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Chapter 3 
Modulation of CKIα activity and 
circadian period using green-light-
responsive heteroaryl azobenzenes 
based on longdaysin 
Accurate 24-h circadian rhythms are crucial for normal and healthy functioning of 
mammalian organisms, and their disruption leads to numerous diseases and disorders. In 
this chapter, we describe a new class of heterocyclic azobenzenes, based on the longdaysin 
scaffold which were designed to modulate the circadian period through inhibition of CKIα 
enzyme. A comprehensive library of compounds allowed for better insight into the 
relationship between substituents and thermal stability of the cis-isomer. Studies on the 
chemical stability of the azo group shown that this type of heterocyclic azobenzenes 
undergoes a fast reduction to the corresponding hydrazines in the presence of different 
reducing agents. Detailed SAR analysis revealed a compound with a circadian period 
lengthening effect more pronounced than its parent molecule, longdaysin. Moreover, 
reduction of the azo group to a light-nonresponsive hydrazine, fast thermal relaxation in 
aqueous media and the nature of the circadian biological assay did not allow for light-
induced modulation of the circadian rhythm. 
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Chronophotopharmacology  

3.1 Introduction 
As outlined in Chapter 1, almost every cell in our body obeys 24 h cycles that are called 
circadian rhythms.1,2 This property arose from the evolutionary need of living cells and 
organisms to cope with large temperature and light exposure amplitudes caused by rotation 
of the Earth around its axis. Recent studies have linked a disruption of these rhythms to a 
wide variety of diseases and disorders.3–5 Restoring healthy 24 h cycles by employing small 
molecules has recently been extensively investigated.6–9 Chemical biology approaches 
broadened the established field of chronotherapy, which was until then mostly based on a 
drug-free rescheduling therapies in sleep disorder10 or on scheduling treatments of generic 
drugs, so that they provide the most help and do the least harm.11 High-throughput 
screening supported by rational synthesis led to discovery of small-molecule modulators of 
the circadian period, mostly showing period lengthening,6,12 but some also exhibiting period 
shortening.8,13,14 However, owing to a uniform circadian regulation throughout the whole 
body,2,15 these modifiers display a period modulation of all peripheral clocks as well as of 
the master clock, suprachiasmatic nucleus (SCN). Lack of selectivity is the main drawback 
limiting the application of chronotherapeutics, because while they will fix the disrupted 
clock(s), they will also disturb all the other, healthy ones. The selectivity issue paves the way 
for the application of photopharmacology. As previously mentioned in Chapter 1, 
photopharmacology is an emerging field of chemical biology which utilizes photo-
responsive groups in order to spatio-temporally control activity of the drug using light.16–18 
Rendering some of the known circadian clock modifiers photoswitchable gives the 
opportunity to obtain spatio-temporal control just by using light as an ideal external 
stimulus.  

3.2 Design and synthesis 
The Kay group in 2010 performed high-throughput screening of around 120 000 compounds 
identifying a potent modulator of cellular circadian rhythm (Figure 23). Due to its 
pronounced period lengthening effect, this molecule was named ‘longdaysin’.6 Detailed in 
vitro studies revealed that longdaysin almost selectively inhibits casein kinases CKIα and 
CKIδ with IC50 values of 8.8 and 5.6 μM, respectively (for more information on the role of 
CKI enzymes in the circadian rhythm regulation, see Chapter 1). However, this purine-based 
CKI inhibitor did not show selective circadian period lengthening in any type of cells or 
tissues due to the uniform cellular circadian regulation in mammalians.6,19 A lack of 
selectivity imposes the main obstacle in utilization of small molecules for the investigation 
of circadian regulation and their application as chronotherapeutics. Since light can be 
delivered with high spatial and temporal resolution, photopharmacology could offer a 
solution for this issue by introducing a light-responsive moiety in longdaysin.  
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Figure 23. Structure of longdaysin and photo-isomerization of its azo-analogue. 

Azobenzenes are a highly versatile and widely applied class of photoswitches20,21 that 
undergo light-induced isomerization between the thermally-stable trans-isomer and the 
unstable cis-isomer. They have been widely exploited in photopharmacology as the most 
versatile and well-understood photoswitches.16,18 The common presence of heterocyclic 
moieties in drugs,22–24 and an increasing number of synthetic methods for obtaining 
heterocyclic azobenzenes,25 led recently to increased application of those photoswitches in 
photopharmacology.16,26 Analyzing the structure of longdaysin (Figure 23), we envisioned 
that converting the C(6)-NH-CH2- linker into an azo functional group will render longdaysin 
photoswitchable and potentially retain its biological activity due to introducing only a minor 
structural change (Figure 23). Despite the fact that SAR was conducted by extensive 
structural modifications of C(2) and N(9) positions of longdaysin,27 modification of the 
benzene ring (o, m, p, Figure 23) was never investigated. Thus, synthetic methodology 
developed in our group (Chapter 2)28 was employed to make a small library of differently 
substituted photoswitchable compounds as potential reversible circadian period 
modulators (Figure 24).  

