δ 3.79 (s, 2H, CH ), 7.21 (t, J = 8.2 Hz, 1H, ArH), 7.43 (d, J
3
2
= 8.5 Hz, 1H, ArH), 7.55 (t, J = 7.8 Hz, 1H, ArH), 7.78 (d, J = 7.8 Hz, 1H, ArH). The 1 H NMR spectrum
corresponds to literature66

1-Methoxy-4-nitrosobenzene 5b
4-Methoxyaniline 4b (1.10 g, 8.94 mmol) was dissolved in DCM (20 mL) and H 2O (100 mL) and Oxone
(5.41 g, 17.6 mmol) were added. The reaction mixture was stirred vigorously at room temperature for
30 min. After completion, aq. 1 N HCl (50 mL) was were added and the crude reaction mixture was
extracted with DCM (3 x 50 mL). The combined organic layers were washed with aq. 1 N HCl (50 mL),
water (50 mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The crude product
was flushed over a plug of silica gel (Silicagel 40 – 63 nm) in pentane and concentrated in vacuo. The
crude product was obtained as a yellow solid and directly used without further purification.
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1-Methyl-4-nitrosobenzene 5c
p-Toluidine 4c (1.04 g, 9.75 mmol) was dissolved in DCM (40 mL) and H 2O (30 mL) and Oxone (5.92
g, 19.3 mmol) were added. The reaction mixture was stirred vigorously at room temperature for 55
min. After completion, aq. 1N HCl (50 mL) was added and the crude reaction mixture was extracted
with DCM (3 x 50 mL). The combined organic layers were washed with aq. 1 N HCl (50 mL), water (50
mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The crude product was flushed
over a plug of silica gel (Silicagel 40 – 63 nm) in pentane and concentrated in vacuo. The crude product
was obtained as a yellow to green solid and directly used without further purification.

Methyl 4-nitrosobenzoate 5d
Methyl-4-aminobenzoate 4d (2.00 g, 13.2 mmol) was dissolved in DCM (20 mL). To the solution,
Oxone (8.17 g, 26.5 mmol) in water (80 mL) was added. The reaction mixture was stirred at room
temperature for 1 hour. After completion, DCM (100 mL) and water (100 mL) were added. and the
aqueous phase was extracted with DCM (2 x 50 mL). The combined organic layers were washed with
aq. 1 N HCl (1 x 50 mL), sat. aq. NaHCO₃ (2 x 50 mL), water (50 mL) and brine (50 mL). The organic
phase was dried with MgSO₄ and concentrated in vacuo. The product was obtained as a yellow solid
(1.12 g, 6.79 mmol, 52% yield) and directly used without further purification.

1-Nitroso-4-(trifluoromethyl)benzene 5e
4-(trifluoromethyl)aniline 4e (1.01 g, 6.2 mmol) was dissolved in DCM (60 mL). To the solution, Oxone
(3.91 g, 6.26 mmol) in water (60 mL) was added. The reaction mixture was stirred at room
temperature for 35 minutes. After completion, aq. 1 N HCl (50 mL) were added and the crude reaction
mixture was extracted with DCM (3 x 50 mL). The combined organic layers were washed with aq. 1N
HCl (50 mL), water (50 mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The
product was obtained as a yellow solid and directly used without further purification.

1-nitro-4-nitrosobenzene 5f
4-Nitroaniline 4f (1.04 g, 7.53 mmol) was dissolved in DCM (40 mL) and H 2O (30 mL) and Oxone (4.75
g, 15.3 mmol) were added. The reaction mixture was stirred vigorously at room temperature for 20
h. After completion, aq. 1 N HCl (50 mL) was added and the crude reaction mixture was extracted
with DCM (3 x 50 mL). The combined organic layers were washed with aq. 1N HCl (50 mL), water (50
mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The crude product was flushed
over a plug of silica gel (Silicagel 40 – 63 nm) in pentane and concentrated in vacuo. The crude product
was yielded was a yellow solid (yield not determined) and directly used without further purification.

(Z)-2-(phenylimino)be nzo[b]thiophen-3(2H)-one 1a (ITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL).
Nitrosobenzene (0.11 g, 1.0 mmol) and 1 drop of piperidine were added. The reaction mixture was
stirred for 3 h at reflux. After completion, DCM (50 mL) and water (50 mL) were added and the mixture
extracted with DCM (3 x 20 mL). The combined organic layers were washed with aq. 1 N HCl (50 mL),
sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The product
was purified by flash chromatography (Silicagel 40 – 63 nm, toluene). The compound was obtained
as an orange solid (109 mg, 0.46 mmol, 69% yield). Mp: 132 – 134 oC. NMR (400 MHz, CDCl3 ) δ 7.25 –
7.35 (m, 4H, ArH), 7.39 (d, J = 7.8 Hz, 1H, ArH), 7.45 (t, J = 7.6 Hz, 2H, ArH), 7.61 (t, J = 7.6 Hz, 1H, ArH),
7.95 (d, J = 7.6 Hz, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 121.0, 124.9, 126.7, 137.3, 127.8, 129.3, 137.0,
144.5, 149.4, 156.4, 185.4, HRMS (ESI+) calc. for. [M+H +] (C14H10NOS +) Exact Mass: 240.0478, found:
240.0481. The NMR spectra correspond to literature.34
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(Z)-2-((4-methoxyphenyl)imino)benzo[b]thiophen-3(2H)-one 1b (p-MeO-ITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL). Crude 1methoxy-4-nitrosobenzene 5b and 1 drop of piperidine was added. The reaction mixture was stirred
for 75 minutes at reflux. After completion, DCM (50 mL) and water (50 mL) were added and the crude
reaction mixture was extracted with DCM (3 x 20 mL). The combined organic layers were washed
with aq. 1 N HCl (50 mL), sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4 and
concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
pentane/Et2O 1:1). The compound was obtained as a red solid (46 mg, 0.17 mmol, 26% yield). Mp:
129 – 130 oC, 1 H NMR (400 MHz, CDCl 3 ) δ 3.86 (s, 3H, CH3 ), 7.00 (d, J = 9.0 Hz, 2H, ArH), 7.33 (t, J = 7.5
Hz, 1H, ArH), 7.41 (m, 3H, ArH), 7.63 – 7.58 (t, J = 7.6 Hz, 1H, ArH), 7.95 (d, J = 7.7 Hz, 1H, ArH). 13 C
NMR (101 MHz, CDCl 3 ) δ 55.5, 114.6, 124.6, 124.8, 126.6, 127.7, 127.8, 136.6, 141.3, 144.5, 152.5, 159.6,
185.7. HRMS (ESI+) calc. for. [M+H +] (C15H12NO2S +) Exact Mass: 270.0583, found: 270.0583. The NMR
spectra correspond to literature34.

(Z)-2-(p-tolylimino)be nzo[b]thiophen-3(2H)-one 1c (p-Me-ITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL). Crude 1methyl-4-nitrosobenzene 5c and 1 drop of piperidine was added. The reaction mixture was stirred for
20 minutes at reflux. After completion, DCM (50 mL) and water (50 mL) were added and the crude
reaction mixture was extracted with DCM (3 x 20 mL). The combined organic layers were washed
with aq. 1 N HCl (50 mL), sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4 was
concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
toluene). The compound was obtained as a yellow to light brown solid (100 mg, 0.39 mmol, 59%
yield). Mp: 139 – 141 oC. NMR (400 MHz, CDCl 3 ) δ 2.39 (s, 3H, CH3 ), 7.25 (m, 4H, ArH), 7.33 (t, J = 7.8
Hz, 1H, ArH), 7.40 (d, J = 7.9 Hz, 1H, ArH), 7.60 (t, J = 7.6 Hz, 1H, ArH), 7.95 (d, J = 7.7 Hz, 1H, ArH). 13 C
NMR (101 MHz, CDCl 3 ) δ 21.2, 121.6, 124.9, 126.6, 127.7, 127.8, 129.9, 136.8, 137.8, 144.6, 146.5, 155.0,
185.6. HRMS (ESI+) calc. for. [M+H +] (C15H12NOS +) Exact Mass: 254.0634, found: 254.0638

Methyl (Z)-4-((3-oxobenzo[b]thiophen-2(3H)-ylidene)amino)benzoate 1d (p-COOMeITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL). Crude methyl
4-nitrosobenzoate 5d (0.17 g, 1.1 mmol) and 1 drop of piperidine were added. The reaction mixture
was stirred for 80 minutes at reflux. After completion, DCM (50 mL) and water (50 mL) were added
and the crude reaction mixture was extracted with DCM (3 x 20 mL). The combined organic layers
were washed with aq. 1 N HCl (50 mL), sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4
and concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
toluene). The compound was obtained as an orange solid (0.14 g, 0.47 mmol, 71% yield). Mp: 162 –
164 oC. NMR 1 H (400 MHz, CDCl 3 ) δ 3.92 (s, 3H, COOCH3 ), 7.21 (d, J = 8.6 Hz, 2H, ArH), 7.35 (t, J = 7.6
Hz, 1H, ArH), 7.38 (d, J = 7.9 Hz, 1H, ArH), 7.62 (t, J = 7.6 Hz, 1H, ArH), 7.93 (d, J = 7.7 Hz, 1H, ArH), 8.11
(d, J = 8.6 Hz, 2H, ArH) 13 C NMR (101 MHz, CDCl 3 ) δ 52.2, 120.1, 125.0, 127.0, 127.6, 127.9, 128.4, 131.0,
137.3, 143.9, 153.7, 158.4, 166.4, 185.0, HRMS (ESI+) calc. for. [M+H +] (C16H12NO3 S +) Exact Mass:
298.0532, found: 298.0538

(Z)-2-((4-(trifluoromethyl)phenyl)imino)benzo[b]thiophe n-3(2H)-one 1e (p-CF3-ITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL). Crude methyl
4-nitrosobenzoate 5e and 1 drop of piperidine were added. The reaction mixture was stirred for 1 h
at reflux. After completion, DCM (50 mL) and water (50 mL) were added and the crude reaction
mixture was extracted with DCM (3 x 20 mL). The combined organic layers were washed with aq. 1 N
HCl (50 mL), sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo.
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The product was purified by flash chromatography (Silicagel 40 – 63 nm, pentane/Et2O 3:1). The
compound was obtained as a yellow solid (0.018 g, 0.06 mmol, 6% yield). Mp: 114 – 116 oC. 1 H NMR
(400 MHz, CDCl 3 ) δ 7.28 (d, J = 8.2 Hz, 2H, ArH), 7.35 – 7.42 (m, 2H, ArH), 7.65 (t, J = 8.0 Hz, 1H, ArH),
7.71 (d, J = 8.3 Hz, 2H, ArH), 7.97 (d, J = 6.9 Hz, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 120.5, 125.1,
126.6 (q, J = 3.6 Hz), 127.0, 127.6, 128.0, 128.8 (q, J = 32 Hz) 137.33, 143.7, 152.8, 158.9, 185.0. HRMS
(ESI+) calc. for. [M+H+] (C15H9NOSF3 +) Exact Mass: 308.0352, found: 308.0356

(Z)-2-((4-nitrophenyl)imino)benzo[b]thiophen-3(2H)-one 1f (p-NO 2-ITI)
Benzo[b]thiophen-3(2H)-one 3 (100 mg, 0.66 mmol) was dissolved in benzene (5 mL). Crude 1-nitro4-nitrosobenzene 5f and 1 drop of piperidine were added. The reaction mixture was stirred for 1 h at
reflux. After completion, DCM (50 mL) and water (50 mL) were added and the crude reaction mixture
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with aq. 1 N HCl (50
mL), sat. aq. NaHCO 3 (50 mL) and brine (50 mL), dried with MgSO 4 and concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, toluene). The compound was
obtained as a yellow solid (0.064 g, 0.22 mmol, 33% yield). Mp: 178 – 180 oC. 1 H NMR (400 MHz, CDCl 3 )
δ 7.26 (d, J = 8.7 Hz, 2H, ArH), 7.39 (m, 2H, ArH), 7.66 (t, J = 7.6 Hz, 1H, ArH), 7.96 (d, J = 7.6 Hz, ArH),
8.32 (d, J = 8.8 Hz, 2H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 120.5, 125.2, 125.3, 127.3, 127.4, 128.1, 137.6,
143.2, 145.9, 155.4, 159.9, 184.6. HRMS (ESI+) calc. for. [M+H+] (C14H9N2O3 S +) Exact Mass: 285.0328,
found: 285.0333

6.6.3

Transient Absorption Spectroscopy

Nanosecond transient absorptions were measured using an in-house assembled setup. The
excitation wavelength of 430 nm was generated using a tunable Nd:YAG-laser system (NT342B,
Ekspla) comprising the pump laser (NL300) with harmonics generators (SHG, THG) producing 355 nm
to pump an optical parametric oscillator (OPO) with SHG connected in a single device. The laser
system was operated at 5 Hz repetition rate. Probe light running at 10 Hz was generated using a highstability short arc xenon flash lamp (FX-1160, Excelitas Technologies) with a modified PS302
controller (EG&G). The probe light was split into a signal and a reference beam with a 50/50 beam
splitter and focused on the entrance slit of a spectrograph (SpectraPro-150, Princeton Instruments).
The probe beam (A = 1 mm2) was passed through the sample cell and orthogonally overlapped with
the excitation beam on a 1 mm × 1 cm area. The excitation power measured at the back of the sample
holder with no sample was measured to obtain the excitation energy. The reference beam was used
to normalize the signal for fluctuations in the flash lamp spectral intensity. Both beams were
recorded simultaneously with a gated intensified CCD camera (PI-MAX3, Princeton Instruments) with
an adjustable gate of minimal 2.9 ns. The timing of the excitation pulse, the flash lamp, and the gate
of the camera was achieved with a delay generator (DG535, Stanford Research Systems, Inc.). The
setup was controlled with an in-house written LabView program.
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Figure 6.7: Transient absorption of 400 µM ITI 1a in MeOH at room temperature. The sample was
irradiated with a 430 nm light pulse, upon which the spectrum was recorded i n steps of 1 ms increasing
delay. The calculated half-life of the E isomer is 18.5 ± 1.4 (sd derived from curve fitting).

