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Chapter 7
Photoswitchable CRY1 inhibitors as
light-responsive modulators of the
mammalian circadian clock
Disrupted circadian rhythms are connected to development of wide variety of diseases and
disorders. CRY proteins, as one of the key players in the circadian rhythm regulation, are
attractive targets for a pharmacological approach of restoring the disrupted rhythms.
However, the uniform cellular regulation of the circadian rhythm throughout the whole
mammalian body prevents selective chronotherapy. Here, we demonstrate a rational design
of photo-responsive CRY1-selective inhibitor with the aim to provide a tool that enables high
spatio-temporal resolution of the circadian period control. The benzophenone moiety of
TH129 (CRY1 selective inhibitor) was recognized as a cis-azobenzene-like structural motif,
and upon its azologization we have developed an inhibitor that becomes activated upon
light exposure. Additionally, a modulator that responds to visible light was synthesized and
biologically evaluated. These findings present an excellent starting point for the further
development and application of photo-responsive circadian clock modulators that offer
prospects for chronotherapy.

Manuscript will be submitted for publication.
Dušan Kolarski, Tsuyoshi Oshima, Aoki Yugo, Piermichele Kobauri, Kenichiro Itami, Wiktor
Szymanski,* Tsuyoshi Hirota,* and Ben L. Feringa.*
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7.1

Introduction

The circadian clocks are biochemical oscillators with a period of about 24 hours.1 They are
intrinsic time-keeping mechanism found in most organisms from cyanobacteria to
mammals, serving to anticipate daily environmental changes due to rotation of the Earth
around its axis.2,3 The circadian rhythms in mammals, as a result of 24-hour biochemical
oscillations (circadian clocks), are found to regulate most of biological processes, such as
body temperature, hormone secretion, sleep-wake and activity cycles, and metabolism.4–6
Therefore, the circadian rhythm plays a fundamental role in regulation of physiology and
behavior in mammals and its irregular functioning can lead to various diseases including
mood disorders, diabetes, cardiovascular diseases, and cancer. 7–14 Due to rhythmical
regulation of physiology, more than 80% of FDA-approved drug targets also obey 24-hour
cycles, influencing pharmacokinetics and pharmacodynamics of drugs.15–18 Consequently,
pharmacological regulation of circadian rhythm with chronotherapeutics is crucial for
addressing these issues and disorders.
In mammals, the molecular mechanism of the circadian clock is based on a cell-autonomous
transcriptional autoregulatory feedback loop (Figure 52A).1 In the nucleus, transcription
factors CLOCK (Circadian Locomotor Output Cycles Kaput) and Bmal1 (Brain and Muscle
ARNT-Like 1) bind to an E-box enhancer to activate transcription of Per (Period) and Cry
(Cryptochrome) clock genes.19,20 PER and CRY proteins accumulate in the cytosol in the late
afternoon. There they interact with each other forming a complex, followed by
translocation into the nucleus at night. In the nucleus, the CRY-PER complex binds to CLOCKBMAL1 complex repressing their own transcription.21,22 Increased Cry and Per genes
repression leads to decreased levels of CRY and PER proteins that are additionally
ubiquitinated in the cytosol and subsequently degraded by proteasome. 23 Degradation of
PER and CRY proteins relives the CLOCK-BMAL1 complex which starts a new cycle of
transcription in the morning. Based on recent studies, mutation of Cry gene is associated
with delayed sleep phase disorder (DSPD),24 diabetes25,26 and breast cancer.7,27–29 Keeping
in mind the importance of pharmacological modulation of the circadian rhythm for the
potential treatment of circadian-related disorders, a few small-molecule inhibitors of CRY
proteins were recently developed,30–35 among them some being selective towards CRY1 and
CRY2 isoforms.35 However, uniform circadian regulation throughout the whole mammalian
body causes lack of organ/tissue-selectivity, and thus prevents using those small molecules
for therapeutic purposes.4
To address selectivity issues by obtaining spatio-temporal control over drug activity,
photopharmacology emerged as a field of chemical biology. 36–39 Photopharmacology
utilizes photo-response groups (photo-removable protecting groups or photoswitches)
introduced in the original drug in order to obtain control over their activity by light.
Advances of light-delivery systems, driven mostly by the field of photodynamic therapy
(PDT), enable activation in the living organisms with high spatio-temporal precision, almost
on the single-cell level.40–44 As shown in Chapter 4 and Chapter 6, two approaches were
developed to control the circadian period with light. In Chapter 6, irreversible control over
the circadian period was demonstrated.45 This method utilizes photo-removable protecting
groups and allows for irreversible activation of the drug. In Chapter 4, the first reversible
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modulation of the period was presented. The modulators exhibited a strong effect on the
circadian period modulation in their thermodynamically more stable form, and the effect
was suppressed by light irradiation with a possibility to reactivate it. However, ideally, the
circadian clock modulator should be inactive in its thermodynamically stable trans-form and
activated upon light-exposure. Thus, the screening of known CRY inhibitors and a rational
design of the most suitable modulator for azologization (vide infra) allowed light-responsive
modulators to be developed (Figure 52).