Microwave-assisted nucleophilic aromatic substitution of 9-chloro purines (2 and 3) with 
substituted aryl-hydrazines (1a-q), followed by oxidation, provided in good to high yields 
the desired photoswitches based on the purine core (R2=H, 4a-q; R2=NH2, 5a-f). Introduction 
of various substituents was primarily driven by investigation of their influence on biological 
activity but also to obtain optimal photochemical properties, such as visible-light photo-
isomerization and longer thermal half-lives. Since the focus was on biological activity, 
substituents were chosen to electronically resemble the original electron-withdrawing CF3 
group. Those substituents were ranging from a strong electron-withdrawing to a weak 
electron-donating groups, with an exception of compound 4c, the only one with a strong 
electron-donating methoxy substituent. 
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Figure 24. Synthesis of longdaysin azologs 4a-q and 5a-f. For more information on the 
synthesis of compounds 4a-k, 4m-p and 5e, see Chapter 2. 

3.3 Photochemical properties and chemical stability of 
azopurines 

3.3.1 Photochemical properties 
For utilization of azobenzenes in biological systems, their photochemical properties have to 
be adjusted to a particular purpose. Most common parameters to be optimized are 
photostationary state (PSS), thermal half-life, wavelength used for the photo-isomerization, 
and chemical stability. Given that the cellular circadian clock assay takes 5 days,6 thermal 
cis-to-trans isomerization had to be minimized to permit a pronounced biological effect of 
the cis-isomer, with the least background activity of the trans-isomer. Thus, by modifying 
the benzene ring, next to increased biological activity (vide infra) we also aimed for longer 
half-lives. If this condition is not met, continuous irradiation with cell non-toxic light (>500 
nm)29–31 is required to keep a content of the cis-isomer as high as possible for a prolonged 
period. 

Photo-isomerization. The wavelength used for isomerization is one of the key features for 
utilization of photoswitches in biological systems.31,32 Generally, UV-light is needed for 
trans-to-cis isomerization, while back-isomerization can be achieved by either thermal 
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relaxation or visible light irradiation.21 As UV-light is strongly absorbed and scattered by 
skin, visible-light mediated photo-isomerization is highly desirable due to increased tissue-
penetration and reduced phototoxicity.33,34 Heterocyclic azobenzenes, presented in this 
work, allow for using green light (λmax = 530 nm) for trans-to-cis photo-isomerization (Figure 
25). In order to quantitatively determine trans-to-cis conversion with green light, PSS 
distributions of two switches (4f and 5e) were measured by 1H-NMR (DMSO-d6, 1 mg/mL, 
25 °C). The photostationary state was achieved after 2 h irradiation with green light. For 
azopurine 4f, the PSS distribution (cis:trans) was determined to be 61:39 while for 5e it was 
slightly higher, 71:29. 

Thermal half-life of 4a-q and 5a-f. After PSS distribution was reached with green light, 
thermal back-isomerization was followed in DMSO, CKI enzyme assay buffer, and cellular 
medium (Table 3). The relationship between the structure and thermal stability in DMSO 
revealed that back-isomerization was highly dependent on the electronic nature of the 
substituents, as well as their position. Increased electron density of the benzene ring 
created a push-pull system with an electron-poor adenine core, causing shorter half-lives.35 
Thus, para-methoxy substituted azopurine 4c exhibited the shortest half-life of 17 sec. On 
the other hand, increasing the electron density of the purine core by incorporation of the 
C(2)-amino group (5a-f) had the opposite effect. Further analysis has shown that para- and 
meta-substituents on the benzene ring had very small influences on the thermal stability of 
the cis-isomer. On contrary, incorporation of ortho-substituents had a significant impact on 
the half-lives. Interestingly, the half-life of di-ortho-methyl compound 4f was shorter than 
for mono-ortho-trifluoromethyl compound 4m, indicating the importance of electronic and 
not only steric effects of the ortho-substituents. Inspired by work of Hecht36 and Woolley,32 
we envisioned to obtain thermal stability of the cis-isomer by introducing ortho fluoro- or 
chloro-substituents. Incorporation of only one chloro atom (4h) led to significantly longer 
half-life of more than 1 h. The thermal half-life for the relaxation of di-ortho-fluoro 
compound 4q was 1.4 h, while di-ortho-chloro compound 4n displayed the longest half-life 
among 2-H-azopurines being, almost 3 h. Remarkably, di-ortho-fluoro compound 5f 
exhibited the slowest thermal relaxation with half-life of almost 12 h. In summary, a very 
broad range of half-lives in DMSO (from 17 sec to 12 h) was obtained. The stability of the 
cis-isomer was fine-tuned by controlling electronic and steric effects of substituents. 
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Figure 25. Photochemical evaluation of A) compound 4f, and B) compound 5e. 1H-NMR was 
used to determine the PSS distribution of both compounds (DMSO-d6, 1 mg/mL, 25 °C), 
which were reached after irradiation with 530 nm light for 2 h. PSS (4f) = 61% cis, and PSS 
(5e) = 71% cis. UV-Vis studies of the photochemical isomerization were followed in a ~20 μM 
DMSO solution at 25 °C. Photostationary state was reached after 4 min upon irradiation 
with 530 nm light (measured points: thermally adapted – 0 s, 10 s, 30 s, 60 s, 120 s, and 240 
s). 

