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Abstract

Molecular photoswitches are highly desirable in all chemistry-related areas of research.
They provide effective outside control over geometric and electronic changes at the
nanoscale using an easy to control and waste-free stimulus. However, simple and effective
access to such molecular tools is typically not granted and elaborate syntheses and
substitution schemes are needed in order to obtain efficient photoswitching properties.
Here we present a series of rhodanine-based photoswitches that are prepared in one
simple synthetic step without requiring elaborate purification. Photoswitching is induced
by UV and visible light in both switching directions and thermal stabilities of the
metastable states are high. An additional benefit is the hydrogen bonding capacity of the
rhodanine fragment, which enables applications in supramolecular or medicinal
chemistry. We further show that the known rhodanine-based inhibitor SMI-16a is a
photoswitchable apoptosis inducer. The activity of SMI-16a can be switched ON or OFF
by reversible photoisomerization between the inactive E and the active Z isomer.
Rhodanine-based photoswitches therefore represent an easy to access and highly valuable

molecular toolbox for implementing light responsiveness to functional molecular systems.



Introduction

Molecular photoswitches!!! are versatile tools to control the behavior of matter at the nano-
scale by light stimuli. Applications cover vast areas of research from molecular machines,! to
smart materials,*! catalysis!* or photopharmacology.l®! Key to this success is oftentimes the
precise control of photoswitch geometry and double bond isomerizing systems are frequently
employed for this purpose. Stilbenel®! and azobenzene!”l based photoswitches represent
probably the best-known examples but more recently other molecular core structures!® such as

121 have

Stenhouse adducts,®! hydrazones,!'’! imidazole-biradicals,!'') or hemipiperazine!
emanated. Indigoid chromophores!!¥] represent another different option for double bond
isomerizing photoswitches. They undergo predictable changes in their geometry and are able
to use visible light of different colors for both Z to £ and E to Z photoisomerizations. The
favorable photochemistry and synthetic versatility of indigoid chromophores have allowed
their application in many different functional areas, giving rise to unique light controlled
molecular machines,!'#! chiroptical switches,!!*! supramolecular systems,!'¢! or biological!”! or
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photopharmacology tools!'®! - to name just a few examples. A recent survey has further

emphasized the potential of hemiindigoid chromophores as photopharmacological tool that still
lies dormant.!%]

In this work we present a new class of related, yet distinctive photoswitches with unique
potential for applications especially in biomedical context. Rhodanine-based!?”! photoswitches
inherit parts of the hemithioindigo (HTT) motive!?!! but the benzannulated thioindigo-fragment
is replaced with a rhodanine or oxo-rhodanine unit to which the stilbene fragment is connected
(Figure 1a). A simple one-step condensation of rhodanine and an aldehyde!??! provides access
to a large number of derivatives, which usually do not require column chromatography for
purification. The thus obtained structures are well established motives in different areas of
research such as fluorophore design,?®! ion sensing,[*¥ solar-cell dyes!?>*! or medicinal and
biological chemistry.!?®! For example, a number of widely used kinase inhibitors such as SMI-
16al?” or SMI-4al?’-28 with activity against PIM kinases (proviral integrations of moloney
virus)?82% are based on this structural motive. Despite this great versatility, to the best of our
knowledge the capacity for photoswitching in this class of structures has not been investigated
so far.

Here we show, that rhodanine chromophores are capable photoswitches with strongly tunable
property profiles allowing to tailor them for particular applications (Figure 1). Thermal stability
of metastable states can be precisely modulated by simply changing from the highly bistable

oxo-rhodanine structures to the sulfur-substituted rhodanines. At the same time a significant



red-shift of the absorption is observed for the latter. By introducing further heterocyclic
structures, which have recently been shown effective in enhancing photoswitching of HTI
chromophores, strongly improved properties are obtained. These include enhanced
photochromism, near quantitative switching, and improved thermal bistability. The additional
benefits of increased hydrogen bonding capacities are not only of interest for biomedical
applications but also for supramolecular interactions, implementation into materials or
molecular sensing, and recognition purposes. Finally, it is shown here that the known PIM
kinase inhibitor SMI-16a (derivative 1) is in itself a capable photopharmacology tool, which
allows reversible photocontrol over apoptosis in cancer cells. PIM kinase is a promising drug
target for cancer therapy and plays a central role in multiple cell cycle and apoptotic
pathways.3% A related rhodanine variant (derivative 5) is also active in its Z-isomeric form and
shows a pronounced red-shifted absorption. These findings thus open up a facile avenue to a
plethora of capable light responsive tools enabling the manipulation of molecular phenomena