Figure 6.8: Transient absorption of 400 µM ITI 1a in cyclohexane at room temperature. The sample was
irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing
delay. The calculated half-life of the E isomer is 9.5 ± 0.4 (sd derived from curve fitting).

Figure 6.9: Transient absorption of 400 µM ITI 1a in DMSO at room temperature. The sample was
irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing
delay. The calculated half-life of the E isomer is 23.3 ± 2.0 (sd derived from curve fitting).
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Figure 6.10: Transient absorption of 400 µM ITI 1a in toluene at room temperature. The sample was
irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 0.5 ms increasing
delay. The calculated half-life of the E isomer is 12.4 ± 0.9 (sd derived from curve fitting).

Figure 6.11: Transient absorption of 400 µM ITI 1a in Chloroform at room temperature. The sample was
irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing
delay. The calculated half-life of the E isomer is 16.9 ± 1.2 (sd derived from curve fitting).

Figure 6.12: Transient absorption of 120 µM ITI 1b (p-MeO) in MeOH at room temperature. The sample
was irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 1 ms
increasing delay. The calculated half-life of the E isomer is 12.7 ± 0.5 (sd derived from curve fitting).
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Figure 6.13: Transient absorption of 200 µM ITI 1c (p-Me) in MeOH at room temperature. The sample
was irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 1 ms
increasing delay. The calculated half-life of the E isomer is 21.1 ± 1.2 (sd derived from curve fitting).

Figure 6.14: Transient absorption of 750 µM ITI 1d (p-COOMe) in MeOH at room temperature. The
sample was irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 0.2
ms increasing delay. The calculated half-life of the E isomer is 4.0 ± 0.3 (sd derived from curve fitting).

Figure 6.15: Transient absorption of 750 µM ITI 1e (p-CF3 ) in MeOH at room temperature. The sample
was irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 0.5 ms
increasing delay. The calculated half-life of the E isomer is 9.9 ± 1.0 (sd derived from curve fitting).
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Figure 6.16: Transient absorption of 600 µM ITI 1f (p-NO2) in MeOH at room temperature. The sample
was irradiated with a 430 nm light pulse, upon which the spectrum was recorded in steps of 0.2 ms
increasing delay. The calculated half-life of the E isomer is 2.8 ± 0.5 (sd derived from curve fitting).

Figure 6.17: Transient absorption of 120 µM ITI 1b (p-MeO) in PBS (pH 7.4, 6.67% DMSO) at room
temperature. The sample was irradiated with a 430 nm light pulse, upon which the spectrum was
recorded in steps of 1 ms increasing delay. The calculated half-life of the E isomer is 10.0 ± 0.8 (sd derived
from curve fitting).

6.6.4

NMR Studies on ITI Photo-isomerization and thermal relaxation

All ITIs were dissolved at the solubility limit in CD 3 OD and subsequently diluted 2 times with CD 3 OD.
At -60 oC, the ITIs were irradiated with 455 nm light upon the photo-stationary state PSS was
reached. Continuous irradiation of p-NO2-ITI 1f resulted in degradation, all other ITIs did not show
any sign of degradation.
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Table 6.3: In NMR irradiation using 455 nm light. All experiments at -60oC in CD3 OD.
Compound

PSS (455 nm)

Degradation observed?

t1/2 (min)

p-H-ITI 1a

65%

no

6.8 ± 0.5

p-MeO-ITI 1b

83%

no

4.0 ± 0.3

p-Me-ITI 1c

73%

no

10.0 ± 0.6

p-COOMe-ITI 1d

17%

no

0.8 ± 0.1

p-CF3 -ITI 1e

36%

no

2.6 ± 0.3

p-NO2-ITI 1f

-

yes

-

Figure 6.18: p-H-ITI 1a in CD3OD at -60 oC. Top left: Thermal spectrum. Bottom left: spectrum of PSS
at 455 nm irradiation. Right: Thermal relaxation of p-H-ITI 1a at -60 oC in CD3 OD.

Figure 6.19: p-MeO-ITI 1b in CD3 OD at -60 oC. Top left: Thermal spectrum. Bottom left: spectrum of PSS
at 455 nm irradiation. Right: Thermal relaxation of p-MeO-ITI 1b at -60 oC in CD3 OD.
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Figure 6.20: p-Me-ITI 1c in CD3 OD at -60 oC. Top left: Thermal spectrum. Bottom left: spectrum of PSS
at 455 nm irradiation. Right: Thermal relaxation of p-Me-ITI 1c at -60 oC in CD3 OD.

Figure 6.21: p-COOMe-ITI 1d in CD3 OD at -60 oC. Top left: Thermal spectrum. Bottom left: spectrum of
PSS at 455 nm irradiation. Right: Thermal relaxation of p-COOMe-ITI 1d at -60 oC in CD3 OD.
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Figure 6.22: p-CF3-ITI 1e in CD3 OD at -60oC. Top left: Thermal spectrum. Bottom left: spectrum of PSS
at 455 nm irradiation.

Figure 6.23: Temperature dependence of thermal relaxation. Thermal relaxation of p-H-ITI 1a in
CD3 OD followed at: A: -58.6oC, B: -52.8oC, C: -47.4oC, D: -41.6oC, E: -35.9oC. F: Eyring plot of p-H-ITI
1a in CD3 OD.
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Abstract:
Iminothioindoxyl (ITI) is a visible-light operated molecular photoswitch that shows potential
for the development of responsive system and in particularly applications in medicine, such as
photopharmacology. Yet, currently there is limited understanding of the role of substituents
on the properties such as the absorption maximum of both photo-isomers and the thermal
half-life of the thermally unstable E isomer. Here we report the substituent effects for four
positions in the ITI structure on the properties. In the present study, positions have been
identified in which electron donating groups red-light shift the absorption band of ITI to over
500 nm and where electronic and steric substituents can increase or decrease the thermal halflife of the E isomer over a 100-fold. A thorough analysis of a library of ITI photoswitches
presented here paves the way for the rational design of ITIs with desired properties for the
development of visible-light-response systems and drugs.

7.1

Introduction:

Molecular photoswitches are dynamic, addressable structures that exist as two (or more)
isomers, each with their distinct chemical and structural properties, which can be
interconverted using light of different wavelengths 1. The differences in structure and
properties between the photo-isomers are employed in designing responsive systems,
where light controls the properties and functions 2,3. However, a limiting factor here is the
fact that light is not exclusively absorbed by photoswitches, but also by other components
of the system. In particular for applications in medicine, the UV light that is required for
photo-isomerization of most photoswitches is absorbed by other components in the tissue,
which results in photo-toxicity and a limited penetration depth 4,5. In contrast, visible light
is less toxic and penetrates deeper through tissue, with an optimum between 650 to 900
nm6. This has been the motivation for the development of photoswitches that can be
operated with visible light, preferably of wavelengths in this so-called “photo-therapeutic
window”1,7–14.
Photopharmacology is an emerging approach to use photoswitches in medicine, which
aims to acquire light control over the activity of drugs to ultimate enable local treatment
without harming healthy cells and tissues15–18. Strategic introduction of a photoswitch into
the structure of a bio-active molecule results in a drug with two photo-isomers that both
have a different biological activity, and that can be interconverted using light 5. Currently,
photopharmacology heavily relies on UV-light activated photoswitches and only a few
visible light operated bio-active molecules have been reported 19–23. This challenge
highlights the need for new visible light photoswitches with improved properties.
Recently we have introduced Iminothioindoxyl (ITI) photochromes24 (Figure 7.1A) as a new
class of molecular photoswitches. ITIs are fully operated with visible light and the
absorption maxima of the Z and E isomers are separated by approximately 100 nm. The
thermal relaxation from the thermally unstable E to the stable Z isomer is fast, with the
half-lives in the ms time scale. These photochemical properties have been observed in a
wide range of solvents, including an aqueous buffer at physiological pH. Furthermore, the
synthesis of ITI is straightforward and its small structure facilitates introduction into
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responsive systems. This makes ITI a visible light photoswitch with great potential for a
wide variety of applications, including those in medicine and especially
photopharmacology.
In a biological application, we envision the design in which the compound bearing the
thermally stable Z isomer is biologically inactive and can be locally activated to the
biologically active, yet thermally unstable, E isomer (Figure 7.1A). Introduction of ITI into
the structure of a small molecule drug would require introduction of multiple substituents
of different electron nature that will influence the photochemical properties. So far, only
limited substituent patterns have been studied for ITI (see Chapter 6). Electron-donating
groups at the R1 position (Figure 7.1B) have been found to increase the extinction
coefficient, slightly red-light shift the absorption maximum of the Z isomer and show a
trend of increased thermal half-lives of the E isomer. Yet for ITI to mature as a photoswitch
suitable for photopharmacology, further substituent effects and tolerance need to be
explored.

Figure 7.1: A) Structure of both photo-isomers of Iminothioindoxyl (ITI), with the thermally
stable Z-isomer as the proposed biologically inactive photo-isomer and the meta-stable E
photo-isomer as the proposed biologically active photo-isomer for applications in
photopharmacology. B) The design of this study, with substituents in different positions. C)
The half-life of the biologically active photo-isomer influences the build-up of the active
concentration and affects the spatial resolution.
The first challenge in the development of ITI photoswitches for photopharmacology is
acquiring control over the absorption maximum of the Z isomer. Where the absorption
maximum around 430 to 450 nm for the earlier reported Z-ITIs already represent an
improvement over traditional, UV-light activated photoswitches, further red-light shifting
of the absorption maximum of the Z isomer towards the optimal phototherapeutic window
is needed for increased tissue penetration. The second challenge is to acquire control over
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the half-life of the E isomer. However, in contrast to the preferred phototherapeutic
window for absorption, the definition of the preferred range of thermal half-lives of the
meta-stable and biologically more active photo-isomer is less obvious (Figure 7.1C). On
the one hand, a photoswitchable drug with a long thermal half-life of the metastable
isomer allows for a build-up of its high concentration under irradiation. However, diffusion
and bloodstream can distribute the active photo-isomer throughout the body, resulting in
a loss of spatial resolution. On the other hand, for a photoswitchable drug with a short halflife, build-up of a high concentration of the active photo-isomer is compromised by fast
thermal relaxation. Yet, after diffusing outside the region of irradiation, the
photoswitchable drug would rapidly re-isomerize to the inactive photo-isomer and thereby
provide high spatial resolution. The half-lives of the E isomer of the earlier reported ITIs are
too short to achieve high build-up of the E isomer at room temperature, for which reason
positions for substitutions should be identified where electron and/or steric effects increase
the thermal half-life of the E isomer of ITI.
Here we report the optimization of the iminothioindoxyl photoswitch towards preferred
properties for photopharmacology. Inspired by reported substituent patterns on
azobenzene switches and structurally similar hemithioindigo (HTI) photoswitches, five
positions for modifications were defined. We identified substituent patterns that
bathochromically shift the absorption band of Z-ITI towards the optical therapeutic
window and show which substituent patterns increase the half-life of the E isomer, to
ultimate facilitate its increased build-up under irradiation. Altogether, these experimental
studies form a guide for the rational design of ITIs and its properties.

7.2

Results and Discussion

7.2.1

ITIs with substituents at the R 1 position

In the initial report on ITI24, substituents at the R1 position were reported for ITIs 1a-f
(Scheme 7.1). It was shown that electron donating groups give a small red-light shift for
the Z photo-isomer, and result in higher absorptivity. In contrast, ITIs with electron
withdrawing groups at the R1 position have a small blue light shift of the absorption band
of the Z photo-isomer, decreased extinction coefficients and the E isomer lives shorter.
Here the scope of substituents is extended with ITI 1g which contains an electronwithdrawing fluorine substituent and ITI 1h with a stronger electron-donating group at the
R1 position as compared to the earlier-report ed ITIs.
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Scheme 7.1: Synthesis of ITIs with substituents at the R 1 position.
In the previous report (Chapter 6), the synthesis of ITIs 1a-f (see Scheme 7.1) is reported,
where the final products were synthesized by condensating thioindoxyl 3 with
nitrosobenzenes 5a-g under Knoevenagel-like conditions. Yet, intermediate 3 cannot be
stored for long due to instability. Degradation of the thioindoxyl was prevented by an
alternative synthetic approach, reported here, in which di-carboxylic acid 6 was reacted
with acetic anhydride under reflux conditions, forming a stable, acetyl-protected
thioindoxyl compound 7. Subsequently, ester 7 was hydrolyzed with KOH and in situ
reacted with nitrosobenzene in ethanol at room temperature, to form ITIs 1g and 1h. These
alternative milder reaction conditions circumvent the use of oxalyl chloride, AlCl 3 and
benzene and improve the synthetic accessibility of substituted ITIs.
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Table 7.1: Photochemical properties of ITIs with substituents at the R1 position

* earlier reported in Chapter 6
ITI 1g with an electron withdrawing fluorine substituent has an absorption maximum of the
Z-isomer of 425 nm (Table 7.1), which fits the earlier reported Hammett relationship
between the electron properties of the R1 substituent and the absorption maximum of the
Z photo-isomer (see Figure 7.2A). ITI 1h with strong electron donating NMe2 substituent
at the R1 has an absorption maximum of 516 nm, by which ITI 1h is approaching the optimal
photo-therapeutic window.

Figure 7.2: Relation between the electronic properties of R 1 and the absorption maximum (A)
and the extinction coefficient of the Z photo-isomer (B).
High extinction coefficients are preferred for molecular photoswitches, since they
represent a high probability of photon absorption. For ITIs with R 1 substituents, a clear
trend is observed between the extinction coefficient and the Hammett parameter (see
Figure 7.2B), where electron donating groups at the R1 position result in increased
absorptivity. Also, the quantum yield of Z-E photo-isomerization can contribute to the
build-up of the E isomer, however no correlation between the quantum yield and the
electronic properties of the R 1 substituent is observed.
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7.2.2

ITIs with substituents at the R 2/R 3 position

For azobenzene photoswitches, it has been described that the introduction of four ortho
substituents, such as methoxy8 or fluorine,9 can enable visible light photo-isomerization in
both direction, by separating the nπ* transitions of azobenzene. Furthermore, four orthofluorine substituents stabilize the thermally stable cis isomer, resulting in long half-lives9 .
Since ITI can be structurally seen as a hybrid of thioindigo and azobenzene photoswitch,
substituents at the R2 and R3 could be useful in tuning the chemical properties, even though
only two substituents can be placed on ITI instead the four of azobenzene. Furthermore, in
contrast to the R 1 positions, substituents at the R2 and R3 position can have both an
electronic and a steric effect at the absorption maxima of the Z and E isomer and the barrier
for thermal relaxation.
In an effort to determine the influence of both the steric and electronic effects on the
properties of ITI, four new ITIs with substituents at the R2 /R3 position were designed. ITIs 1i
and 1j have either a single or a double electron-donating methyl substituent and ITIs 1k
and 1l have either a single or a double electron-withdrawing fluorine substituents.