Before testing photoswitchable azo-longdaysin derivatives in biological assays, the half-lives 
in corresponding aqueous media were measured (CKI buffer and cellular medium, Table 3). 
In contrast to the results obtained in DMSO, incorporation of different substituents led to a 
very fast thermal back-isomerization of all photoswitches. The obtained half-lives were 
varying from few of seconds (4c) to a slightly more than half an hour (4n), and the observed 
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trend was the same as in DMSO (Table 3). Di-ortho-fluoro substituents in 4q and 5f, di-ortho-
chloro in 4n, and C(2)-amino substituents (5a-f) slightly slowed down the thermal relaxation 
of the cis-isomer. Considering the length of the in vitro assay (3 h) and cellular assay (5 d), 
the back-isomerization was too fast for the photomodulation of the biological activity 
without constant or prolonged irradiation during the assay.  

Table 3. Thermal cis-to-trans isomerization in three different media: DMSO (40 μM, 25 °C), 
CKI enzyme assay buffer (40 μM, 30 °C) containing ~100 μM dithiothreitol (DTT) and cellular 
medium (40 μM, 35 °C). Half-life of the azobenzene (40 μM) reduction in CKI buffer 
containing 500 μM DTT (30 °C).  

Compound t1/2, cis-to-trans (min) t1/2, reduction (min) 
DMSO  CKI buffer Cellular medium CKI buffer 

4a 3.5 0.55 0.35 120 
4b 1.7 0.28 0.18 54 
4c 0.28 0.12 0.033 21 
4d 18 0.65 0.82 33 
4e 15 0.87 0.70 19 
4f 43 1.2 0.93 25 
4g 18 0.82 0.70 28 
4h 68 NDa NDa 5.9 
4i 8.5 0.80 0.57 52 
4j 10 0.70 0.58 55 
4k 9.7 1.1 0.37 14 
4l 36 NDa 0.73 9.1 

4m 54 1.9 1.5 63 
4n 180 NDa 36 6.7 
4o 2.4 0.42 0.25 95 
4p 4.1 0.77 0.45 79 
4q 85 9.3 4.6 20 
5a 78 3.1 2.0 13 
5b 66 NDa NDa 92 
5c 81 3.5 1.1 2.4 
5d 46 1.8 1.0 83 
5e 91 0.73 1.0 8.0 
5f 710 18 7.3 29 

 
 

a Half-life was not determined due to a constant absorption decrease upon dissolving the 
azopurine in CKI buffer or cellular medium. 

In view of biological application of the synthesized photoswitches, the short half-lives and 
moderate-to-good photostationary states give rise to an important issue of a background 
activity of the trans-isomer in the irradiated samples. On the other hand, the possibility to 
conduct photoisomerization with green light allows for prolonged or continuous irradiation 
during the assays. 