Figure 52. (A) The molecular mechanism of the circadian clock regulation, and CRY inhibition
with small-molecule TH129; (B) Scheme of the rationally based azologization of TH129.

7.2

Design and synthesis

Incorporation of photoswitchable moieties in drugs allows for reversible photoisomerization, yielding two isomers with different steric and electronic properties.
Furthermore, structural difference between the photo-isomers leads to a distinct affinity
towards the target protein and consequently enables a reversible modulation of drugs
activity.46–49 In photopharmacology, due to thoroughly understood photochemical and
chemical properties, azobenzene is the most commonly used moiety to render drugs
photoswitchable.50 The light-induced trans-to-cis isomerization of azobenzenes comes with
a large change in torsion angle between the two aromatic rings and a substantial change of
the dipole moment (∼3 D).51 Considering structural changes and analyzing known CRY
inhibitors, we envisioned CRY1 selective inhibitor TH129 (Figure 52, unpublished data) to
be a potential candidate for azologization. TH129 contains benzophenone, and it is known
that aryl groups of this moiety are twisted out of plane. 52 The angle of 60o was also observed
in the crystal structure of the inhibitor with CRY1 protein (Figure S31). The twisted
conformation resembles the structure of the cis azobenzene moiety. This supports further
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the idea of replacing the benzophenone moiety with an azobenzene to allow for
photoisomerization to generate the inhibitor which is more structure-similar to the parent
bioactive compound. To confirm our prediction we performed molecular docking studies
and structural similarity search in crystal structure databases (vide infra).
In addition to a desired structural change, photophysical properties of the photo-controlled
inhibitor have to be optimized due to a nature of the cellular circadian assay. During the
assay, the bioluminescent output (the circadian period change) is followed for five days at
35 °C in the presence of a high concentration of luciferin. 53,54 In order to distinguish a
difference in circadian period lengthening between the dark (pure trans isomer) and
irradiated sample (cis-enriched mixture of isomers), the less thermodynamically stable cisisomer needs to undergo a slow thermal cis-to-trans back-isomerization. Furthermore, to
enlarge the difference, a high photostationary state (PSS) is necessary. PSS determines the
ratio between the cis and trans isomers upon irradiation at the certain wavelength. For our
purpose the highest amount of the cis-isomer is desired upon light-induced trans-to-cis
isomerization, as well as (near to) quantitative cis-to-trans isomerization. Lastly, due to a
high concentration of UV-absorbing luciferin in the assay medium, it is not feasible to use
UV light for trans-to-cis photoisomerization during the course of the assay (in situ).
Therefore, for a reversible photo-isomerization during the cellular assay, arylazopyrazole
(AAP)-type of photoswitches and tetra-ortho-fluoro azobenzene were synthesized. Both
types of photoswitches respond to visible light (violet or green, respectively) for trans-tocis isomerization.55,56 Besides enabling in situ reversible photoisomerization, using visible
light would circumvent exposure of the cells to cytotoxic UV-light.57
7.2.1