Scheme 7.2: Synthesis of ITIs with substituents at the R 2 /R 3 position.
For the synthesis of ITIs 1i-l, anilines 8i-l were oxidized using Oxone to the corresponding
nitrosobenzenes (Scheme 7.2). Subsequently, the nitrosobenzenes were condensated
with acetyl-protected thioindoxyl 7 in EtOH, yielding ITIs 1i-l. This demonstrates that the
earlier described synthetic route for ITIs with R 1 substituents is also suitable for the
introduction of substituents at the R2 and R3 position.
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Table 7.2: Photochemical properties of ITIs with substituents at the R 2 /R 3 position

* earlier reported in Chapter 6
Using Transient Absorption spectroscopy, the photochemical properties of the R 2 /R3
substituted ITIs were determined (see Table 7.2). In contrast to electron donating
substituents at the R1 positions, a methyl substituents of R 2 only results in a 3 nm
bathochromic shift of the absorption maximum of the Z isomer and methyl substituents of
both R 2 and R3 even result in a hypsochromic shift. Again, unlike the trend for the R1
position, electron donating substituents at the R2 and R3 position result in a shorter living E
isomer. This demonstrates that by placing electron-donating substituents at the R2 and R3
position the build-up of the E isomer at room temperature cannot be improved.
The absorption maxima of both photo-isomers of ITIs with one or two fluorine substituents
on R 2 and R3 are very similar to those of unsubstituted ITI 1a. The half-life of ITI 1k with one
fluorine substituent approximately doubles compared to unsubstituted ITI 1a and this
trend progresses with ITI 1l containing double fluorine substituents, which has a half-life of
76 ± 8 ms at room temperature. However, the build-up of the E-isomer at room
temperature is not only dependent on the half-life of the E-isomer, but also on the
extinction coefficient and the quantum yield of Z-E photo-isomerization. The introduction
of two fluorine substituents at the R2 and R3 positions results in a similar quantum yield of
Z-E photo-isomerization but comes at the cost of a decreased extinction coefficient.
7.2.3

The role of the sulfur in ITI photo-isomerization.

The role of the sulfur atom in the Iminothioindoxyl photoswitch has not been elucidated.
To better understand the role of the size of sulfur and the two free electron pairs is
possesses, ITIs were considered in which the sulfur is replaced by oxygen, selenium and
tellurium, all elements from group 16 of the period table.
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Scheme 7.3: Synthesis of photoswitch 1m.
Photoswitch 1m that contains selenium instead of sulfur was successfully synthesized in
three steps. First, di-selenium di-phenyl 10 was reduced with sodium borohydride and the
formed anion was alkylated with chloro-acetic acid 11. Subsequently compound 11 was
cyclized using Friedel-Crafts acylation and the formed compound 12 was directly
condensed with nitrosobenzene to yield photoswitch 1m. The synthesis of an ITI with
oxygen instead of sulfur was unsuccessful due to instability of the compound and the
synthesis of a photoswitch with tellurium atom failed in the reduction and substitution
steps, similarly as compound 10 to 11.
Table 7.3: Photochemical properties of ITI 1a and selenium photoswitch 1m.

* earlier reported in Chapter 6
Transient absorption spectroscopy shows that replacing sulfur by selenium results in a
small bathochromic shift of the absorption maxima of both the Z and E photo-isomers.
However, the extinction coefficient of the Z isomer is lower and the half-life is much shorter
then ITI 1a, which shows that this substitution is low additional value for designing
improved variants of ITI. However, the quantum yield of Z-E is higher than for any other ITI
observed, for which the Selenium ITI could be of interest in understanding the origin of the
quantum yield and how to rationally improve it.
7.2.4

ITIs with substituents at the R 4 position

In an attempt to understand how to bathochromically shift the structurally similar
photoswitch hemithioindigo (HTI), it was found that electronic effects in the position para
to the sulfur at the thioindoxyl ring influence the absorption maximum of the Z isomer25.
Therefore, a series of ITI was designed with substituents with different electronic nature on
this position earlier defined as R 4 for ITI.
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Scheme 7.4: Synthesis of ITIs with substituents at the R 4 position.
In contrast to ITIs with substituents at the R1, R2 and R3 positions, the substituents at the R4
position cannot be introduced in the final step from a common intermediate. ITIs with R 4
substitutions were prepared by condensation of acetyl-protected or unprotected
thioindoxyl fragments (Scheme 7.4), already containing the R 4 substitution, with
nitrosobenzene. Nucleophilic aromatic substitution of mercaptoacetic acid on compound
13 with R 4 = NO 2 yielded di-carboxylic acid 14 that was cyclized with acetic anhydride. Dicarboxylic acid 17 with R 4 = F was prepared by quenching the corresponding diazonium salt
formed from compound 16 with mercaptoacetic acid and next compound 17 was cyclized
using acetic anhydride under reflux conditions. Commercially available compound 19 with
R4 = Me was cyclized using Friedel-Crafts acylation, yielding compound 20, which in
contrast to the earlier-reported unstable thioindoxyl fragment is stable upon storage at
room temperature at inert conditions.
Table 7.4: Photochemical Properties of ITIs with substituents at the R 4 position.

* earlier reported in Chapter 6
Transient absorption spectroscopy revealed that the studied substituents at the R4 position
have only minor effects at the absorption maxima of the Z and E photo-isomers (see Table
7.4). Furthermore, the half-life of ITIs 1n and 1o with electron withdrawing group is slightly
shorter than for unsubstituted ITI 1a and 1p. Expect for ITI 1n (R4 = NO 2 ), the extinction
coefficients of the Z isomer and the quantum yield of Z-E photo-isomerization is similar.
This demonstrates that this position cannot be used to control the photochemical
properties of ITI, where for the structurally similar HTI this position is sensitive for tuning
the absorption maximum 25. However, in the applications of ITIs the R 4 position tolerates
substituents with a variety of electronic properties.
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7.3

Conclusion

Here we show a library of 16 Iminothioindoxyl photoswitches with different substituent
patterns, including the synthesis and their photochemical properties. The R 1 position has
been identified as the most sensitive to control the absorption maximum of the Z photoisomer. Introduction of NMe2 substituent at the R 1 position bathochromically shifts the
absorption band of the Z isomer to 516 nm with a high extinction coefficient. The R2 and R3
positions have been identified as the most sensitive positions to control the half-life of
thermal relaxation of the E isomer. The observed difference in half-life between two methyl
substituents and two fluorine substituents is over 100-fold. Opposite to what was observed
at the R1 position, two electron-withdrawing fluorine groups on R2 and R3 increase the
thermal half-life to approximately 76 ms. There is no benefit of replacing the sulfur atom
for selenium and substituents with different electronic properties at the R4 position show
only minor influence on the photochemical properties.
For potential applications of ITI in photopharmacology, multiple substituent patterns are
needed to acquire the specific biological activity desired, where any of the substitution
patterns potentially influences both the biological activity and the photochemical
properties of the ITI. The results reported in this chapter form a guide for the rational
design of ITIs and the preferred photochemical properties, paving ways for
iminothioindoxyl-based photo-controlled visible-light-operated drugs.

7.4

Experimental Contributions

M.W.H.H and W.S. conceived the project and designed the molecules. M.W.H.H and
A.C.A.W performed the synthesis. Transient absorption spectroscopy was performed by
M.H. and W.J.B. assisted by M.W.H.H. and A.C.A.W.

7.5

Experimental data

7.5.1

General synthetic remarks

See Chapter 3.6.1

7.5.2

Synthetic procedures

The synthesis of ITIs 1a-f has been described in Chapter 6.6.2

7. benzo[b]thiophen-3-yl acetate
2-((Carboxymethyl)thio)benzoic acid 6 (1.01 g, 4.75 mmol) was dissolved in acetic anhydride (10 mL)
and KOAc (1.14 g, 4.8 mmol) was added. The reaction mixture was stirred under reflux for 16 h under
nitrogen atmosphere. After completion, Et2O (50 mL) and H2O (50 mL) were added, the layers were
separated and the aqueous layer was extracted with Et 2O (3 x 50 mL). The combined organic layers
were washed with water and brine, dried using MgSO 4, concentrated in vacuo and co-evaporated
with toluene (3 x 50 mL) to remove the residual acetic anhydride. The product was obtained as light
pink oil (0.87 g, 4.5 mmol, 87 % yield) 1 H NMR (400 MHz, CDCl 3 ) δ 2.35 (d, J = 2.0 Hz, 3H, CH3 ), 7.42
(m, 2H, ArH), 7.48 (s, 1H, C=CH), 7.77 (d, J = 7.1 Hz, 1H, ArH), 7.83 (d, J = 7.4 Hz, 1H, ArH).
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5g. 1-fluoro-4-nitrosobenzene
4-Fluoroaniline 4g (0.45 mL, 4.5 mmol) was dissolved in DCM/H 2O (1:9, 50 mL) and Oxone (2.7 g, 9.0
mmol) was added. The reaction mixture was vigorously stirred at room temperature for 3 h. After
completion, aq. 1 N HCl (50 mL) and DCM (50 mL) were added, the layers were separated and the
aqueous layer was extracted with DCM (3 x 50 mL). The combined organic were washed with aq. 1 N
HCl (50 mL), H2O (50 mL) and brine (50 mL), dried using MgSO 4 and concentrated in vacuo. The
product was obtained after flushing through a plug of silica gel in 100 % pentane and concentrating
in vacuo. The product was used without further characterization.

1g. (Z)-2-((4-fluorophenyl)imino)benzo[b]thiophen-3(2H)-one
Benzo[b]thiophen-3-yl acetate 7 (70 mg, 0.37 mmol) and crude 1-fluoro-4-nitrosobenzene 5g were
dissolved in EtOH (2 ml). 10 Drops of KOH in EtOH (25 g/L) were added and the reaction mixture was
stirred at room temperature for 1 h. After completion, Et 2O (50 mL) and H2O (50 mL) were added,
the layers were separated and the aqueous layer was extracted with Et 2O (3 x 50 mL). The combined
organic layers were washed with sat. aq. NaHCO 3 , water and brine, dried using MgSO 4 and
concentrated in vacuo. The product was purified with flash chromatography (Silicagel 40 - 63 nm,
Toluene). The product was obtained as an orange solid (51 mg, 0.20 mmol, 53 % yield). Mp: 141 - 143
oC. 1 H NMR (400 MHz, CDCl 3 ) δ 7.14 (t, J = 8.6 Hz, 2H, ArH), 7.25 – 7.31 (m, 2H, ArH), 7.34 (d, J = 7.4
Hz, 1H, ArH), 7.40 (d, J = 7.8 Hz, 1H, ArH), 7.61 (t, J = 7.6 Hz, 1H, ArH), 7.94 (d, J = 7.6 Hz, 1H, ArH). 13 C
NMR (101 MHz, CDCl 3 ) δ 116.3 (d, J = 23.2 Hz) 123.4 (d, J = 9.0 Hz) 125.0, 126.8, 127.7, 127.8, 137.0,
144.1, 145.1 (d, J = 3.0 Hz) 156.0 (d, J = 2.0 Hz) 160.4, 162.9, 185.4. 19F NMR (376 MHz, CDCl 3 ) δ -113.74
(septet, J = 13.3, 8.4, 4.8 Hz). HRMS (ESI+) calc. for. [M+Na +] (C14H9FNOSNa+) 280.0203 found:
280.0207

1h (Z)-2-((4-(dimethylamino)pheny l)imino)benzo[b]thiophen-3(2H)-one
Benzo[b]thiophen-3-yl acetate 7 (75 mg, 0.39 mmol) and N,N-dimethyl-4-nitrosoaniline 5h (70 mg,
0.39 mmol) were dissolved in EtOH (2 ml). 10 drops of KOH in EtOH (25 g/L) were added and the
reaction mixture was stirred vigorously at room temperature for 1 h. After completion, Et 2O (50 mL)
and H2O (50 mL) were added, the layers were separated and the aqueous layer was extracted with
Et2O (3 x 50 mL). The combined organic layers were washed with sat. aq. NaHCO3 , water and brine,
dried using MgSO 4 and concentrated in vacuo. The product was purified with flash chromatography
(Silicagel 40-63 nm, toluene/EtOAc 9:1). The product was obtained as a purple solid (60 mg, 0.21
mmol, 54 % yield). Mp: 162 - 163 oC. 1 H NMR (400 MHz, CDCl 3 ) 1 H NMR (400 MHz, CDCl 3 ) δ 3.06 (s,
6H, CH3 ), 6.78 (d, J = 7.8 Hz, 2H, ArH), 7.30 (t, J = 8.5 Hz, 1H, ArH), 7.44 (d, J = 7.8 Hz, 1H, ArH), 7.52 (d,
J = 7.2 Hz, 2H, ArH), 7.57 (t, J = 7.6 Hz, 1H, ArH), 7.95 (d, J = 6.0 Hz, 1H, ArH). 1 H NMR data corresponds
to literature26.

9i. 1-fluoro-2-nitrosobenzene
2-Fluoroaniline 8i (0.43 mL, 4.50 mmol) and Oxone (2.80 g, 9.12 mmol) were dissolved in DCM (5 mL)
and water (15 mL). The reaction mixture was stirred vigorously for 4 h under nitrogen atmosphere.
After completion, DCM (20 mL) was added and the layers were separated. The aqueous layer was
extracted with DCM (2 x 20 mL) and the combined organic layers were washed with sat. aq. NaHCO 3
(20 mL), aq. 1 N HCl (25 mL), brine (20 mL), dried with MgSO 4 and concentrated in vacuo. The product
was purified with flash chromatography (Silicagel 40-63 nm, pentane/EtOAc 19:1). The product was
obtained as a sticky oil (0.16 g, 1.25 mmol, 28 %). 1 H NMR (400 MHz, CDCl 3 ) δ 6.49 (t, J = 7.5 Hz, 1H,
ArH), 7.14 (t, J = 7.7 Hz, 1H, ArH), 7.51 (t, J = 9.3 Hz, 1H, ArH), 7.72 (q, J = 7.2 Hz, 1H, ArH). 1 H NMR
spectrum corresponds to literature27.