and biological functions by light.
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Figure 1 Rhodanine and oxo-rhodanine-based chromophores for visible light responsive

photoswitching. a) Rhodanine-based photoswitches. b) Application of rhodanines as
photopharmacological tool allowing light-control of apoptosis via isomer selective
PIM kinase inhibition. Image on the right side shows the Z isomer in the active site of

PIM-1 kinase.

Results and Discussion

In this study we investigated 14 different rhodanine chromophores for their photoswitching
capacity (Figure 2). These include four derivatives 1-4 bearing an oxo-rhodanine fragment and
10 derivatives 5-14 bearing a rhodanine fragment. Variations at the stilbene fragment include
electron neutral, electron rich, and electron deficient benzenes as well as different imidazole

and indole heterocycles, which have recently been shown to enable superior photoswitch



properties in HTTs.B! For direct comparison of the effect of variation at the X-position (oxygen
in oxo-rhodanines and sulfur in rhodanines) derivatives 1-4 were matched with 5-8.

Synthesis of rhodanine-based chromophores proceeds in one step from commercially available
starting materials, i.e. oxo-rhodanine or rhodanine and different aromatic aldehydes. The
reaction can be conducted neat at higher temperatures (typically 110 °C) using urea to facilitate
the reaction as described previously.[??] In case the mixture is not liquifying under the reaction
conditions, which prevents proper mixing, the reaction can also be done in methanol solution
at 60 °C. After short heating times the reaction mixtures turn colorful - depending on the
aldehyde used - yellow to purple colors are observed signifying product formation. Typically,
good to very good yields are obtained for the different products, which can be isolated in pure
form by a simple filtration and washing/recrystallization procedure omitting workup,
extraction, and chromatography (for details see the Supporting Information). In this way, the
14 different rhodanine-based photoswitches 1-14 (Figure 2a) were prepared in up to 98% yield.
After crystallization, the structures of pure Z isomers of compounds 5-7 and 11 could be

obtained by single crystal X-ray diffraction (Figure 2b) evidencing the expected constitutions.
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Figure 2 Molecular structures of oxo-rhodanine- and rhodanine-based chromophores 1-14

investigated in this study. a) The thermodynamically most stable Z isomers are shown
schematically. b) Structures of derivatives 5-7 and 11 in their Z isomeric configuration

in the crystalline state.



The thermal properties of rhodanine-based photoswitches 1-14 were scrutinized first to
establish stabilities of the metastable states in different solvents in the dark (for a summary of
measured half-lives at various temperatures see Table 1). Both oxo- and rhodanine-based
photoswitches seem not to thermally interconvert via simple first order reaction but rather by
more complex processes. At present the origin of this behavior is not known but seems to
involve aggregation processes and will be investigated in more detail in the future. Therefore,
no Gibbs energies of activation were calculated and only half-life times were taken into
consideration when comparing thermal stabilities. Nevertheless, clear trends are observed upon
thermal isomerization. In all cases the Z isomer is thermodynamically most stable rendering
the £ isomer metastable. Typically, complete thermal conversion to the Z isomer takes place
upon heating. Thermal E to Z isomerization proceeds slowly for all photoswitches with half-
lives ranging from hours to days at 55 °C (THF-ds solution) for photoswitches 5, 6, 7, 11, and
13 and at 85 °C (dioxane-dsg solution) for the remaining derivatives depending on the particular
substitution. In 1% DMSO/PBS buffer solution thermal stability is diminished but still thermal
half lives in the range of minutes to several hours at 37 °C are retained (see Figure 4a and the
Supporting Information for details). A consistent trend is observed when comparing oxo-
rhodanines 1-4 with the corresponding rhodanines 5-8, in which the former exhibit significantly
higher thermal stabilities of the metastable £ isomers. With these thermal stabilities (0xo0)-
rhodanine-based chromophores are well competitive with other capable photoswitches such as

azobenzenes or HTI.