Molecular modeling

Initially, a screening of the Cambridge Structural Database (CSD) was conducted to
determine the angle and distance distribution between two aromatic rings of
benzophenone and two azobenzene conformers (Figure S28). Subsequently, the ring angle
and the ring distance distributions were compared (Figure 53). The overlapping areas in the
distributions of benzophenone and cis-azobenzene clearly indicate that benzophenone is
geometrically more similar to the cis- than to the trans-isomer of azobenzene.
An analogous analysis was conducted with the Protein Data Bank (PDB) ligands containing
azobenzene or benzophenone substructures, revealing only two ligands that featured a cisazobenzene. On the contrary, the trans-azobenzene and the benzophenone queries
resulted in 101 and 168 hits, respectively. The histograms of the PDB measurements
showed a similar but broader distribution compared to the CSD data, as expected for
structures of protein-ligand complexes because of their lower accuracy and the interactions
with the binding pocket and water molecules (Figure S29 and Figure S30).
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Figure 53. 3D representation of the ring angle and the ring distance measurements (top).
Comparison of distributions of ring angles and ring distances for benzophenone, trans- and
cis-azobenzene structures in the CSD (bottom).
In order to compare electronic similarities, the dipole moments of benzophenone and
azobenzene isomers were calculated, demonstrating good correlation with the
experimental values.58–61 While trans-azobenzene has a zero dipole moment, cisazobenzene has a dipole moment of 3.3 D, almost identical to the value for benzophenone
(3.1 D, Table S4). The same computational workflow was used for the entire molecules. The
starting structure for TH129 was taken from an in-house protein-ligand complex
(unpublished data). The trans- and cis-9 analogs were obtained by modifying TH129
(Scheme 4). Ring angles and ring distances measurements are in very good agreement with
the CSD and PDB distributions. TH129 clearly shows a much higher similarity to cis-9 than
trans-9, both in terms of geometry and calculated dipole moments (Figure 54A). Finally, the
same protocol was applied to the common substructure of the three molecules (Figure
54B). The calculated dipole moment is very close to the value of TH129, suggesting that the
trans-9 fragment has only a small influence. On the other hand, both the benzophenone
and cis-9 unit decrease the dipole moment of the common fragment by ~ 2 D in vacuo and
~4 D in water. These findings are in agreement with the experimental dipole moments of
benzophenone, trans- and cis-azobenzene (Table S4).
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Figure 54. (A) DFT-optimized structures of TH129 (green), trans-9 (blue) and cis-9 (red) as
well as their geometry measurements and dipole moments. As the geometries in vacuo and
in water have very small differences, only measurements in vacuo are shown here for
clarity. (B) DFT-optimized structure of the common substructure and its dipole moments in
vacuum and water.
Next, docking simulations were performed using the crystal structure of TH129 and CRY1.
The crystal structure indicates that the amide nitrogen forms a hydrogen bond with Ser396
and the two phenyl rings of the benzophenone moiety are involved in two π-π stackings
with Phe296 and Phe409 (Figure S31). The docking calculations show that the cis-isomers
of 9 and 10 mimic the twisted geometry of the benzophenone moiety better than the
corresponding trans-azobenzenes (Figure 55A and B). On the other hand, both isomers of
compound 11 are significantly different from the parent inhibitor (Figure 55C). The
observed differences in activity upon switching (vide infra) might arise from the change in
solvent exposure of the outer benzene ring, which is more buried in the cis isomer of
compounds 9, 10 and 15 (Figure 55 and Figure S32). Moreover, the increased dipole
moment (see Ab initio calculations) could contribute to the higher similarity of cis-9 to
TH129.
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Figure 55. Docking poses of trans-9 (blue) and cis-9 (red), superimposed with TH129 (green)
co-crystallized with the enzyme.
7.2.2

Synthesis of photoswitchable modulators

Photoswitchable circadian clock modulators 9-15 were obtained by acylation of compound
1 with preformed acyl chlorides 2-8 (Scheme 4). Despite the fact that structure-activity
relationship (SAR) study of CRY1 inhibitors did not include regioisomers of the
benzophenone moiety (unpublished data), we performed the synthesis of all three possible
azobenzenes (8-10), and prepared three complementary AAP photoswitches (12-14). Next
to superior photophysical properties (high PSSs and possibility for trans-to-cis visible light
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photoisomerization), AAP photoswitches feature a better water-solubility in comparison to
the original azobenzenes.55,62 Tetra-ortho-fluoro substituted azobenzene 15 was prepared
in order to enable visible light photoisomerization during the course of the cellular assay.