3.3.2 Chemical stability 
Despite the photophysical properties of azo-switches having been thoroughly 
investigated,37–39 their chemical stability in biologically relevant media is still underexplored. 
In order to achieve photocontrol in cells, tissues or in vivo, chemical and metabolic stability 
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of azobenzenes must be studied. It is known that enzyme-40,41 or thiol-mediated42 
azobenzenes reduction can occur in cells, particularly by glutathione (GSH) which is present 
in cells at the concentration of up to 10 mM.43,44 In addition, recent work from Herges45 
showed that photoswitchable CKIδ inhibitors based on imidazole- and thiazole-type 
heterocyclic azobenzenes become reduced to the corresponding hydrazine when exposed 
to thiols such as dithiothreitol (DTT) or GSH. Therefore, following the previous work and led 
by finding that photoswitches 4h, 4l, 4n and 5b had a continuous absorption decrease when 
dissolved in CKI buffer (Table 3), we tested all photoswitches on reduction by DTT present 
in the buffer solution (Figure 26A). Initially, the process was analyzed by 1H-NMR in DMSO-
d6 solution of 4k, 4n and 5e (9 mM) and different quantities of DTT (0 eq, 1 eq, 2 eq, and 4 
eq, Figure 26B). The NMR spectrum of azopurine 4k did not change over time in the DTT-
free sample. On the other hand, all three samples with DTT showed a second set of signals 
appearing already after 10 min. In the presence of 4 equivalents of DTT, the starting 
azopurine 4k was almost completely (89%) converted to a corresponding hydrazine after 4 
h. Additional analysis by UPLC-MS confirmed that a newly formed compound has a mass 
increase of 2. Interestingly, when compound 4n was subjected to 1 equivalent of DTT in 
DMSO-d6, photobleaching occurred instantaneously. This indicates that di-ortho-chloro 
substituents do not play a stabilization role but even increase susceptibility to reduction of 
our azobenzene system. This shows a need for a systematic screening and better 
understanding of chemical stability of heterocyclic azobenzenes under reductive conditions 
present in biological systems.45  
Azopurines with a C(2)-amino group (5a-f) have a higher electron density and, therefore, 
we expected to see a slower reduction rate than for the corresponding C(2) unsubstituted 
azobenzenes. Thus, the reduction of 4k and 5e was conducted and compared (Figure 26C). 
In contrast to our expectation, 5e underwent faster reduction than 4k, indicating that an 
increased electron density of the azo group does not decrease the reduction rate.  
Next, the reduction rate of all azobenzenes was measured in CKI buffer containing DTT 
(~100 μM, Table 3). No correlation between photobleaching rate and structure was 
observed. At the end of measurement all compounds were fully reduced, with reduction 
t1/2 ranging from ~2 min (5c) to ~2 h (4a). Comparison of the reduction rates between the 
trans- and cis-isomers of 4k revealed slower photobleaching in case of the cis-isomer (Figure 
26D). This effect probably allowed for measuring the half-lives in buffer for almost all 
compounds except for 4h, 4l, 4n and 5b which had competitively fast reduction with 
thermal back-isomerization. Since the photobleaching was also observed in cellular 
medium, we set to the experimental testing the stability of azopurine 4e in the presence of 
other reducing agents such as GSH, cysteine, ascorbic acids and compare their reducing 
efficiency to DTT (Figure 26E). Interestingly, photobleaching was found to happen with all 
reductants. The fastest reduction occurred in case of DTT and the slowest with GSH, while 
ascorbic acid and cysteine had similar rates. 
The obtained results show the importance of testing every photoswitchable drug on the 
possible reduction with intracellular GSH or reductive components present in in vitro buffer 
such as DTT used for preventing the oxidation of peptides and proteins. 
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Figure 26. Reduction of azopurines. (A) Scheme of reduction; (B) Reduction of 4k by 
different amounts of DTT followed by 1H-NMR in DMSO-d6 solution (25 °C, 9 mM); (C) 
Compared reduction of 4k and 5e by DTT (1 eq). The reduction is followed by 1H-NMR in 
DMSO-d6 solution (25 °C, 9 mM); (D) Conversion of trans- and cis-azopurine 4k into the 
corresponding hydrazine. The reaction was followed by UV-Vis spectroscopy, measuring the 
absorbance of 4k (40 μM) at 340 nm in CKI buffer containing DTT (500 μM); (E) Reduction 
of 4e followed by UV-Vis spectroscopy at 340 nm in buffer solution (100 mM HEPES, pH 7.4) 
without (green) or with different reducing agents – DTT (black), GSH (red), ascorbic acid 
(purple), and cysteine (blue, 500 μM). 
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3.4 Modulation of biological activity with azopurines 