9k. 1-methyl-2-nitrosobenzene
o-Toluidine 8k (1.00 mL, 9.11 mmol) and Oxone (5.63 g, 18.3 mmol) were dissolved in DCM (9 mL)
and water (36 mL). The reaction mixture was stirred vigorously for 1 h under a nitrogen atmosphere.

136

Tuning the properties of the Iminothioindoxyl photoswitch

After completion, DCM (20 mL) was added and the layers were separated. The aqueous layer was
extracted with DCM (3 x 20 mL) and the combined organic layers were washed with water (25 mL),
dried with MgSO4 and concentrated in vacuo. The product was purified with flash chromatography
(Silicagel 40-63 nm, pentane/Et2O 9:1). The product was obtained as a light yellow solid (0.41 g, 2.97
mmol, 33 % yield). Mp: 52 - 60°C; 1 H NMR (400 MHz, CDCl 3 ) δ 3.35 (s, 3H, CH3 ), 6.29 (d, J = 8.1 Hz, 1H,
ArH), 7.16 (t, J = 7.5 Hz, 1H, ArH), 7.54 (d, J = 7.6 Hz, 1H, ArH), 7.60 (t, J = 7.4 Hz, 1H, ArH). 1 H NMR
spectrum corresponds to literature27.

9l. 1,3-dimethyl-2-nitrosobenzene
2,6-Dimethylaniline 8l (1.02 mL, 8.25 mmol) and Oxone (5.07 g, 16.5 mmol) were dissolved in DCM
(15 mL) and water (45 mL). The reaction mixture was stirred for 1.5 h. After completion, DCM (20 mL)
was added and the layers were separated. The aqueous layer was extracted with DCM (3 x 20 mL)
and the combined organic layers were washed with aq. 1 N HCl (25 mL), brine (25 mL), dried with
MgSO4 and concentrated in vacuo. The product was obtained as a white solid (0.56 g, 4.13 mmol,
50%). 1 H NMR (400 MHz, CDCl 3 ) δ 2.47 (s, 3H, CH3 ), 2.64 (s, 3H, CH3 ), 7.19 (d, J = 7.6 Hz, 2H, ArH), 7.31
(t, J = 7.6 Hz, 1H, ArH). 1 H spectra correspond to literature29.

1i. (Z)-2-((2-fluorophenyl)imino)benzo[b]thiophe n-3(2H)-one
Benzo[b]thiophen-3-yl acetate 7 (0.080 g, 0.42 mmol) and 1-fluoro-2-nitrosobenzene 9i (0.077 g,
0.62 mmol) were dissolved in ethanol (2 mL). The mixture was cooled to 0 oC. KOH (25 g/L in EtOH)
was added dropwise (8 drops) and the mixture was allowed to reach rt and stirred for an additional 2
h. After completion, the product was filtered off and washed with water (1 x 20 mL). The product was
dissolved in acetone, dried with MgSO 4 and concentrated in vacuo. The product was purified with
flash chromatography (Silicagel 40 – 63 nm, pentane/EtOAc 19:1). The product was obtained as an
orange solid (0.026 g, 0.10 mmol, 32 %). Mp: 158 - 160 °C 1 H NMR (400 MHz, CDCl 3 ) δ 7.12 – 7.31 (m,
4H, ArH), 7.32 – 7.42 (m, 2H, ArH), 7.63 (td, J = 7.8, 1.4 Hz, 1H, ArH), 7.92 – 7.99 (m, 1H, ArH) 13 C NMR
(101 MHz, CDCl 3 ) δ 116.7 (d, J = 19.4 Hz), 121.0 (d, J = 1.3 Hz), 124.5 (d, J = 3.9 Hz), 124.9, 126.9, 127.8,
127.9, 128.2 (d, J = 7.5 Hz), 137.2, 137.8 (d, J = 11.8 Hz), 143.7, 152.9 (d, J = 251.3 Hz), 159.8, 184.8 19F
NMR (376 MHz, CDCl 3 ) δ -122.2 - -122.0 (m) HRMS (ESI+) calc. for. [M+H +] (C14H8FNOS +) 258.0391
found: 258.0383

1j. (Z)-2-((2,6-difluorophe nyl)imino)benzo[b]thiophen-3(2H)-one
Benzo[b]thiophen-3-yl acetate 7 (0.063 g, 0.33 mmol) and 2,6-difluornitrosobenzene 9j (0.061 g, 0.43
mmol) were dissolved in ethanol (2 mL). The mixture was cooled to 0 oC. KOH (25 g/L in EtOH) was
added dropwise (7 drops) and the mixture was allowed to reach rt. The reaction mixture was stirred
for 15 min. After completion, DCM (30 mL) and water (30 mL) were added and the layers were
separated. The aqueous layer was extracted with DCM (2 x 20 mL). The combined organic layers were
washed with brine (25 mL), dried with MgSO 4 and concentrated in vacuo. The product was purified
with flash chromatography (Silicagel 40 – 63 nm, pentane/EtOAc 19:1). The product was obtained as
an orange solid (0.045 g, 0.16 mmol, 50 %). Mp: 149 - 152°C. 1 H NMR (400 MHz, CDCl3 ) δ 7.01 (t, J =
8.1 Hz, 2H, ArH), 7.14 - 7.23 (m, 1H, ArH), 7.33 - 7.41 (m, 2H, ArH), 7.64 (t, J = 7.6 Hz, 1H, ArH), 7.94 (d,
J = 7.2 Hz, 1H, ArH) 13 C NMR (101 MHz, CDCl 3 ) δ 112.1 (dd, J = 5.0 Hz, 18.0 Hz), 124.9, 126.8 (t, J = 9.4
Hz), 127.1, 127.8, 128.0, 137.4, 142.8, 151.1 (d, J = 5.1 Hz), 153.6 (d, J = 5.1 Hz), 163.7, 184.1, 19F NMR
(376 MHz, CDCl 3 ) δ -120.52- -120.43 (m) HRMS (ESI+) calc. for. [M+H +] (C14H7F2NOS +) 276.0224 found:
276.0290

1k. (Z)-2-(o-tolylimino)benzo[b]thiophen-3(2H)-one
Benzo[b]thiophen-3-yl acetate 7 (0.050 g, 0.26 mmol) and 2-methylnitrosobenzene 9k (0.056 g, 0.41
mmol) were dissolved in ethanol (2 mL). This mixture was cooled to 0 oC. KOH (25 g/L in EtOH) was
added dropwise (7 drops) and the mixture was allowed to reach rt. The reaction mixture was stirred
for 10 min. After completion, the product was filtered off and washed with water (1 x 20 mL). The
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product was dissolved in acetone, dried with MgSO 4 and concentrated in vacuo. The product was
obtained as an orange solid (47.9 mg, 0.19 mmol, 73 %). Mp: 130 – 132 °C. 1 H NMR (400 MHz, CDCl 3 )
δ 2.26 (s, 3H, CH3 ), 6.97 (d, J = 7.7 Hz, 1H, ArH), 7.18 (t, J = 7.4 Hz, 1H, ArH), 7.22 – 7.30 (m, 2H, ArH),
7.35 (dd, J = 18.4, 7.7 Hz, 2H, ArH), 7.61 (t, J = 7.6 Hz, 1H, ArH), 7.96 (d, J = 7.7 Hz, 1H, ArH) 13 C NMR
(101 MHz, CDCl 3 ) δ 17.8, 117.3, 125.0, 126.6, 126.6, 126.8, 127.8, 128.1, 130.2, 130.9, 137.0, 144.5, 149.2
HRMS (ESI+) calc. for. [M+H+] (C15H11 NOS +) Exact Mass: 254.0569, found: 254.0634.

1l. (Z)-2-((2,6-dimethylphenyl)imino)be nzo[b]thiophen-3(2H)-one
Benzo[b]thiophen-3-yl acetate (0.066 g, 0.34 mmol) 7 and 2,6-dimethylnitrosobenzene 9l (0.071 g,
0.53 mmol) were dissolved in ethanol (2 mL). The mixture was cooled to 0 oC. KOH (25mg/mL in
EtOH) was added dropwise (8 drops) and the mixture was allowed to reach rt. The reaction mixture
was stirred for 4h 30 min. After completion, DCM (30 mL) and water (30 mL) were added and the
layers were separated. The aqueous layers were extracted with DCM (2 x 20 mL). The combined
organic layers were washed with sat. aq. NaHCO 3 (25 mL) brine (25 mL), dried with MgSO 4 and
concentrated in vacuo. The product was purified with flash chromatography (Silicagel 40 – 63 nm,
pentane/EtOAc 19:1). The product was obtained as an orange oil (0.013 g, 0.048 mmol, 14 %). 1 H
NMR (400 MHz, CDCl 3 ) δ 2.10 (s, 6H, CH3 ), 7.00 – 7.12 (m, 3H, ArH), 7.30 – 7.38 (m, 2H, ArH), 7.61 (t, J
= 7.6 Hz, 1H, ArH), 7.96 (d, J = 7.6 Hz, 1H, ArH) 13 C NMR (101 MHz, CDCl 3 ) δ 17.8, 125.0, 125.2, 125.2,
126.7, 127.8, 128.3, 128.4, 137.3, 143.9, 149.4, 159.6, 184.8 HRMS (ESI+) calc. for. [M+H +] (C16H13 NOS+)
268.0726 found: 268.0791

11: 2-(Phenylselanyl)acetic acid
1,2-Diphenyldiselane 10 (1.04 g, 3.32 mmol) and chloro-acetic acid (0.16 g, 1.70 mmol) were added to
EtOH (30 mL) and the reaction mixture stirred at 0oC until fully dissolved. NaBH4 was added portionwise until the yellow reaction mixture became colorless and subsequently the reaction mixture was
stirred for 75 min at room temperature under nitrogen atmosphere. White solids w ere formed in the
reaction mixture, which were separated through filtration and washing with pentane. The product
was obtained as a white solid (0.53 g, 2.46 mmol, 38 % yield). Mp: > 250 oC. 1 H NMR (400 MHz, DMSOd6) δ 3.48 (s, 2H, CH2), 7.11 (t, J = 7.3 Hz, 1H, ArH), 7.19 (t, J = 7.4 Hz, 2H, ArH), 7.38 (d, J = 8.1 Hz, 2H,
ArH). Compound 11 was used without further purification.

12: benzo[b]selenophen-3(2H)-one
2-(Phenylselanyl)acetic acid 11 (0.25 g, 1.2 mmol) was dissolved in DCM (5 mL, dry) and oxalyl
chloride (0.3 mL) and 1 drop of DMF were added. The reaction mixture was stirred for 50 minutes,
after no more evolution of gas was observed. The reaction mixture was concentrated in vacuo and
the remaining oil was redissolved in dichloroethane (5 mL) and cooled to 0 oC. Portion-wise AlCl3
(0.52 g, 3.91 mmol) was added and stirred for 10 minutes at 0 oC. After completion, DCM (50 mL) and
H2O (50 mL) were added and the layers were separated. The layers were separated and the aqueous
layer was extracted with DCM (3 x 50 mL). The combined organic layers were washed with water and
brine, dried using MgSO 4 and concentrated in vacuo. The crude product was used without further
purification and directly used in the next step to prevent degradation.

1m: (Z)-2-(phenylimino)benzo[b]selenophen-3(2H)-one
Crude benzo[b]selenophen-3(2H)-one 12 was dissolved in benzene (5 mL) and nitrosobenzene (0.33
g, 3.0 mmol) and 1 drop of piperidine were added. The reaction mixture was stirred for 2h at room
temperature under nitrogen atmosphere. After completion, DCM (50 mL) and H 2O (50 mL) were
added and the layers were separated. The aqueous layer was extracted with DCM (3 x 50 mL). The
organic layers were combined and washed with sat. aq. NaHCO 3 and brine, dried with MgSO 4 and
concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
Pentane/Et2O 17:3). The product was obtained as a brown solid (53 mg, 0.19 mmol, 16 % yield over 2
steps). Mp: 120-122 oC. 1 H NMR (400 MHz, CDCl 3 ) δ 7.21 (d, J = 7.8 Hz, 2H, ArH), 7.46 (m, 3H, ArH),
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7.32 (m, 2H, ArH), 7.58 (t, J = 7.5 Hz, 1H, ArH), 7.95 (d, J = 7.7 Hz, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 )
δ 119.8, 127.1, 127.4, 128.1, 129.0, 129.5, 137.0, 140.7, 151.2, 158.9, 188.2. HRMS (ESI+) calc. for.
[M+H+] (C14H10NOSe+) 287.9922 found: 287.9921.

14: 2-((carboxymethyl)thio)-5-nitrobenzoic acid
2-Chloro-5-nitrobenzoic acid 13 (0.25 g, 1.2 mmol) was dissolved in EtOH (5 mL) and mercaptoacetic
acid (85 µL, 110 mg, 1.2 mmol) and KOH (0.3 g, 5.3 mmol) were added. The reaction mixture was
heated under reflux for 4h. After completion, DCM (50 mL) and aq. 1 N HCl (50 mL) were added and
the layers were separated. The aqueous layer was extracted with DCM (3 x 50 mL). The combined
organic layers were washed with brine, dried using MgSO 4 and concentrated in vacuo. The product
was obtained as a yellow solid and was used without further purification.