With pronounced thermal stabilities established, the photophysical and photochemical
properties were quantified next (Table 1). Measured molar absorption coefficients reveal
narrow absorption bands in the UV and/or visible part of the electromagnetic spectrum for all
rhodanine-based photoswitches 1 to 14. The rhodanine chromophores show a significant
bathochromic shift of their absorptions (reaching up to 57 nm) when compared to the
corresponding oxo-rhodanine-based derivatives (see Figure 3a and b for examples and also the
Supporting Information). Further bathochromic shifts can be achieved by introducing electron
donating substituents at the stilbene fragments or by heterocycle substitution. With the
exception of derivative 9 all rhodanine-based photoswitches 1 to 14 exhibit positive
photochromism with bathochromic shift of the absorption for the metastable £ isomer. The
absolute difference in absorption between E and Z isomers is not very large for benzene-

substituted derivatives but is much more pronounced for heterocyclic derivatives 4, 8, 12, and



14. Consequently, photoswitching for the former is not complete in the Z to £ isomerization
direction and a maximum of 68% of £ isomer can be accumulated in the photostationary state
(pss). For many applications such performance is still effective, especially if threshold effects
or bulk responses are intended. However, photoisomerization of heterocyclic derivatives 4 and
8 yields significantly higher yields of the £ isomer beyond 80% (Figure 3c). For all derivatives
except 9 the corresponding E to Z photoisomerizations are more pronounced yielding the Z
isomer in >85% in the pss. For heterocyclic derivatives 4 and 8 even quantitative conversion
is achieved (Figure 3c¢). In case of derivatives 2 and 6 to 14 photoswitching in both switching
directions can be conducted using visible light instead of UV light, which adds another
advantage to this class of chromophores. To test the influence of the solvent, THF with
intermediate polarity and non-protic nature as well as methanol with high polarity and protic
nature were chosen (see Supporting Information for all conditions tested). For the known
inhibitor SMI-16a — i.e. derivative 1 — as well as 5, and 8 also photoswitching experiments in
buffer solution and cell-media were performed (see Figure 4b and Supporting Information).
For benzene-substituted derivatives the effects of solvent changes on the photoswitching
capacity are very small and also buffer and cell media environments do not lead to deterioration
of performance. In the case of heterocyclic derivatives, a somewhat diminished completeness

for the Z to E photoisomerization direction in protic media is seen for 8.
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Figure 3 Photoswitching properties of selected rhodanine-based chromophores. a) Absorption

comparison of oxo-rhodanine with rhodanine photoswitches. Molar absorption
coefficients are shown for both Z and £ isomers of derivatives 1 and 5 as well as for 4
and 8 in THF solution. b) Schematic representation of rhodanine-based chromophores
1, 4, 5, and 8. ¢) Partial "H NMR spectra (400 MHz, THF-ds, 23°C) showing light

induced isomer interconversions from top to bottom for 4 and 8.

Taken together these results showcase that both oxo-rhodanine and rhodanine-based
chromophores represent capable photoswitches the properties of which can be tuned in a wide
range by different substitutions at the rhodanine or the stilbene fragment. Best performances
are given by imidazole and indole incorporating 4, 8, 12, and 14. These derivatives combine
high isomer enrichment in the pss, pronounced photochromism, visible light responsiveness at

least for one switching direction, and high thermal stabilities of metastable states.



Table 1 Photochemical and photophysical properties of (oxo0)-rhodanine-based photoswitches

for indicated solvents and temperatures.

(ox0)- Amax; € of Z/E isomer yield in pss AG/ tp !
rhodanine isomers most / % (nominal kcal mol ! h (T, solvent)
redshifted abs. / LED) in THF-ds (solvent)
nm; L mol”! cm™in or *in 1%
THF-dsor *in 1% DMSO/PBS
DMSO/PBS buffer buffer

401; 36,200 53% E (405 nm) >0.6 138 (85 °C,
419; 32,300 98% Z (470 nm) (dioxane-ds) dioxane-dy)

no isomerization

344; 29,900 85% E (365 nm) no

(85 °C,
378; 21,800 100% Z (405 nm)  isomerization

dioxane-dg)

455; 45,300 52% E (420 nm) >2.0 7 (55 °C,
474; 51,500 89% Z (505 nm) (THF-ds) THF-ds)