3.4.1 Modulation of the circadian period 
Despite the observed reduction, we decided to test azopurines on modulation of the 
circadian period (Figure 27). The assay employs human U2OS cells with a Bmal1-dLuc 
reporter.46 The experimental readout is based on chemiluminescence produced during the 
oxidative decarboxylation of luciferin. Luciferin is present in high concentration (1 mM) in 
the cellular medium, and it strongly absorbs in the UV region. This prevents 
photoisomerization during the cellular assay with UV-light, which is generally used for the 
photoisomerization of azobenzene photoswitches.16 Gratifyingly, the possibility to 
isomerize azopurines with green light (Figure 25) gives them an advantage for the 
application even in the presence of luciferin. Additionally, in contrast to UV-light, visible 
light is less cytotoxic, enabling longer irradiation during the course of the cellular assay. 
Prolonged cellular irradiation would keep the cis-isomer being present for a longer time 
despite having a short half-life. 
For the screening, azopurines were dissolved in DMSO and applied to the cells in 3-fold 
dilution series. The chemiluminescent signal was measured over 5 d and the circadian 
period change from the 24-base was plotted against concentration (Figure 27). Compound 
4a lengthened the period at the higher concentration but with significantly reduced potency 
in comparison to longdaysin (Figure 27A). Similarly, azopurines substituted in the para-
position (4b and 4c) showed very small period change but also caused reduction of the 
circadian oscillation amplitude. This indicates that introducing a para-substituent is not 
beneficial for the biological activity and renders these compounds toxic. The meta-
substituted azopurines exhibited a strong period lengthening, with compound 5e having a 
stronger effect than longdaysin (Figure 27A and B). Incorporation of substituents in the 
ortho-position led to decrease of period lengthening but in contrast to the para-substituted 
azopurines, those compounds did not exhibit cytotoxicity. Due to beneficial effect of the 
meta-substituents, particular emphasis has been put on altering groups in this position. SAR 
analysis revealed that a polar carboxylic group in the meta-position fully suppressed the 
activity of 4p. The methyl group in 4o and the fluoro substituent in 4i slightly increased the 
activity, but the period change remained low. Introduction of CF3 or CN in meta-position led 
to almost equal increase of activity, while the chloro-substituent yielded the best circadian 
period modulator based on mono-meta-substituted azopurines. The addition of the second 
meta-substituent contributed to the higher activity in comparison to the corresponding 
mono-meta-substituted compound. Azopurine 5e with di-meta-chloro substituents and an 
amino group in position C(2) showed better circadian period modulation than longdaysin 
(Figure 27).  
In summary, comparing the activity of longdaysin and 4d, it is evident that azologization of 
longdaysin decreased the potency, probably caused by losing an important interaction of 
the benzylic 6-NH group with CKIα.47 This interaction is partially restored by reduction of 
the azo-group to the hydrazine. Thus, azo-analogue of longdaysin 4d, at the concentration 
of 7.9 μM, exhibited only 2.2 h period lengthening in comparison to 11.5 h for longdaysin. 
However, the potency can be restored by varying substituents on the benzene and purine 
moiety, and it provided azopurine 5e with higher activity than longdaysin.  
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Figure 27. Effect of azopurines on the circadian period lengthening in human U2OS cells. 
Luminescence rhythms were monitored in the presence of various concentrations of 
compounds (10 points of 3-fold dilution series in DMSO; final 0.7% DMSO) in dark (A-B) or 
upon irradiation with green light (λmax = 530 nm) (C). The results of the assays are mean ± 
SD (n = 4).  

In addition, we sought to analyze a possible light-induced circadian period modulation. For 
this experiment we chose compounds 4q and 5f. This two azopurines have a different C(2)-
substituent, but the same benzene-substituents (di-ortho-fluoro). Both compounds were 
applied to cells in the dark (black line, Figure 27) or irradiated with green light (λmax = 530 
nm) prior to dilution and then kept in the dark during the course of the assay (green line, 
Figure 27). As expected, 5f had a stronger effect on the circadian period modulation. 
Nevertheless, a light-induced effect was not observed. This can be explained by a short half-
life in the cellular medium and a fast reduction to the corresponding hydrazine that is light 
non-responsive. In order to check if a longer cellular irradiation (6 h) can induce a difference 
in period modulation, we chose compound 5e due to its potency (Figure 28). To avoid 
overheating of the cellular mixture by the light source, position and distance of the LED 
system were optimized. Irradiation from the top (12 cm distance) gave the optimal results. 
However, 6 h irradiation influenced all circadian parameters – period, amplitude and phase 
in all the samples, including those in the DMSO control (Figure 28). Overall the signal 
intensity also decreased, indicating that prolonged exposure to green light is cytotoxic. 
Keeping in mind the length of the circadian assay, we did not carry out further optimization 
of shorter irradiation times as the effect of photo-modulation would not be evident. 
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Figure 28. The effect of 6 h long irradiation with green light (λmax = 530 nm) in the presence 
of 5e, using longdaysin and DMSO as the positive and negative control, respectively. The 
circadian period, amplitude and phase change obtained upon irradiation are shown in 
white, and without irradiation in black. The results of the assays are mean ± SD (n = 4). 

As a result of the assay`s length (5 d) and a fast reduction by intracellular GSH, we can 
assume that the observed period lengthening effect mostly comes from the corresponding 
hydrazine. Due to a nature of the experiment, it was not possible to prove if the circadian 
period can be additionally modulated by light. 

3.4.2 Photo-modulation of the CKI activity 
Next, we envisioned to test selected azopurines on recombinant CKIα inhibition and see if 
the circadian period lengthening corresponds to the in vitro data. Importantly, the kinase 
assay lasts 3 h, thus being more suitable for the investigation of a light-induced effect on 
the enzyme inhibition (Figure 29). Nine azopurines were selected, varying from the most 
active to almost inactive period lengthening modulators. This range of activities would allow 
us to observe activation or deactivation upon light exposure. All the compounds were tested 
at 20 μM concentration assuming that azologization made all the compounds (except 5e) 
less potent than longdaysin, with IC50 value of 5.6 μM.6  
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Figure 29. Percent of CKIα inhibition in the enzymatic assay containing different azopurines 
(20 μM, 30 °C). Samples kept in dark are shown in black, and samples irradiated during the 
course of the assay in green. The results of the assays are mean ± SD of at least two 
independent measurements. 