15: 5-nitrobenzo[b]thiophen-3-yl acetate
Crude 2-((carboxymethyl)thio)-5-nitrobenzoic acid 14 (0.11 g, 0.43 mmol) was dissolved in acetic
anhydride (1 mL) and KOAc (0.12 g, 1.22 mmol) was added. The reaction mixture was stirred at 80 oC
for 2h. After completion, EtOAc (50 mL) and H 2O (50 mL) were added and the layers separated. The
aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with
brine, dried using MgSO 4 and concentrated in vacuo. The product was purified by flash
chromatography (Silicagel 40 – 63 nm, DCM). The product was obtained as a white solid (70 mg, 0.3
mmol, 56 % yield over two steps). Mp: 143 – 145 oC. 1 H NMR (400 MHz, CDCl 3 ) δ 2.44 (s, 3H, CH3 ),
7.62 (s, 1H, CH), 7.90 (d, J = 8.9 Hz, 1H, ArH), 8.21 (d, J = 8.9 Hz, 1H, ArH), 8.58 (s, 1H, ArH). 13 C NMR
(101 MHz, CDCl 3 ) δ 21.0, 115.1, 116.6, 119.4, 123.6, 132.1, 141.2, 142.2, 145.5, 167.8. HRMS (ESI+) calc.
for. [M+Na+] (C10H7NO4SNa+) 259.9993 found: 259.9988.

1n: (Z)-5-nitro-2-(phenylimino)benzo[b]thiophen-3(2H)-one
5-Nitrobenzo[b]thiophen-3-yl acetate 15 (51 mg, 0.21 mmol) was dissolved in EtOH (2 mL) and
nitrosobenzene (50 mg, 0.48 mmol) and 12 drops of a KOH solution (25 mg/mL in EtOH) were added.
The reaction mixture was stirred for 105 minutes at room temperature. After completion, DCM (50
mL) and H2O (50 mL) were added and the layers were separated. The aqueous layer was extracted
with DCM (3 x 50 mL) and the combined organic layers were washed with water and brine, dried with
MgSO4 and concentrated in vacuo. The product was purified by precipitation from EtOAc upon the
addition of pentane. The product was obtained as a dark yellow needles (29 mg, 0.1 mmol, 48 %
yield). Mp: 193 – 195 oC. 1 H NMR (400 MHz, CDCl 3 ) δ 7.29 (d, J = 8.2 Hz, 2H, ArH), 7.36 (t, J = 7.4 Hz,
1H, ArH), 7.50 (t, J = 7.8 Hz, 2H, ArH), 7.62 (d, J = 8.6 Hz, 1H, ArH), 8.49 (dd, J = 8.6, 2.3 Hz, 1H, ArH),
8.79 (d, J = 2.3 Hz, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) 121.2, 122.6, 125.7, 128.2, 128.3, 129.6, 130.8,
146.8, 148.6, 151.6, 153.9, 183.4. HRMS (ESI+) calc. for. [M+H +] (C14H8N2O3 S) 285.0328 found:
285.0326.

17: 2-((carboxymethyl)thio)-5-fluorobenzoic acid
2-Amino-5-fluorobenzoic acid 16 (1.04 g, 6.5 mmol) was dissolved in aq. 1 N HCl (25 mL) and cooled
to 0 oC. NaNO2 (0.74 g, 10.7 mmol) was added portion-wise and the solution was stirred at 0 oC for 40
minutes. A solution of mercaptoacetic acid (0.6 mL, 8.7 mmol) and KOH (1.85 g, 33 mmol) in H 2O (10
mL) was added drop-wise and the reaction mixture was stirred for 100 minutes at room temperature.
After completion, DCM (50 mL) and aq. 1 N HCl (50 mL) were added and the layers were separated.
The aqueous layer was washed with DCM (3 x 50 mL) and the combined organic layers were washed
with brine, dried using MgSO 4 and concentrated in vacuo. The crude compound was used without
further purification.

18: 5-fluorobenzo[b]thiophen-3-yl acetate
Crude 2-((carboxymethyl)thio)-5-fluorobenzoic acid 17 was dissolved in acetic anhydride (10 mL) and
KOAc (1.0 g, 10.2 mmol) was added. The reaction mixture was heated under reflux for 15 h. After
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completion, the reaction mixture was cooled to room temperature. Et 2O (50 mL) and H2O (50 mL)
were added and the layers were separated. The aqueous layer was extracted with Et 2O (3 x 50 mL)
and the combined organic layers were washed with water and brine, dried using MgSO 4 and
concentrated in vacuo. The product was purified by flash chromatography (Silicagel 40 – 63 nm,
pentane/Et2O 4:1) The product was obtained as a colorless oil (0.27 g, 1.3 mmol, 20 % yield over 2
steps). 1 H NMR (400 MHz, CDCl 3 ) δ 2.36 (s, 3H, CH3 ), 7.12 (t, J = 8.8 Hz, 1H), 7.35 (d, J = 9.1 Hz, 1H),
7.47 (s, 1H), 7.68 (dd, J = 8.8, 4.6 Hz, 1H). 13 C NMR (101 MHz, CDCl 3 ) δ 20.9, 106.2 (d, J = 24.2 Hz), 114.2
(d, J = 25.4 Hz), 114.3, 124.2 (d, J = 9.3 Hz), 132.2 (d, J = 1.5 Hz), 140.3 (d, J = 4.5 Hz), 159.6, 162.0, 168.1.
HRMS (ESI+) calc. for. [M+H+] (C8H6FOS +) 169.0118 found: 169.0115.

1o: (Z)-5-fluoro-2-(phenylimino)benzo[b]thiophe n-3(2H)-one
5-Fluorobenzo[b]thiophen-3-yl acetate 18 (84 mg, 0.40 mmol) was dissolved in EtOH (4 mL) and
nitrosobenzene (49 mg, 0.46 mmol) was added and the reaction mixture was cooled to 0 oC. KOH
solution (10 drops of 25 g/L in EtOH) was added and the reaction mixture was stirred at room
temperature for 50 minutes. After completion, Et 2O (50 mL) and H2O (50 mL) were added and the
layers were separated. The aqueous layer was extracted with Et2O (3 x 50 mL) and the combined
organic layers were washed with water and brine, dried using MgSO 4 and concentrated in vacuo. The
product was purified by flash chromatography (Silicagel 40 – 63 nm, toluene). The product was
obtained as an orange solid (77 mg, 0.30 mmol, 75 % yield). Mp: 146 – 148 oC. 1 H NMR (400 MHz,
CDCl3 ) δ 7.27 (d, J = 7.9 Hz, 2H, ArH), 7.31 (t, J = 7.5 Hz, 1H, ArH), 7.37 (d, J = 5.4 Hz, 2H, ArH), 7.46 (t, J
= 7.7 Hz, 2H, ArH), 7.65 (d, J = 6.3 Hz, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 114.2 (d, J = 23.5 Hz),
121.2, 124.6 (d, J = 23.7 Hz), 126.3 (d, J = 7.3 Hz), 127.7, 129.4, 139.5 (d, J = 2.6 Hz), 149.1, 156.3, 160.3,
162.8, 184.8. HRMS (ESI+) calc. for. [M+H +] (C14H9FNOS +) 258.0383 found: 258.0386

20: 5-methylbenzo[b]thiophen-3(2H)-one
2-(p-Tolylthio)acetic acid 19 (1.03 g, 5.5 mmol) was dissolved in DCM (dry, 10 mL) and oxalyl chloride
(1.00 mL, 11.8 mmol) and DMF (1 drop) were added. The reaction mixture was stirred at room
temperature for 100 minutes, at which the formation of gasses was stopped. The reaction mixture
was concentrated in vacuo, the residue was redissolved in DCE (10 mL) and cooled to 0 oC. AlCl3 (1.04
g, 7.8 mmol) was added portion-wise. The reaction mixture was stirred for 20 minutes at room
temperature and after completion the reaction mixture was quenched on ice. DCM (50 mL) and H 2O
(50 mL) were added and the layers were separated. The aqueous layer was extracted with DCM (3 x
50 mL) and the combined organic layers were washed with water and brine, dried using MgS O4 and
concentrated in vacuo. The product was purified flushing over a plug of silica (Silicagel 40 – 63 nm,
Et2O). The product was obtained as a deep purple solid (0.59 g, 3.6 mmol, 66 % yield). Mp: 66 – 68
oC. 1 H NMR (400 MHz, CDCl 3 ) δ 2.36 (s, 3H, CH3 ), 3.79 (s, 2H, CH2), 7.31 (d, J = 8.1 Hz, 1H, ArH), 7.37 (d,
J = 8.1 Hz, 1H, ArH), 7.58 (s, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 20.7, 39.6, 124.2, 126.6, 131.0,
134.8, 137.0, 151.2, 200.1. HRMS (ESI+) calc. for. [M+H +] (C9H9OS +) 165.0368 found: 165.0369.

1p: (Z)-5-methyl-2-(phenylimino)benzo[b]thiophen-3(2H)-one
5-Methylbenzo[b]thiophen-3(2H)-one 20 (0.11 g, 0.67 mmol) and nitrosobenzene (0.08 g, 0.75 mmol)
were dissolved in EtOH (6 mL). A KOH solution (10 drops, 25 g/L) was added and the reaction mixture
was stirred at 0 oC for 1h. After completion, DCM (50 mL) and H 2O (50 mL) were added and the layers
were separated. The aqueous layer was extracted with DCM (3 x 50 mL) and the combined organic
layers were washed was water and brine, dried using MgSO 4 and concentrated in vacuo. The product
was purified by flash chromatography (Silicagel 40 – 63 nm, DCM). The product was obtained as an
orange solid (0.10 g, 0.39 mmol, 58 % yield). Mp: 146 – 148 oC. 1 H NMR (400 MHz, CDCl 3 ) δ 2.36 (s,
3H, CH3 ), 7.24 (m, 4H, ArH), 7.41 (m, 3H, ArH), 7.72 (s, 1H, ArH). 13 C NMR (101 MHz, CDCl 3 ) δ 20.9,
121.1, 124.6, 127.3, 127.7, 127.9, 129.3, 136.9, 138.1, 141.3, 149.4, 157.0, 185.6. HRMS (ESI+) calc. for.
[M+H+] (C15H12NOS +) 254.0634 found: 254.0634.
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7.5.3

Transient Absorption Spectroscopy

For the experimental procedures, see Chapter 6.6.3

Figure 7.3: Transient absorption spectroscopy of ITI 1i in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 0.2 ms increasing delay.

Figure 7.4: Transient absorption spectroscopy of ITI 1j in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 0.1 ms increasing delay.

Figure 7.5: Transient absorption spectroscopy of ITI 1k in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing delay.
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Figure 7.6: Transient absorption spectroscopy of ITI 1l in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 5 ms increasing delay.

Figure 7.7: Transient absorption spectroscopy of photoswitch 1m in MeO. The sample was irradiated
with a 455 nm light pulse, upon which the spectrum was recorded in steps of 0.2 ms increasing delay.

Figure 7.8: Transient absorption spectroscopy of ITI 1n in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 0.5 ms increasing delay.
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Figure 7.9: Transient absorption spectroscopy of ITI 1o in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing delay.

Figure 7.10: Transient absorption spectroscopy of ITI 1p in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing delay.
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Chapter 8
Towards pH and light dual
controlled Iminothioindoxyl
photoswitches for medicine

Mark W. H. Hoorens, Mariangela di Donato, Maria Taddei, Miroslav Medved, Adele
Laurent, Michiel Hilbers, Paolo Foggi, Ben L. Feringa, Wybren Jan Buma and Wiktor
Szymanski
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Abstract:
Iminothioindoxyl (ITI) is a visible-light-operated, imine-based molecular photoswitch with
potential for applications in responsive systems. A limitation in the use of ITI is the short halflife of the unstable isomer, which undergoes rapid re-isomerisation through nitrogen inversion.
Here we report the influence of protonation on the properties of ITI, which was motivated as
an attempt to block nitrogen inversion and increase the thermal half-life. Upon protonation,
beneficial trends are observed, including increased absorption, longer half-lives of the
thermally unstable photo-isomer and a bathochromic shift of the Z isomer up to an absorption
maximum of 682 nm. This study opens the door for the development of dual-responsive
systems controlled by both light and pH.

8.1

Introduction:

The photo-isomers of molecular photoswitches have different chemical and structural
properties, which provides the opportunity to control the function of molecules with spatial
and temporal precision using light as an external stimulus1–4. Applications of
photoswitches include control over the activity of small molecule drugs
(photopharmacology) 5,6, drug delivery systems7,8, the conformation of macromolecules
such as nucleotides9, peptides and proteins and their complexes10,11, the activity of
catalysts12 , molecular self-assembly processes13,14, gas adsorption15, the properties of
surfaces16 and crystals17. Furthermore, photoswitches are used to induce motion in fibers 18,
liquid crystals19 and polymers20 and applications for bio-imaging21,22 , medical imaging23,
vision restoration24 and energy storage25 are emerging.
Light can be delivered with spatial and temporal precision and the dose and wavelength of
irradiation are tunable, which makes light a powerful external stimulus. However, light
absorption is not specific to photoswitches, meaning that other components in the system
in which the photoswitch operates can absorb light of specifics wavelengths as well. This
has limited the applicability of UV-light-operated photoswitches for especially applications
in medicine and has been the driving force behind the development, tuning and
characterization of visible light operated photoswitches, such as diazocines 26,27, tetraortho-substituted azobenzenes3,28,29, BF 2 -azo complexes30, (thio)indoxyl based switches
such as hemithioindigo 31–34, and donor-acceptor Stenhouse adducts (DASA)35,36.
Recently, we reported the development of iminothioindoxyl (ITI) as a new member of the
family of visible-light-operated photoswitches37. ITI photoswitch consists of half a
thioindoxyl and half an azobenzene (Figure 8.1A), which results in a photo-isomerizable
C=N double bond. This fusion of the thioindoxyl and azobenzene photoswitch yielded a
fully visible light operated photoswitch with a 100 nm band separation between the
absorption maxima of the Z and E photo-isomers. Importantly, photo-isomerization of ITI
has been observed in solvents with a variety of polarity, including aqueous solutions, which
potentially allows for a wide variety of applications. The thermally stable Z isomer can be
switched to the E isomer with light of around 400 to 450 nm and re-isomerization can be
achieved photochemically (typically using light of 500-550 nm) or thermally, with a halflives in the ms range at room temperature. The fast E-Z re-isomerization is assumed to
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proceed through thermal in-plane nitrogen inversion within the imine nitrogen atom 38–40.
In this process, a linear intermediate37 is formed, after which the imine relaxes to the
thermally favored state. The fast thermal re-isomerization competes with photochemical
build-up of E-ITI under irradiation at room temperature, which limits the applicability of the
ITI photoswitch.
A higher level of control over responsive molecules can be acquired by the development of
dual-response systems. Especially pH as a second stimulus is of high interest since it can be
combined with photoswitches in two ways. First, both photo-isomers can have photoisomer-specific acidic groups, meaning that photo-isomerization results in a pH change.
Such light control over the pH has been demonstrated for example for the spiropyran
photo-acid in which the closed photo-isomer has no acidic protons and the open isomer
features an acidic phenol41. Secondly, protonation/deprotonation is a tool to control the
(photo)chemical properties of photoswitches. For example, the group of Dube reported a
hemithioindigo photoswitch, in which protonation of a -NMe2 substituent abolished its
strong electron donating effect and thereby removed the red-light shift that the NMe2
group caused42 . The group of Woolley reported tetra-ortho-substituted azobenzenes of
which the pKa of the protonated diazo bond could be tuned. Upon protonation of the diazo
bond, the absorption maximum was bathochromically shifted. Importantly, these effects
could also be observed in aqueous solutions, opening opportunities for their use in
responsive systems in medicine.
Future applications of purely light-responsive systems in medicine heavily rely on spatial
input to decide where in the patient’s body the external activation through irradiation is
required. For example, for the local activation or release of chemotherapeutic agents with
light, medical imaging will be crucial to identify all tumors and their locations in the patient.
Alternatively, we recognize the possibilities for the treatment of cancer using a dual pH and
light controlled approach. Due to metabolic changes in most cancer types, the
microenvironment of solid tumors is acidified, dependent on the size and type of tumor 43.
This process of metabolic changes is better known as the Warburg effect 44. The local and
tumor-specific acidification can be therapeutically employed for the side-selective release
of active drugs through prodrug strategies and drug delivery systems 45–47. This opens
opportunities for dual response strategies in medicine, in which the specific photochemical
properties of protonated photoswitches, such as a protonation-induced bathochromic
shift, allow for light-control in tumor microenvironment specifically.
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Figure 8.1: The Iminothioindoxyl photoswitch. A) The structure of Z and E-Iminothioindoxyl
(for synthesis and characterization of ITIs 1a-d,h see Chapter 6 and 7). B) The proposed
mechanism of thermal E-Z isomerization through nitrogen inversion from the thermally
unstable E photo-isomer to the thermally stable Z photo-isomer.
Recognizing the importance of the nitrogen electron pair in the fast thermal relaxation
pathway, we set off to study the influence that its protonation has on the photochemical
properties of the ITI photoswitch, using 1H NMR and UV/VIS spectroscopy. Upon
protonation of ITI in DCM using TFA, the main absorption band disappears and two new
absorption bands arise, of which one is bathochromically shifted. Furthermore, it was
observed that protonation results in longer half-lives of thermal relaxation of the E photoisomer, possibly by eliminating the nitrogen inversion thermal relaxation pathway.
Inspired by these observation, we describe here the potential of the ITI photoswitch for pH
and light dual response and which obstacles to overcome to develop dual response ITIs for
applications in medicine.
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8.2

Results and Discussion:

8.2.1

UV/VIS and NMR titrations:

Figure 8.2: UV/VIS titrations of ITIs with different electronic properties. A) Titration of 20 µM
unsubstituted ITI 1a in DCM. Kd = 211 ± 32 mM. B) Titration of 20 µM p-COOMe-ITI 1d in DCM
1d. Kd = 242 ± 68 mM. C) Titration of 20 µM 1c p-Me-ITI in DCM. Kd = 114 ± 21 mM. D) Titration
of 20 µM p-MeO-ITI 1b in DCM. Kd = 67 ± 13 mM. E) Titration of 20 μM p-NMe2 -ITI 1h in DCM.
Kd = 89 ± 54 mM. F) Titration of 20 µM Hemithioindigo 2 in DCM.
The unsubstituted ITI 1a in DCM was titrated with TFA and the absorption spectra were
recorded using UV/VIS spectroscopy (see Figure 8.2A). The addition of TFA resulted in the
formation of a protonated species, with the rise of two absorption bands, one around 360
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nm and one around 480 nm which tails until approximately 550 nm. Furthermore, both new
absorption bands showed higher absorption compared to the neutral ITI. Titration of pCOOMe-ITI 1d (Figure 8.2B) with TFA results in a species with similar absorptivity and only
a small red-light shift of the visible light absorption band is observed. In contrast to the
electron withdrawing p-COOMe group, electron donating p-Me (Figure 8.2C) and p-MeO
(Figure 8.2D) groups both introduce bathochromic shift of the visible-light band and its
increased absorption. Upon protonation of p-MeO-ITI 1b, the absorption band shifts to
over 500 nm and is tailing towards the 600 nm region of the spectrum. Spectacularly, the
protonated p-NMe2 -ITI 1h (Figure 8.2E) has an absorption maximum of 682 nm, however
with a lower intensity compared to its neutral form.
The basicity of the nitrogen species can be altered by substituents with different electronic
properties, where electron rich nitrogen species are stronger bases then electron poor
species. The titration experiments of ITIs with different electronic substituents fit this trend
(Figure 8.3A). Compared to the unsubstituted ITI, and the electron withdrawing pCOOMe-ITI, the Kd (here defined as the concentration of TFA needed to protonate half of
the present ITI) for TFA is lower for ITIs with electron donating group on the para position.
This supports our hypothesis that the observed changes in the absorption spectra are
caused by protonation of in the imine of ITI. For the strongest electron donating p-NMe2 ITI 1h, a Kd similar to that of p-MeO-ITI 1b was determined, yet it must be noted that a
NMe2 substituent can be protonated too, which makes it difficult to compare those values.
Furthermore, to exclude the possibility that the addition of an acid results in the
degradation of the ITI, the protonation was reversed (Figure 8.3B) by adding triethylamine to protonated ITI 1a, after which the absorption spectrum returned to the
neutral one.

Figure 8.3: A) Relation between Hammett parameter R and Kd of protonation with TFA in
DCM. B) Reversibility of ITI protonation. To a solution of 20 μM ITI 1a, TFA (in DCM, 20 μM ITI
1a) was added to a concentration of 200 mM. After that, triethylamine (TEA) solution (10 v%
in DCM, 20 μM ITI 1a) was added.
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Addition of TFA into a DCM solution of an ITI switch introduces two variables: the change
in the structure of the switch and the change in the properties (e.g. polarity) of the
environment. To exclude the effects of a different environment on the absorption
spectrum, a titration experiment with HTI switch was performed. HTI has a C=C double
bond where ITI has a C=N double bond, meaning that HTI has no nitrogen atom that can
be protonation. Upon titration of HTI in DCM with TFA, only minor effects to the
absorption spectrum were observed (Figure 8.2F). From the HTI titration experiment, no
binding curve could be made, attributing the minor changes in the absorption spectrum to
solvent effects.

Figure 8.4: 1H NMR titration of ITI 1a in CD2 Cl2 (0.5 mg/mL) with TFA.
The addition of TFA to ITI 1a in DCM resulted in spectral changes due to a combination of
protonation and solvent effects. The same titration was repeated in CD 2 Cl2 and examined
using NMR, for both ITI and HTI (Figure 8.4 and 8.5, respectively). The ITI titration in the
NMR showed downfield shifts of the neutral ITI upon addition of TFA, as can be seen for
the doublet at 7.93 ppm and the triplet at 7.66 ppm. Furthermore, upon addition of TF A,
the formation of the protonated ITI is observed, as indicated by the emergence of signals
at 7.80-7.85 ppm. The titration of HTI with TFA showed similar downfield shifts, as can be
observed with the C=CH signal at 7.95 ppm and the doublet at 7.92 ppm. Yet, addition of
TFA did not result in the formation of signals of a new protonated species. This, together
with the UV/VIS titration experiments, strongly supports the notion that that protonation,
and not just the change in solvent polarity, is responsible for the effects observed in ITI.
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Figure 8.5: 1H NMR titration of Hemitioindigo 2 in CDCl2 (0.5 mg/mL) with TFA
8.2.2

Photo-isomerization of protonated ITI

Iminothioindoxyl in its neutral state functions as a photoswitch, yet the photoisomerization of protonated ITI could not be observed using steady state UV/VIS
spectroscopy. From this, it could be concluded that either photo-isomerization does not
occur or that the protonated E still persists only in the millisecond time range, similarly to
the neutral species. Therefore, photochemical properties of protonated ITIs were
determined using Transient Absorption (TA) spectroscopy (Figure 8.6).
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Figure 8.6: Transient absorption spectroscopy of ITI. A) Neutral unsubstituted ITI 1a in DCM,
irradiated with 430 nm light. B) Protonated unsubstituted ITI 1a in DCM (1.2 v% TFA),
irradiated with 448 nm light. C) Neutral p-COOMe-ITI 1d in DCM, irradiated with 430 nm light.
D) Protonated p-COOMe-ITI 1d in DCM (1.2 v % TFA), irradiated with 440 nm light. E) Neutral
p-Me-ITI 1c in DCM, irradiated with 430 nm light. F) Protonated p-Me-ITI 1c in DCM (1.2 v %
TFA), irradiated with 475 nm light. G) Neutral p-MeO-ITI 1b in DCM, irradiated with 450 nm
light. H) Protonated p-MeO-ITI 1b in DCM (1.2 v % TFA), irradiated with 510 nm light.
Transient absorption spectroscopy revealed that protonated ITI behaves in a similar
fashion as the neutral ITI. Upon protonation of unsubstituted ITI (Figure 8.5A,B), photoisomerization is observed and the characteristic band separation of ITI is maintained. The
protonated E-isomer lives approximately three times longer than the neutral E-isomer,
however at the cost of a lower isomerization quantum yield. An electron withdrawing
COOMe functional group at the para position results for both the neutral and protonated
ITI in a short half-life and a low quantum yield (Figure 8.5C,D). Both p-Me-ITI 1c and pMeO-ITI 1b have a longer living E isomer in the protonated state, where the quantum yield
of Z-E isomerization of both neutral and protonated ITI is similar (Figure 8.5E-H).
Combined with the red-light shifted absorption maxima, ITIs with electron donating
groups show improved properties under the acidic conditions tested here. The
photochemical evaluation of p-NMe2 under acidic conditions is currently under
investigation.
155

Seek and Destroy: Light-Controlled Cancer Therapeutics for Local Treatment

For neutral ITI, it was shown that the half-life of the E isomer is also dependent on the
polarity of the solvent, where in more polar solvent thermal relaxation is slower 37. This
means that upon addition of TFA to DCM, both the protonation of ITI and the increase of
solvent polarity can have a contribution to the experimentally observed increased half-lives
of the E isomer. Against the expectation, thermal relaxation of the E isomer is still in the
millisecond time range. This suggests that the protonated E-ITI can undergo thermal
relaxation via a mechanism different than nitrogen inversion.
8.2.3

Evaluation of the potential of dual-responsive ITIs for medicine

In DCM and its mixtures with TFA, it was observed that protonation results in a red-light
shift and longer half-lives of the E photo-isomer. For applications in medicine, such as
photopharmacology, both the red-light shift and the longer living E photo-isomer can be
of benefit. Yet, the experiments in DCM and its mixtures with TFA do not represent
biologically relevant conditions.

Figure 8.7: A) Absorption spectra of 20 μM unsubstituted ITI 1a in phosphate/citrate buffers
with different pH (2 v% DMSO). B) Absorption spectra of 20 μM p-Me-ITI 1c in
phosphate/citrate buffers with different pH (2 v% DMSO). C) Absorption spectra of 20 μM pMeO-ITI 1b in phosphate/citrate buffers with different pH (2% DMSO). D) Absorption spectra
of 10 μM p-NMe2 -ITI 1h in phosphate/citrate buffers with different pH (2 v% DMSO).
Therefore, absorption spectra of p-H-ITI 1a, p-Me-ITI 1c, p-MeO-ITI 1b and p-NMe2-ITI 1h
were recorded in a series of phosphate/citrate buffers with different pH (See Figure 8.7).
For unsubstituted ITI 1a, p-Me-ITI 1c and p-MeO-ITI 1b, no changes to the absorption
spectra - besides baseline shifts - were observed for buffers with different pH, which
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suggests that there are no differences in the protonation state. Yet for p-NMe2 -ITI 1h a pH
was observed that at low pH the main absorption band around 520 nm has disappeared
and an absorption band arose around 430, similarly to the absorption of unsubstituted ITI
1a. This suggests that the strong electron donating NMe2 group responsible for the redlight shift to 520 nm becomes protonated, upon which it loses its strong electron donating
properties which results in an absorption spectrum similarly to unsubstituted ITI 1a.