401; 37,800 81% E (385 nm) >1.7 95 (85 °C,
435; 31,300 100% Z (470 nm) (dioxane-ds) dioxane-dy)

*404; 33,600 *75% E (385 nm)
*419; 32,300 *89% Z (470 nm)

344; 26,700 49% E (365 nm) >2.0 85 (85 °C,
375, 32,800 88% Z (420 nm) (dioxane-ds) dioxane-dyg)



382; 35,400 91% Z (420 nm) (THF-ds) THF-ds)

. 388; 37,300 70% E (365 nm) >2.0 110 (85 °C,
408; 33,800 94% Z (415nm)  (dioxane-ds) dioxane-ds)

" 377; 34,500 45% E (385 nm) >2.0 82 (55 °C,
387; 30,500 85% Z (420 nm) (THF-ds) THF-ds)

o 433; 32,900 67% E (410 nm) >1.6 12 (85 °C,
447; 39,00 92% Z (470 nm)  (dioxane-ds) dioxane-ds)

To further showcase the potential of rhodanine-based photoswitches, we investigated the
capacity for biological applications using the structure of known PIM kinase inhibitor SMI-
16a—1i.e. oxo-rhodanine Z-1 — as inspiration. PIM kinases are oncogenes that are overexpressed
in different types of cancer cells such as pancreatic cancer or acute myeloid leukemia. PIM
kinases belong to the class of constitutively active kinases and they phosphorylate several
proliferation promoting and anti-apoptotic master regulators such as c-myc and BAD (BCL-2
antagonist of cell death). The architecture of ATP binding sites of PIM kinases is unique in
comparison to other kinases and therefore highly selective inhibition of PIM becomes possible.
For these reasons PIM kinases are gaining increasing attention as promising pharmacological

30.32] The Z isomer of oxo-rhodanine 1 has been shown to

targets for specific cancer therapy.!
selectively and strongly inhibit PIM-1 kinase.?” Upon PIM-1 inhibition, the non-
phosphorylated target protein BAD inhibits the pro-survival protein BCLXL1 and apoptosis is
induced.[3% 321 Additionally, inhibition of the related PIM-2 kinase by oxo-rhodanine Z-1 has
also been demonstrated, which furthers its impact as anti-cancer agent.[>"]

In this biological context we have scrutinized the biological activity of rhodanine-based
photoswitches 5 and 8 (Figure 4c and d). Derivative 5 was chosen for its close structural
relation to 1 (bearing a sulfur instead of the oxygen at position X and a shorter alkyl-residue at
the stilbene oxygen atom, i.e. methyl instead of n-propyl) but offering a significantly red-
shifted absorption. Derivative 8 was chosen for its outstanding photoswitching properties
retaining the rhodanine fragment as important PIM kinase binding motive.’3 The
thermodynamically stable Z isomers of 5 and 8 were tested in human cervix carcinoma HelLa
cells by incubating them with 150 pM of the respective photoswitch. After 19 h incubation,
cells were fixed and stained for DNA and F-actin and the total number of cells was determined.
In these experiments it was revealed that Z-5 shows biological activity and kills cancer cells
with similar effectiveness as Z-1 at 50 uM and 150 uM concentration (Figure 4c and d and

Supporting Information; see below for further details on Z-1 activity). Derivative Z-8 however



did not show a promising biological activity and thus was not further scrutinized. With Z-5 as
biologically active agent we then set out to test the activity of its corresponding E isomer.
However, the low thermal stability of E-5 in buffer media did not allow us to examine its
potency in the biological context (see Supporting Information for details). Despite the more
favorable absorption properties of 5 in the visible region of the spectrum its poor
photochromism also prevented a continuous irradiation approach to permanently enrich the £
isomer upon bulk-photoisomerization of the Z isomer. Therefore, an effective
photopharmacological application of 5 as light-controlled anti-cancer agent was hampered,
however, its potency as prospective inhibitor of PIM kinases could be demonstrated for the Z
isomer.

As discussed above, oxo-rhodanine 1 (SMI-16a) itself can be photoisomerized reversibly
between the thermodynamically stable Z isomer (up to 93% under blue light irradiation of e.g.
405 nm wavelength) and the metastable £ isomer (up to 61% under UV light irradiation of 340
nm) without disturbance of thermal £ to Z isomerization (Figure 4a and b). Although the Z

27-281 the corresponding

isomer is a known and commercially available inhibitor of PIM kinases!
E isomer has not been scrutinized for its biological activity to the best of our knowledge. If the
E isomer of 1 is in fact biologically inactive, an opportunity for light induced activation by blue
light would present itself. The intrinsically very high thermal stability of the £ isomer would
for example allow a global administration and timed local activation scheme.