Interestingly, the inhibition levels observed in vitro were comparable to the strength of the 
circadian period modulation in U2OS cells. Azopurines 4b and 4c showed almost no 
inhibition of CKIα, similarly to di-ortho-methyl 4f and meta-carboxylic 4p azopurines. 
Irradiation with green light (λmax = 530 nm) during the course of the assay increased the 
activity of 4d, while 5e proved to be less potent after irradiation. The induced alteration in 
inhibition might be attributed to difference in affinity between the two isomers. However, 
a light-induced change in activity was not significant in any of azopurines. This can be 
explained by comparably fast reduction of both isomers to the corresponding hydrazine, 
yielding the same product and preventing a binding difference to be observed during the 
course of the assay. 

3.5 Conclusion 
A library of azopurines was synthesized, photochemically characterized and the chemical 
stability in biological environment was investigated. Furthermore, their biologically activity 
was tested on the circadian period modulation and CKIα inhibition.  

The two-step one-pot synthesis provided a quick and efficient access to the library of 
differently substituted azopurines.28 Photochemical characterization revealed that green 
light can be utilized for photo-isomerization yielding moderate PSS distributions. Thermal 
stability of the less stable cis-isomer was measured in DMSO and aqueous media, showing 
that back-isomerization can be well manipulated by varying substituents on the benzene 
ring or at the C(2)-position. While the broad range of half-lives was obtained in DMSO, 
thermal isomerization in aqueous media occurred rather fast, rendering these 
photoswitches unsuitable for the light-modulation in long biological experiments. 
Furthermore, azopurines were tested for their sensitivity to reduction with reducing agents 
commonly used for stabilization of proteins (e.g. DTT) or intercellularly present GSH. Both 
in DMSO and aqueous media reduction took place and the rate was similar for all the 
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compounds. The reduction process was clean, yielding pure light-nonresponsive hydrazines. 
Despite the observed reduction, all the compounds were tested on the circadian period 
modulation and CKIα inhibition. The cellular assay screening yielded compound 5e with a 
stronger period lengthening than longdaysin. At concentration of 7.9 μM azopurine 5e 
displayed 12 h period lengthening in comparison to 9.2 h of longdaysin. However, the 
reduction rate and a nature of the circadian cellular assay prevented photo-modulation of 
the circadian period and CKIα inhibition.  

In summary, SAR analysis of azopurines` ability to modulate the circadian period was 
performed. The reduction study and screening of reducing agents revealed DTT as the best 
reductant of the azo group. These results reveal DTT as a crucial reagent to be used in 
photopharmacology in order to test biological stability of azobenzenes towards reduction. 
The finding that the isomers have different reduction rates demands further and more 
detailed studies, otherwise conclusions of light-induced effects could be interpreted 
wrongly. This work emphasizes the importance of achieving a long half-life, low fatigue, high 
photostationary state (PSS) and chemically stable photoswitch when long-term biological 
light-modulation is required. 

3.6 Contribution 
B.L.F., T.H., W.S and D.K. guided the research. B.L.F., T.H., W.S., and D.K. designed the 
experiments. D.K. designed, synthesized and evaluated photoswitchable modifiers. D.K. 
performed photochemistry, stability tests and the in vitro assay; T.H. performed cellular 
experiments; D.K. wrote the chapter. 
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3.7 Experimental Section 

3.7.1 General Remarks 
For general remarks, see chapter 2. 

3.7.2 Circadian parameters calculation 
Raw luminescence data are detrended with a first-order polynomial curve and then fitted 
to a damping sinusoid curve: 

 
A = amplitude; f = frequency (1/period); φ, phase; τ, damping constant; C, offset. 

3.7.3 General Procedure for the Synthesis of 6-Azoapurines 4a-p 
 

 
The reaction was carried out using a microwave vessel (10 mL) equipped with a magnetic 
stirring bar, in the presence of air. 6-Chloro-9-isopropyl-9H-purine 2 (59 mg, 0.30 mmol, 1.0 
equiv), hydrazine (0.36 mmol, 1.2 equiv), DIPEA (0.26 mL, 1.5 mmol, 5 equiv in case of 
hydrazine, or 0.31 mL, 1.8 mmol, 6 equiv in case of hydrazine hydrochloride) and n-BuOH 
(2.0 mL) were added in sequence. The resulting mixture was reacted under microwave 
irradiation (200 W) at 150 ℃ for 1-2 h. After the substitution was completed (followed by 
TLC), the reaction mixture was exposed to pure oxygen for 30 min – 24 h. After the oxidation 
reaction was finished (followed by TLC), the solvent was removed under reduced pressure 
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and the product was purified by flash column chromatography (SiO2, DCM/MeOH 98:2) to 
give 4a-r as the orange-red solids. 

Additional recrystallization was performed from ethyl acetate/pentane in case of 4p. 

Complete characterization data for compounds 4a, 4b, 4c, 4e, 4f, 4g, 4h, 4i, 4j, 4k, 4m, 4n, 
4o, and 4p can be found in Chapter 2. 