8.3

Mechanistic studies of protonated ITI photo-isomerization

Upon protonation of unsubtituted ITI 1a, two new absorption bands are formed, one that
is hypsochromically shifted and one that is bathochromically shifted when compared to
the main absorption band of the neutral form. Yet, the relative intensity of the protonated
ITI absorption bands is dependent on the electronic properties of the R substituent, where
electron donating groups result in increased absorptivity of the red-light shifted band (see
Figure 8.2). Similar observations were made for the tetra-ortho-substituted azobenzenes
by the group of Woolley, in which computational studies revealed that the red-light shift
upon protonation is caused by a smaller energy difference between the ground state and
the S1 excited state29. In comparison, ITI calculations in Chapter 6 showed that the main
visible light absorption band of the neutral ITI is a mixed band of mainly a S 2 transition
contribution. This was experimentally confirmed using pulse-probe spectroscopy in which
upon excitation the S2 excited state species was recorded that decayed in a fs timescale to
the more stable S1 excited state. Therefore we hypothesize that ITI protonation results in
separation of the S1 and S2 excited state absorption band.
To test the hypothesis that protonation separates the S1 and S2 excited state of ITI, the
photo-isomerization mechanism was studied using ultra-fast transient absorption
spectroscopy (see Figure 8.8). For this study, p-Me-ITI 1c was chosen as a model
compound, since the two absorption band formed by protonation have similar absorptivity
and are well separated (Figure 8.2C).
As a control, the photo-isomerization process of neutral p-Me-ITI 1c was studied in DCM
with excitation at 400 nm (See Figure 8.8A,B). In this case, excitation at 400 nm resulted
in the excitation to S2 excited state, which quickly converts to the S 1 excited state. After
that, through a conical intersection, the molecule falls back to either the Z or the E photoisomer, which results in a residual signal corresponding to the absorption spectrum of the
E isomer.
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Figure 8.8: Ultra-fast Transient Absorption Spectroscopy of ITI. A) Transient absorption
spectra of neutral p-Me-ITI 1c recorded in DCM with excitation at 400 nm. B) The proposed
mechanism of Z to E photo-isomerization of neutral ITI. C) Transient absorption spectra of
protonated p-Me-ITI 1c recorded in DCM (1 v% TFA) with excitation at 400 nm. D) Transient
absorption spectra of protonated p-Me-ITI 1c recorded in DCM (1 v% TFA) with excitation at
510 nm.
To determine if protonation separates the S1 and S2 transition, protonated p-Me-ITI 1c was
excited with both 400 nm and 510 nm, separately (see Figure 8.8CD). Excitation with 400
nm resulted in the formation of excited species with very broad absorption bands that cool
down to a residual signal of E isomer of protonated p-Me-ITI 1c. In contrast, upon excitation
with 510 nm these broad absorption bands of the excited state have not been observed.
Furthermore, the residual signal of the E cannot be observed, possibly due to scattering
and noise around the excitation wavelength. Yet, ns transient absorption spectroscopy
(see Figure 8.6F) demonstrated photo-isomerization upon 475 nm light excitation, which
is the absorption maximum of the same band. Altogether these experiments demonstrat e
differences in the mechanism of photo-isomerization upon irradiating the different
absorption bands of protonated p-Me-ITI 1c, yet computational support is required to
support the interpretation of these experimental observations.
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8.4

Conclusion and outlook

The aim of the research presented in this chapter was to determine the potential of the ITI
photoswitch for application in dual-response systems controlled by both acid and light.
Therefore it was studied how protonation changes the absorption maximum, absorptivity,
quantum yield and the half-life of thermal relaxation of the E photo-isomer.
Upon protonation, the half-life of thermal E-Z relaxation of the electron rich ITIs increases
to about 35 to 45 ms, possibly by slowing down the rate of nitrogen inversion. The slower
thermal re-isomerization to the Z isomer would allow for a higher build-up of the E isomer.
Yet, while protonation disfavors nitrogen inversion, the thermal relaxation from E to Z is
still in the ms time scale, suggesting that protonated ITIs undergo E-Z thermal reisomerization through an alternative rotational mechanism. Protonation has also been
reported as a well-established method to isomerize imines48. In here, a transition state with
a more C-N single bond character is proposed, which allows for free rotation to the
thermally stable isomer. Destabilizing this transition state electronically through
substituents on the thioindoxyl fragment could potentially further increase the half-life of
the E-isomer of ITI. Therefore, computational support for the understanding of the effect
of protonation on the photochemical properties is needed.
Protonation of a nitrogen atom in an isomerizable double bond results in a bathochromic
shift and increased absorption. Similar acid control over the photochemical properties of
photoswitches was shown earlier29. Here, we directly change the photochemical properties
of the photoswitch by protonating the imine, resulting in a red-light shift of both photoisomers. For the p-MeO-ITI 1b, protonation shifts the absorption maximum of the thermal
Z isomer to over 500 nm and absorption of the E isomer to nearly 600 nm and tailing
towards 650 nm. The protonated p-NMe2 -ITI 1h has an absorption maximum around 682
nm, which is in the phototherapeutic window where human tissues absorb the least and
light can be efficiently delivered49. Together with their small size of the photoswitch (for
example p-MeO-ITI: Mw = 270 Da) and the facile synthesis, iminothioindoxyl
photoswitches show potential for dual response systems, controlled by a combination of
light and acid. The next step in this study is acquiring understanding of how protonation
alters the properties of ITI. This can be done by computational studies such as shown in
Chapter 6 of this thesis. Furthermore, the origin of the two new absorption bands formed
by protonation need to be studied. Possibly, by protonation the absorption bands
corresponding to the S1 and S2 excited state are separated. Ultra-fast transient absorption
spectroscopy revealed differences in the mechanism of photo-isomerization upon
irradiation the different absorption bands of protonated p-Me-ITI 1c. Yet, computational
studies are needed to support or exclude the interpretation of these experimental results,
to fully understand the role of protonation on the properties of ITI.
Even though the conditions under which the ITI was protonated in this study do not reflect
biologically relevant conditions, we see potential for protonated ITIs in medicine. We
envision that upon further manipulating the pKa of the iminium species, an ITI-based
photoswitchable drug could be site-specifically protonated in the environment of a tumor,
followed by activation of the drug by irradiation of the red-light shifted absorption band of
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the protonated ITI. This would enable a photopharmacology approach in which no medical
imaging technique is needed to guide where irradiation and the accompanied therapeutic
intervention is required. However, the currently library of ITIs does not contain a
photoswitch that is suitable for such applications. Therefore, design of new ITIs will focus
on further tuning the basicity to a pKa in which can be discriminated between physiological
pH and the acidified tumor micro-environment.

8.5

Experimental contributions

M.W.H.H. and W.S. designed the project. M.W.H.H. synthesized the compounds and
performed the 1H NMR and UV/VIS titrations. M.H. and W.J.B. performed the ns transient
absorption spectroscopy, assisted by M.W.H.H. The ultrafast transient spectroscopy was
performed by M.D.D, assisted by M.W.H.H.

8.6

Experimental data

8.6.1

General synthetic remarks

See Chapter 3.6.1

8.6.2

Synthetic procedures

The synthesis of ITIs 1a-d has been described in Chapter 6.6.2 and the synthesis of ITI 1h has been
described in Chapter 7.5.2.

Scheme 8.1: Synthesis of Hemithioindigo 2

Benzo[b]thiophen-3(2H)-one 4
See compound 3, Chapter 6.6.2

(Z)-2-benzylidenebenzo[b]thiophen-3(2H)-one 2 (Hemithioindigo):
Benzo[b]thiophen-3(2H)-one 4 (54 mg, 0.36 mmol)) was dissolved in pyridine (2 mL) and
benzaldehyde (100 μL, 1.1 mmol) and piperidine (1 drop) were added. The reaction mixture was
stirred at 80 oC for 18 h. After completion the reaction mixture was concentrated in vacuo and
subsequently EtOAc (50 mL) and H 2O (50 mL) were added. The layers were separated and the
aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with
water and brine, dried using MgSO 4 and concentrated in vacuo. The product was purified by flash
chromatography (Silicagel 40 – 63 nm, EtOAc/Pentane 1:9). The product was obtained as a yellow
solid (58 mg, 0.24 mmol, 67 % yield). Mp: 110 – 112 oC. 1 H NMR (400 MHz, CDCl3 ) δ 7.30 (t, J = 7.9 Hz,
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1H, ArH), 7.42 (t, J = 7.3 Hz, 1H, ArH), 7.46 – 7.52 (m, 3H, ArH), 7.58 (t, J = 7.5 Hz, 1H, ArH), 7.71 (d, J =
7.4 Hz, 2H, ArH), 7.94 (d, J = 6.4 Hz, 1H, ArH), 7.97 (s, 1H, C=CH). The 1 H NMR spectrum corresponds
to literature50.

8.6.3

Titration experiments

For the UV/VIS titration experiments, 100 mL of a 20 μM solution of ITI or HTI in DCM was prepared.
Part of this solution was used to prepare 1 M TFA solution. A cuvette was filled with 2 mL of 20 μM
ITI or HTI solution and the 1M TFA in DCM was added stepwise, while recording UV/VIS spectra in
between.
For the 1 H NMR titration experiments, 2 mL a 0.5 mg/mL solution of unsubstituted ITI 1a or HTI in
CD2Cl2 was prepared. Part of this solution was used to prepare a 100 mM TFA solution. A NMR tube
was filled with 0.5 mL of the 0.5 mg/mL solution of ITI 1a or HTI and the 100 mM TFA solution was
added stepwise, while recording 1 H NMR spectra in between.
For the pH titration, citrate/phosphate buffers with different pH were prepared from a 0.1 M citric
acid and 0.2 M Na2HPO4 solution. A 96 well plate was filled with in each well 98 μL buffer, and to
every well 2 μL of a ITI stock in DMSO was added.

8.6.4

Transient Absorption Spectroscopy

See Chapter 6.6.3.
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9.1

English summary

Cancer is amongst the most common causes of death in the western world. This has been
the driving force for the development of cytotoxic, cancer-killing chemicals, also known as
chemotherapeutics. However, in patients, chemotherapeutic agents cause severe damage
to healthy cells and tissues. This undesired activity of anti-cancer drugs in healthy cells and
tissues could be avoided by establishing control over the activity of the drug with spatial
and temporal precision. The field of photopharmacology aims to acquire such control,
though the development of drugs of which the activity can be switched on and off with
light. In the last years, several light-controlled chemotherapeutic agents were developed
and characterized in vitro. Currently, we recognize two main challenges for the progress of
photopharmacology. The first challenge is to acquire deeper understanding of the
difference in behavior of the ‘on’ and ‘off’ isomer in a complex biological system. The
second challenge is to develop new tools for visible light operated bio-active molecules, to
avoid the use of toxic UV light.
In Chapter 2 the potential of light-controlled bio-active molecules is reviewed as a research
tool for molecular biology, aiming to explore the applications beyond clinical context.
Nowadays, the function of proteins is studied by altering their net activity using a chemical
or genetic tool and monitor the subsequent changes to the biological system. However,
the current toolbox does not provide methods that can change protein activity with spatial
and temporal precision in a reversible manner. This would make light-controlled bio-active
molecules a superior tool in molecular biology.
The next chapters of this thesis describe the development of tools to fundamentally study
how light-controlled drugs interact with proteins and complex biological systems. Chapter
3 describes the development of a photoswitchable inhibitor for a protein with a known
crystal structure. To that end, archaeal glutamate transporter Glt Tk was chosen, which
serves a mechanistic and structural model to study the similar family of glutamate
transporters found in the human Central Nervous System. The development of an inhibitor
with a 3.6 fold difference in activity between photo-isomers is described, which opens
opportunities to acquire more structural insights both into the mechanism of transport and
into the binding modes of the on and off state of the inhibitor. Chapter 4 describes the
development of a photoswitchable inhibitor for a kinase, which has been reported as a very
challenging family of targets for photopharmacology. For the BRAF V600E kinase, we
developed a photoswitchable inhibitor with an approximately 10-fold difference in activity
between the thermal and irradiated state. However, this difference found on isolated
protein could not be translated to differences in cell viability, likely due to off-target
effects. The aim of the research presented in Chapter 5 was to develop a molecular tool to
study the behavior of a photo-switchable bio-active molecule in an animal model using
Positron Emission Tomography (PET). Here we report the initial steps that explore the
position on an earlier-report ed photoswitchable HDAC2 inhibitor where a fluorine
substituent is tolerated from both biological and photochemical perspective, so that is later
can be replaced by radio-active 18 F.
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The final chapters of this thesis describe the development of Iminothioindoxyl (ITI), a new
visible-light-operated molecular photoswitch with a large band separation between the
isomers. Chapter 6 presents the initial characterization of the photochemical properties of
ITI. Using a combination of UV/VIS spectroscopy and irradiation studies in NMR was
determined that ITI can photo-isomerization from the thermally stable Z to the thermally
unstable E isomer using 430 nm light. The E isomer has an absorption maximum over 500
nm and has a half-life of approximately 10 to 20 ms at room temperature. In Chapter 7 is
described how the properties of ITI can be tuned with substituents. We identified a position
where electron donating substituents bathochromically shift the absorption maximum of
the Z isomer. Furthermore, positions were identified that are sensitive to tune the thermal
half-life of the E photo-isomer over a 100-fold. Chapter 8 demonstrates how the
photochemical properties of ITI can be tuned by protonation of the imine. We showed how
protonation generally results in a red-light shift and increased absorptivity. Furthermore,
the protonated E-isomer lives approximately 3 times longer than the neutral E-ITI. Hereby,
due to the improved photochemical properties upon protonation, ITI opens opportunities
for dual responsive systems controlled by both light and pH.
In conclusion, this thesis presents the development of molecular tools to study the
behavior of both the ‘on’ and ‘off’ state of a photoresponsive drug in complex biological
systems. This research provides information valuable for the rational design of future light controlled drugs. Furthermore, we have developed a new visible light operated molecular
photoswitch. This opens opportunities for the design of drugs of which the activity can be
controlled with non-toxic visible light. Nowadays, the light-controlled anti-cancer drugs
are not suitable for their use in the clinic. The results shown in the thesis will contribute to
the development of light-controlled anti-cancer drugs, in order to seek and destroy tumor
cells.
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9.2