We have tested this hypothesis also in HeLa cells by incubating them with 150 uM of pure
SMI-16a Z-1 or E-1 isomer. Again, after 19 h incubation, cells were fixed and stained for DNA
and F-actin and the total number of cells was determined. As expected, incubation with the Z-
1 isomer strongly reduced cell number (Figure 4c, d and €) due to induction of apoptosis.!>*"]
To our delight, the corresponding E£-1 isomer did not decrease the cell number suggesting the
E-1 isomer is inactive (Figure 4c, d and e). This strong difference in activity of the £ and Z
isomer serves as foundation for light control of PIM kinase activity. To induce E to Z
photoisomerization, the E-1 isomer was irradiated with blue light in cell culture medium prior
to the addition to cells. As a result, after 19 h the cell number was strongly reduced (Figure 4c,
d and e), which was similar to the effect of the pure Z-1 isomer addition. This shows that
irradiation of E-1 isomer results in highly efficient photoisomerization into the Z-1 isomer.
Thus, a light controlled ON switching and induction of apoptosis could been established with
the oxo-rhodanine-based photoswitch 1, showcasing its very high potential as molecular tool
for medicinal chemistry. Also, the reverse behavior can be elicited by irradiating the Z-1 isomer

with 340 nm light in cell culture medium prior to adding it to the cells. The irradiation Z-1



isomer with 340 nm light leads to a significant recovery of cell viability and establishes
reversible control of the biological PIM kinase function (Figure 4c, d and e).

Finally, also stability against glutathione was tested for derivatives 1, 5, and 8. Over the course
of 10 h no discernible change of absorption could be observed for 50 pm in 1/1 DMSO/PBS
buffer solutions in the presence of 10 mM glutathione (see Supporting Information for
experimental details). Thus, despite the presence of a Michael-acceptor system (0xo)-
rhodanine photoswitches possess high stability against glutathione addition and are not

expected to be quickly eliminated via such a mechanism within the cell.
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Figure 4 a) Thermal stability of £-1 and Z-1 in 1% DMSO/PBS buffer solution at 37 °C in the

dark. b) Photoswitching of 1 in 1% DMSO/PBS buffer solution at 23 °C. ¢) Schematic
representation of the experimental set up to test biomedical activity. Human cervix
carcinoma cells (HeLa) were treated with the different compounds for 19 h and
subsequently the cell number was determined. For selected conditions compounds were
irradiated with the indicated wave lengths in cell culture medium for 10 min and
afterwards added to the cells. d) Quantification of the % of viable cells for the indicated

treatments. Error bars represent standard deviation and at least two independent



experiments were performed for each condition. ) Sample microscopy images of HeLa
cells stained for DNA (red) and F-actin (white) for the indicated conditions. Scale bar

20 pm.

Conclusion

In conclusion we demonstrate that oxo-rhodanine and rhodanine chromophores are capable
photoswitching motives for light induced double bond isomerizations reactions. A simple
synthesis delivers fast access to a variety of different structures and thus allows to tune thermal
and photochemical/photophysical properties in a wide range. The best performing
photoswitches bear heterocyclic residues and deliver nearly quantitative photoisomerizations,
strong photochromism, and high thermal stabilities of the metastable £ isomers. Absorptions
can be shifted up to 57 nm to the red by replacing one oxygen in oxo-rhodanines by sulfur.
Thermal stability of the £ isomers is lowered by this substitution, making the latter highly
tunable by a simple one-atom replacement. The biological application of rhodanine-based
photoswitch Z-5 demonstrated induction of apoptosis with similar effectiveness as Z-1 — i.e.
the known PIM kinase inhibitor SMI-16a. Derivative Z-1 itself was further shown to exhibit
very pronounced photomodulation of its biological activity enabling light-induced apoptosis
regulation. (Oxo)-rhodanine chromophores are thus shown to be highly promising photo
controllable molecular tools with especially potent applicability in biological and medicinal

context.
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