Scheme 4. Synthesis of TH129 azologs 9-15.

7.3

Results

7.3.1

Photochemistry

Prior to the evaluation of compounds on their ability to reversibly modulate the circadian
period, their photochemical properties were investigated. Initially, all mixtures of isomers
were converted into the trans-only (further called ‘dark’ sample) by thermally adapting
DMSO solutions. Light-induced isomerization was followed by UV-Vis spectroscopy (Figure
56) and PSS distributions were determined by 1H-NMR (Table 5). For photoswitchable
modulators 9-14 the most efficient trans-to-cis photoisomerization was achieved by UV
light irradiation (λmax = 365 nm) near their absorption maximum of π-π* transition band
(Figure 56). In the case of modulators 12-14, irradiation with violet light (λmax = 400 nm) also
led to trans-to-cis isomerization. Using a relatively strong n-π* absorption band of tetraortho-fluoro modulator 15, photoisomerization was enabled with green light (λmax = 530
nm). Back-isomerization was achieved by white light for all photoswitches except for 15.
Irradiation with purple light (λmax = 400 nm) led to back-switching in case of 15, allowing for
visible-light isomerization in both directions. Following a thermal back-isomerization by UVVis spectroscopy, half-lives were determined (Table 5).
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Figure 56. UV-Vis spectra of thermally adapted modifiers 9, 12 and 15, and their PSSs
reached at different wavelengths. Photoisomerization was conducted in DMSO (c = 40 μM,
25 °C).
1

H-NMR analysis showed that the highest PSS distribution for the trans-to-cis process was
achieved under UV light irradiation of 9 (82% cis) and 13 (97% cis) or under green light
irradiation in case of modulator 15 (85% cis). Interestingly, compound 11 showed no
observable photoisomerization. Also, despite high PSSs described in the literature for AAP
photoswitches55 12-14 exhibited significantly lower PSSs upon irradiation with violet light.
White light (or violet in case of 15) induced good to high trans:cis ratio for all the
modulators. To evaluate the rate of thermal cis-to-trans relaxation, half-lives were
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determined in DMSO and cellular medium. Having in mind the length of the circadian
cellular assay, long half-lives are necessary to differentiate a biological effect of the cisisomer from the thermodynamically more stable trans-isomer. UV-Vis study revealed that
all photoswitchable modulators exhibit long half-lives in DMSO and cellular medium with
an exception of 11 and 12: the cis-isomer of modulator 11 could not be obtained, while halflife of cis-12 was determined to be only 3 h.
Table 5. Photochemical properties and biological effect of the photoswitchable circadian
period modulators 9-15. PSS distributions were determined by 1H-NMR in DMSO-d6 (c = 2
mM, 25 °C) upon irradiation with UV-light (λmax = 365 nm). For determining half-lives,
absorbance at 340 nm was followed in DMSO (c = 40 μM, 25 °C) and cellular medium (c =
20 μM, 35 °C). The circadian period lengthening is shown in comparison to the DMSO
control (c = 8 μM, 35 °C).
Compound
9
10
11
12
13
14
15

PSS (trans:cis)
trans-to- cis-tocis
trans
18:82
77:23
68:32
91:9
NDb
NDb
17:83
60:40
(36:64)c
3:97
86:14
(43:57)c
64:36
91:9
(68:32)c
15:85d
90:10

Half-life (min)

Period lengthening (h)
Difference
Dark
Irradiated
(irr – dark)
0.6
2.6
2
0.9
1.7
0.8
0.3
0.1
-0.2
4.0
3.7
0.3
(4.0)g
3.2
2.1
1.1
(1.5)g
(0.4)