 

(E)-9-isopropyl-6-((3-(trifluoromethyl)phenyl)diazenyl)-9H-purine (4d) 

Dark red solid; Yield: 82 mg (0.3 mmol, 99%); m.p. = 111-113 °C; 1H NMR (400 MHz, CDCl3) 
δ 9.09 (s, 1H), 8.47 (s, 1H), 8.39 (d, J = 8.7 Hz, 1H), 8.33 (s, 1H), 7.85 (d, J = 8.6 Hz, 1H), 7.72 
(t, J = 8.2 Hz, 1H), 5.05 (hept, J = 7.0 Hz, 1H), 1.72 (dd, J = 6.8, 0.8 Hz, 6H) ppm; 13C NMR (101 
MHz, CDCl3) δ 156.82, 155.11, 152.84, 152.24, 144.92, 131.95 (q, J = 33.3 Hz), 129.88, 129.39 
(q, J = 3.7 Hz), 127.34, 127.15, 123.61 (q, J = 272.6 Hz), 120.94 (q, J = 3.9 Hz), 48.05, 22.52 
ppm; 19F NMR (376 MHz, CDCl3) δ -62.77 (s) ppm; IR (ATR)  3060, 2984, 1867, 1739, 1373, 
1328, 1222, 1124, 1062, 909, 810 cm-1; HRMS (ESI+) calc. for C15H14N6F3 [M+H]+: 335.1227, 
found: 335.1228. 

(E)-6-((3,5-bis(trifluoromethyl)phenyl)diazenyl)-9-isopropyl-9H-purine (4l) 

Dark red solid; Yield: 123 mg (0.3 mmol, 93%); m.p. = 112-114 °C; 1H NMR (400 MHz, CDCl3) 
δ 9.11 (s, 1H), 8.65 (s, 2H), 8.38 (s, 1H), 8.09 (s, 1H), 5.06 (hept, J = 6.8 Hz, 1H), 1.73 (d, J = 
6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 156.30, 155.29, 152.93, 152.23, 145.39, 133.00 
(q, J = 34.3 Hz), 125.98 – 125.78 (m), 124.09 (q, J = 3.7 Hz), 121.47, 48.26, 22.49 ppm; 19F 
NMR (376 MHz, CDCl3) δ -62.94 ppm; IR (ATR)  3105, 2981, 1817, 1586, 1499, 1454, 1364, 
1274, 1169, 1125, 1013, 946, 907 cm-1; HRMS (ESI+) calc. for C16H13N(6)F6 [M+H]+: 403.1100, 
found: 403.1094.  

(E)-9-isopropyl-6-((2-(trifluoromethyl)phenyl)diazenyl)-9H-purine (4m) 

Dark red solid; Yield: 99 mg (0.3 mmol, 89%); m.p. = 104-106 °C; 1H NMR (400 MHz, CDCl3) 
δ 9.09 (s, 1H), 8.34 (s, 1H), 7.98 – 7.83 (m, 2H), 7.75 – 7.62 (m, 2H), 5.04 (hept, J = 6.8 Hz, 
1H), 1.71 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 157.72, 154.90, 152.14, 
150.09, 144.76, 132.57, 132.24, 129.53 (q, J = 31.7 Hz), 126.66 (q, J = 5.4 Hz), 126.55, 123.70 
(q, J = 274.2 Hz), 116.62, 47.91, 22.52 ppm; 19F NMR (376 MHz, CDCl3) δ -57.32 ppm; IR (ATR) 
 3351, 3044, 2979, 2940, 1596, 1571, 1492, 1394, 1314, 1215, 1144, 1120, 1052, 882, 772 

cm-1; HRMS (ESI+) calc. for C15H14N6F3 [M+H]+: 335.1227, found: 335.1228.  

(E)-6-((2,6-difluorophenyl)diazenyl)-9-isopropyl-9H-purine (4q) 

Dark red solid; Yield: 73 mg (0.24 mmol, 80%); m.p. = 112-114 °C; 1H NMR (400 MHz, CDCl3) 
δ 9.08 (s, 1H), 8.31 (s, 1H), 7.46 (tt, J = 8.4, 5.8 Hz, 1H), 7.15 – 7.05 (m, 2H), 5.03 (hept, J = 
6.8 Hz, 1H), 1.70 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 157.52 (d, J = 3.7 Hz), 
157.34, 155.09, 154.89 (d, J = 3.7 Hz), 152.17, 145.06, 133.12 (t, J = 10.6 Hz), 126.59, 112.73 
(dd, J = 20.3, 3.8 Hz), 47.94, 22.53 ppm; 19F NMR (376 MHz, CDCl3) δ -118.31 (dd, J = 9.5, 5.9 
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Hz) ppm; IR (ATR)  2980, 1565, 1487, 1467, 1389, 1324, 1219, 1029, 984, 789 cm-1; HRMS 
(ESI+) calc. for C14H13N6F2 [M+H]+: 303.1164, found: 303.1166. 