Nederlandse samenvatting

Kanker is een van de voornaamste doodsoorzaken in de westerse wereld. Dit is de
drijvende kracht achter de ontwikkeling van cytotoxische, kanker dodende chemicaliën,
ook wel bekend als chemotherapie. Helaas veroorzaakt chemotherapie in patiënten ook
ernstige schade aan gezonde cellen en weefsels. Deze ongewenste activiteit van
chemotherapie in gezonde cellen en weefsel kan voorkomen worden door chemotherapie
te ontwikkelen waarvan de activiteit in tijd en ruimte gecontroleerd kan worden. Het
onderzoeksveld ‘photopharmacology’ heeft als doel om deze controle over de activiteit
van medicijnen te verkrijgen met behulp van licht. In de afgelopen jaren heeft dit enkele
licht gecontroleerde anti-kanker medicijnen opgeleverd die getest zijn in vitro. Momenteel
zien we twee grote uitdagingen voor de vooruitgang van photopharmacology. De eerst e
uitdaging is het begrijpen hoe de ‘aan’ en ‘uit’ isomeer zich gedragen in complexe
biologische systemen. De tweede uitdaging is het ontwikkelen van moleculaire
lichtschakelaren die werken met zichtbaar licht, om het gebruik van toxisch UV licht te
voorkomen.
In Hoofdstuk 2 beschrijven we het potentieel van licht gecontroleerde medicijnen voor
onderzoek in moleculaire biologie. Gebruikelijk wordt de functie van een eiwit onderzocht
door de netto activiteit te veranderen en vervolgens te observeren welke veranderingen er
plaatsvinden in het biologische systeem ter gevolg. Echter beschikt geen enkele van de
chemische en genetische middelen die nu beschikbaar zijn over de mogelijkheid om de
activiteit van een eiwit te reguleren in de tijd en ruimte op een reversibele manier. Dit zou
licht gecontroleerde biologisch actieve medicijnen een superieure techniek maken in
moleculaire biologie.
In de volgende hoofdstukken beschrijven we de ontwikkeling van hulpmiddelen om de
interactie tussen licht gecontroleerde medicijnen met eiwitten en complexe biologische
systemen te onderzoeken. Hoofdstuk 3 bevat de ontwikkeling van een licht
gecontroleerde inhibitor voor een eiwit met een bekende kristalstructuur. Hiervoor kozen
we Archae glutamaat transporter Glt Tk, welke dient als een modeleiwit voor
mechanistische studies voor de familie van humane glutamaat transporters die in het
centraal zenuwstelsel een belangrijke functie dient. We hebben een inhibitor ontwikkeld
met een 3,6-voud verschil in activiteit tussen de photo-isomeren. Hiermee kan zowel een
bijdrage geleverd worden aan het onderzoeken van het transport mechanisme als wel het
begrijpen hoe de ‘aan’ en ‘uit’ vorm van de inhibitor bindt. In Hoofdstuk 4 is de
ontwikkeling van een licht gecontroleerde inhibitor beschreven voor een kinase, een family
van eiwitten die tot op heden erg lastig is voor photopharmacology. Voor de BRAF V600E
hebben we een inhibitor ontwikkeld met een 10-voud verschil in activiteit tussen beide
photo-isomeer. Echt, was dit verschil meten op geïsoleerde eiwitten niet vertaald worden
naar cel niveau, mogelijk door het beïnvloeden van activiteit van andere eiwitten. Het doel
van het onderzoek in hoofdstuk 5 is de ontwikkeling van een hulpmiddel om het gedrag
van een licht gecontroleerd medicijn te volgen in een diermodel met behulp van Positrion
Emission Tomography (PET). Hier presenteren we de eerste stappen in het identificeren
waar op een eerder gerapporteerde HDAC2 inhibitor een fluor atoom getolereerd is zonder
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de biologische en fotochemische activiteiten te beïnvloeden. Dit alles het fluor atoom later
vervangen kan worden door radioactieve 18 F.
In de laatste hoofdstukken van dit proefschrift beschrijven de ontwikkeling van
Iminothioindoxyl (ITI), een nieuwe met zichtbaar licht werkende moleculaire
lichtschakelaar met een grote scheiding tussen absorptiebanden van beide isomeren.
Hoofdstuk 6 bevat de initiële beschrijving van de fotochemische eigenschappen van ITI.
Met een combinatie van UV/VIS spectroscopie en bestraling studies in NMR was bepaald
dat ITI foto-isomerisatie ondergaat van de thermisch stabiele Z isomeer naar de thermisch
instabiele E isomeer met behulp van 430 nm licht. De E isomeer heeft een absorptie
maximum rond de 500 nm en heeft een halfwaardetijd van ongeveer 10 tot 20 ms op
kamertemperatuur. Vervolgens is in Hoofdstuk 7 beschreven hoe de eigenschappen van
ITI beïnvloed kunnen worden met substituenten. We hebben een positie geïdentificeerd
waar electron donerende groepende resulteren het absorptiemaximum van de Z isomeer
richting rood licht verschuiven. Verder hebben we twee posities gevonden waarmee we
een meer dan 100-voud controle hebben over de halfwaardetijd van de E isomeer. In
Hoofdstuk 8 laten we zien dat de fotochemische eigenschappen van ITI beïnvloed kunnen
worden door het protoneren van de imine. Protonering resulteert in een verschuiving van
het absorptiemaximum richting rood licht en tot hogere extinctie coëfficiënten. Verder
leidt protonering tot een 3-voud hogere halfwaardeijd voor de E isomeer in vergelijking
met de ongeladen E isomeer. Doordat de fotochemische eigenschappen verbeterd worden
door protonering, opent dit mogelijkheid voor het gebruik van ITI in systemen die
gecontroleerd worden door zowel licht en pH.
In conclusie, dit proefschrift presenteert de ontwikkeling van hulpmiddelen om het gedrag
van licht gecontroleerde medicijnen te onderzoeken in complexe biologische systemen. De
waardevolle inzichten die deze onderzoeken gaan vergaren, zullen bijdragen aan de
ontwikkeling van toekomstige licht gecontroleerde medicijnen. Verder hebben we ook een
nieuwe moleculaire lichtschakelaar ontwikkeld, welke met zichtbaar licht bedient wordt.
Dit opent nieuwe mogelijkheden voor het ontwikkelen van nieuwe licht gecontroleerde
medicijnen die gebruikt kunnen worden zonder toxisch UV licht. Echter, momenteel is licht
gecontroleerde chemotherapie nog niet geschikt voor toepassingen in de kliniek. De
resultaten beschreven in dit proefschrift gaan een bijdrage leveren om dit doel te bereiken,
‘Seek and Destroy’ tumorcellen.
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9.3

Populairwetenschappelijke samenvatting

Kanker is een van de voornaamste doodsoorzaken in de westerse wereld. Momenteel
wordt kanker voornamelijk behandeld met operatieve verwijdering van tumoren,
bestraling, chemotherapie of een combinatie hiervan. Chemotherapie beschrijft het
gebruik van chemische moleculen voor het doden van tumorcellen. In de ontwikkeling van
chemotherapie probeert men moleculen te maken die giftiger zijn voor tumorcellen dan
voor gezonde cellen. Dit kan men bijvoorbeeld doen door moleculen te maken die het DNA
beschadigen, waar snel delende tumor cellen vatbaarder voor zijn dan gezonde langzaam
delende cellen. Een andere strategie is het ontwikkelen van remmers voor eiwitten die
overactief zijn in tumorcellen in vergelijking met gezonde cellen. Toch komt het gebruik
van chemotherapie in de praktijk met ernstige bijwerkingen en veel schade aan gezond
weefsel, waar chemotherapie helemaal niet actief hoeft te zijn. Bijvoorbeeld, moleculen
die DNA beschadigen doen, richten veel schade aan snel delende weefsels zoals in darmen
en verstoort het remmen van eiwitten in gezonde cellen hun normale functie. Deze
bijwerkingen zijn een grote beperking voor het gebruik en de ontwikkeling van
chemotherapie en zijn bovenal erg onprettig voor patiënten.
Om deze bijwerkingen te voorkomen, is er chemotherapie nodig die enkel schade aanricht
aan een tumor en niet daarbuiten. Een mogelijk manier om dit te bereiken is het
ontwikkelen van medicijnen die we met licht aan en uit kunnen zetten, in de Engelse
wetenschappelijk term ‘Photopharmacology’ geheten. Het idee hieracht er is dat
chemotherapie in een inactieve vorm toegediend kan worden aan een patiënt. In deze
inactieve vorm zou de chemotherapie geen schade aan moeten richten aan gezonde cellen
en weefsels. Vervolgens wordt de tumor met licht bestraald, waarmee de chemot herapie
aan wordt gezet en het de tumorcellen kan doden. Wanneer de moleculen buiten de tumor
komen, worden ze niet meer bestraald en zetten ze zichzelf weer uit om geen schade aan
te richten aan gezonde cellen.

Figuur 1. A: Representatie van de structuren van een moleculaire lichtschakelaar. B: Het
absorptiespectrum van een molecuul beschrijft welke golflengtes licht het molecuul kan
absorberen. Dit is verschillend voor de stabiele en de instabiele vorm van een lichtschakelaar,
waardoor ze elk met een eigen golflengte bestuurd kunnen worden.
Het basisprincipe van photopharmacology is gebaseerd op moleculaire lichtschakelaren.
Dit zijn chemische structuren die door het beschijnen met licht van structuur veranderen.
Lichtschakelaren hebben zowel een stabiele en een instabiele vorm (zie Figuur 1A). Beide
vormen hebben allebei een eigen absorptiespectrum (zie Figuur 1B), welke beschrijft licht
met welke golflengtes ze kunnen absorberen. Door licht te schijnen dat door de stabiele
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vorm wordt geabsorbeerd (Golflengte 1), verandert de lichtschakelaar naar de instabiele
vorm. In feite wordt de energie van het licht gebruikt om de lichtschakelaar van de stabiele
naar de instabiele vorm te buigen. Terug van de instabiele vorm kan door er licht op te
schijnen van de kleur die bij de instabiele vorm hoort (Golflengte 2). De instabiele vorm kan
ook spontaan terug naar de stabiele vorm, de snelheid waarmee dit gebeurt hangt af van
de temperatuur en de structuur.

Figuur 2. A: Het originele medicijn kan binden aan het enzym en zo de activiteit remmen. B:
Moleculaire lichtschakelaars kunnen gebruikt worden om een medicijn te maken wat met licht
aan en uit kan worden gezet.
Het verschil in eigenschappen tussen de stabiele en instabiele vorm van een moleculaire
lichtschakelaar kan gebruikt worden om medicijnen aan en uit te kunnen zetten. Figuur 2A
geeft een voorbeeld van een origineel medicijn, in dit geval een enzymremmer. Deze
enzymremmer past mooi op het enzym en remt zo de activiteit, alleen is deze
enzymremmer nog niet gecontroleerd door licht. Gebaseerd op het originele medicijn
wordt een moleculaire lichtschakelaar die voorzien is van enkele extra groepen om de
eigenschappen van een enzymremmer te krijgen (zie Figuur 2B). In deze situatie is het
medicijn in de stabiele vorm recht en deze kan niet binden aan het enzym om de activiteit
te remmen. Pas na het schijnen van licht met golflengte 1, is het medicijn gebogen en kan
het wel binden om het enzym te remmen. Dit kan weer ongedaan gemaakt met licht van
golflengte 2. Hiermee kan met licht bepaald worden waar in de patiënt uiteindelijk het
medicijn aan en uit staat.
Echter is dit nog toekomstmuziek; momenteel zijn door enkele onderzoeksgroepen de
eerste stappen gezet in de goede richting. In de huidige staat van dit onderzoeksveld zijn
er meerdere met licht gecontroleerde medicijnen ontwikkeld, maar deze hebben nog niet
goed genoeg voor het daadwerkelijk behandelen van patiënten. In dit proefschrift
beschrijven we de verdere ontwikkeling van photopharmacology voor chemotherapie,
waarmee we hopelijk een stapje richting een mogelijke klinische toepassing.
In Hoofdstuk 2 bespreken we hoe licht controleerde medicijnen naast toekomstige
klinische toepassing ook te gebruiken zijn voor moleculair biologisch onderzoek. De functie
van eiwitten wordt vaak onderzocht door de activiteit te verhogen of verlagen en
vervolgens te observeren hoe het biologisch systeem hier op reageert. Als voorbeeld,
wanneer cellen langzamer delen als een specifiek enzym geremd is, speelt dit enzym dus
een rol in het reguleren van hoe snel cellen groeien. Licht gecontroleerde medicijnen
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bieden extra mogelijkheden voor zulk onderzoek, omdat het effect omkeerbaar is en het
de mogelijkheid biedt om bijvoorbeeld een enzym te remmen in een specifiek orgaan.
In de Hoofdstukken 3, 4 en 5 onderzoeken we hoe licht controleerde medicijnen zich
gedragen in complexe biologische systemen. Zo weten we nog niet in detail hoe de stabiele
en instabiele vorm van een medicijn interacties hebben met een enzym. Daarom hebben
we in Hoofdstuk 3 een remmer voor een transporteiwit ontwikkeld, samen met een
onderzoeksgroep die gespecialiseerd is in eiwitkristallografie. Met de licht gecontroleerde
remmer die we ontwikkeld hebben kan uitgevonden worden hoe deze binding er
moleculair uit ziet. Dit gaat in de toekomst helpen bij het ontwikkelen en verbeteren van
licht gecontroleerde medicijnen. In Hoofdstuk 4 onderzoeken we licht gecontroleerde
kinaseremmers. Kinases zijn enzymen die overactief zijn in veel soorten kanker en het
remmen is effectief voor genezing. Helaas komen kinase remmers samen met ernstige
bijwerken voor de patiënt. Helaas is het erg lastig gebleken om licht gecontroleerde
kinaseremmers te maken en in dit hoofdstuk beschrijven wij de moeilijkheden die we
ondervonden in de ontwikkeling van een licht gecontroleerde kinase remmer. In
Hoofdstuk 5 beschrijven we de ontwikkeling van een radioactief gelabeld licht
gecontroleerd medicijn. Door het radioactief labelen van een medicijn kan bepaald worden
waar in een patiënt of proefdier het zich bevind. Hiermee kunnen we in de toekomst leren
hoe een licht gecontroleerd medicijn zich gedraagt in een heel lichaam.
Om geschikt te zijn voor een klinische toepassing moet ook een moleculaire
lichtschakelaar aan een hoop eisen voldoen. Allereerst is het belangrijk dat een
lichtschakelaar werkt met zichtbaar en bij voorkeur rood licht, omdat licht van deze
golflengten het makkelijkst door weefsel gaan en het minste schade doet. Echter de
ontwikkeling van moleculaire lichtschakelaren die werken met zichtbaar licht is moeilijk,
de nieuwe lichtschakelaren slecht oplosbaar of de absorptie van de stabiele en instabiele
vorm overlappen, waardoor het aan en uit zetten erg lastig gaat. In Hoofdstuk 6
beschrijven we de ontwikkeling van een nieuwe moleculaire lichtschakelaar, die we
Iminothioindoxyl noemen. Deze lichtschakelaar werkt met zichtbaar licht, is goed
oplosbaar en de absorptie van de stabiele en instabiele vorm is goed gescheiden.
Vervolgens bestuderen we in de Hoofdstukken 7 en 8 hoe we de eigenschappen aan
kunnen passen. Deze nieuwe en betere moleculaire lichtschakelaar gaat hopelijk leiden tot
verbeterde licht gecontroleerde medicijnen.
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