3.7.4 General Procedure for the Synthesis of 6-Azopurines 5a-f 

The reaction was carried out using a microwave vessel (10 mL) equipped with a magnetic 
stirring bar, in the presence of air. 6-Chloro-9-isopropyl-9H-purin-2-amine 3 (65 mg, 0.30 
mmol, 1.0 equiv), hydrazine (0.36 mmol, 1.2 equiv), DIPEA (0.26 mL, 1.5 mmol, 5 equiv in 
case of hydrazine, or 0.31 mL, 1.8 mmol, 6 equiv in case of hydrazine hydrochloride) and n-
BuOH (2.0 mL) were added in sequence. The resulting mixture was reacted under 
microwave irradiation (200 W) at 180 ℃ for 1-3 h. After the substitution was completed 
(followed by TLC), the reaction mixture was exposed to a pure oxygen for 30 min – 18 h. 
After the reaction was finished (followed by TLC), the solvent was removed under reduced 
pressure and the product was purified by flash column chromatography (SiO2, DCM/MeOH 
96:4) to give 5a-f as the red-brown solids. 

When needed, additional recrystallization was done from ethyl acetate/pentane. 

A complete characterization data for compounds 5c, 5d, and 5e can be found in Chapter 2. 

 

(E)-9-isopropyl-6-((3-(trifluoromethyl)phenyl)diazenyl)-9H-purin-2-amine (5a) 

Dark red solid; Yield: 99 mg (0.28 mmol, 92%); m.p. = 117-119 °C; 1H NMR (400 MHz, CDCl3) 
δ 8.41 (s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.00 (s, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.9 Hz, 
1H), 5.32 (s, 2H), 4.80 (hept, J = 6.8 Hz, 1H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, 
CDCl3) δ 159.31, 157.62, 156.89, 152.79, 142.35, 131.82 (q, J = 33.3 Hz), 129.76, 129.12 (q, 
J = 3.6 Hz), 127.16, 123.62 (q, J = 272.7 Hz), 121.27, 120.83 (q, J = 3.9 Hz), 47.05, 22.41 ppm; 
19F NMR (376 MHz, CDCl3) δ -62.76 ppm; IR (ATR)  3282, 3175, 3094, 2975, 1710, 1620, 
1576, 1453, 1394, 1328, 1217, 1170, 1119, 1061, 993, 906, 804 cm-1; HRMS (ESI+) calc. for 
C15H15N7F3 [M+H]+: 350.1336, found: 350.1337. 
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(E)-6-((3,5-bis(trifluoromethyl)phenyl)diazenyl)-9-isopropyl-9H-purin-2-amine (5b) 

Dark red solid; Yield: 73 mg (0.18 mmol, 57%); m.p. = 199-202 °C; 1H NMR (400 MHz, CDCl3) 
δ 9.72 (s, 1H), 8.59 (s, 2H), 8.07 (s, 1H), 5.24 (s, 2H), 4.74 (h, J = 7.0 Hz, 1H), 1.60 (d, J = 6.9 
Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 159.31, 157.62, 156.89, 152.79, 142.35, 131.82 
(q, J = 33.3 Hz), 129.76, 129.12 (q, J = 3.6 Hz), 127.16, 123.62 (q, J = 272.7 Hz), 121.27, 120.83 
(q, J = 3.9 Hz), 47.05, 22.41 ppm; 19F NMR (376 MHz, CDCl3) δ -62.76 ppm; IR (ATR)  3500, 
3278, 3162, 1714, 1628, 1615, 1501, 1435, 1367, 1277, 1199, 1129, 904 cm-1; HRMS (ESI+) 
calc. for C16H14N7F6 [M+H]+: 418.1209, found: 418.1207. 

(E)-6-((2,6-difluorophenyl)diazenyl)-9-isopropyl-9H-purin-2-amine (5f) 

Dark red solid; Yield: 70 mg (0.22 mmol, 72%); m.p. = 206-208 °C; 1H NMR (400 MHz, CDCl3) 
δ 7.99 (s, 1H), 7.43 (tt, J = 8.5, 5.8 Hz, 1H), 7.13 – 7.03 (m, 2H), 5.30 (s, 2H), 4.80 (hept, J = 
6.8 Hz, 1H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 159.22, 157.87, 157.43 
(d, J = 3.7 Hz), 156.94, 154.81 (d, J = 3.9 Hz), 142.52, 132.78 (t, J = 10.5 Hz), 120.95, 112.66 
(dd, J = 20.4, 3.7 Hz), 46.99, 22.43 ppm; 19F NMR (376 MHz, CDCl3) δ -118.49 (dd, J = 9.9, 6.0 
Hz) ppm; IR (ATR)  3510, 3451, 3322, 3206, 2975, 1612, 1573, 1461, 1274, 1223, 1037, 
1000, 794 cm-1; HRMS (ESI+) calc. for C14H14N7F2 [M+H]+: 318.1273, found: 318.1275. 
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