DMSO

Mediuma

stablee
stable
NDb

stablef
stable
NDb

282

181

stable

1932

stable

ND

0.3

0.1

-0.2

stable

stable

0.3

2.0

1.7

a

Luciferin-free cellular medium; the content is described in experimental section.
PSS and half-lives were not determined because thermal back-isomerization was too fast
(less than 2 min).
c
PSS obtained upon irradiation with blue light (λmax = 400 nm).
d
PSS obtained upon irradiation with green light (λmax = 530 nm).
e
stable photoswitches were defined as those where half-life was estimated to be longer
than 1 day.
f
stable photoswitches were defined as those where absorbance did not change for more
than 0.05 during one day of measurement at 340 nm.
g
the circadian period change upon blue light irradiation (λmax = 400 nm).
b

7.3.2

Circadian period modulation

Next, the light-induced circadian period modulation was investigated in a cell-based
luminescence assay using Bmal1-dLuc reporter U2OS cells. Initially, the circadian period
modulation of 9 was studied to evaluate our rational design based on similarity of the cisazobenzene moiety with the benzophenone parent structure (Figure 57). For the testing of
trans-9 on the circadian period lengthening, a thermally adapted sample was applied to the
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cells. Trans-to-cis photoisomerization was performed by pre-irradiation of the DMSO
solution with UV light. Then, back-isomerization was performed by pre-irradiation of the
DMSO solution (Figure 57A) or in situ upon application of the cis-enriched mixture to the
cells (Figure 57B). In addition, several control experiments were performed. One of the
control experiments tested the effect of white light pre- and in situ irradiation of the
thermally adapted sample (Figure 57B). Also, the activity of TH129 upon light-exposure was
tested (Figure 57C).

Figure 57. Effect of TH129 and its azolog 9 on the circadian period modulation. Period
lengthening upon (A) UV and white light pre-irradiation or (B) UV pre- and white light postirradiation. (C) Effect of TH129 on the circadian period modulation in dark and after 30
minutes of UV or white light irradiation in DMSO. The results of the assays are mean ± SD
(n = 4).
As envisioned in our rational design, azologization of TH129 produced almost inactive
circadian period modulator 9 with the period lengthening of 0.6 h at the highest applied
concentration (8 μM) of the trans-isomer. On the other hand, upon pre-irradiation with UV
light, the circadian period lengthening reached 2.6 h at the same concentration (Figure
57A). Back-isomerization induced by white light led to the deactivation in both cases –
during pre-irradiation (Figure 57A) and irradiation upon application to the cells (Figure 57B).
Control experiments showed no influence of white light on the circadian period modulation
as well as unaffected activity of TH129 upon exposure to UV or white light (Figure 57B and
C).
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Figure 58. Effect of photoswitchable circadian period modulators 10 and 11. Period change
for thermally adapted sample is shown in black, UV light irradiated (60 min) in purple, UV
light (60 min) followed by white light (10 min) in yellow, and only white light (10 min) in
grey. A grey bar on the graph of compound 10 shows unreliable data points due to
arhythmical oscillations caused by precipitation. The results of the assays are mean ± SD (n
= 4).
Next, two regioisomers of 9 were tested. Both modulators were applied to the cells as
thermally adapted samples or after irradiation with UV light. In order to perform backisomerization, in situ white-light irradiation was conducted (Figure 58). Photoswitchable
modulator 10 showed a similar behavior to modulator 9, whereas both isomers of 11 were
inactive. In comparison to 9, trans-10 already exhibited substantial period lengthening of
0.9 h at 8 μM concentration, and activation upon UV light irradiation was not as
pronounced. The overall light-induced period change was 0.8 h while for photoswitch 9 it
was 2 h. At higher concentration (24 μM), modulator 10 was shown to be toxic to the cells
and thus, calculation of the period lengthening was unreliable (shown in black bar, Figure
58).
These results demonstrate the first reversible circadian period control where activation of
the modulator occurs upon trans-to-cis photoisomerization and as a consequence, it paves
the way for potential spatio-temporal control of the circadian rhythm. In order to further
develop the modulators, it would be beneficial to substitute UV with visible light due to its
cytotoxic effect and strong absorption by luciferin which prevents trans-to-cis
photoisomerization upon application of the modulator to the cells. Therefore, three AAP
photoswitches 12-14 were tested. Despite high PSSs linked to this type of photoswitches
(>98%),55 in our hands only modulator 13 gave almost quantitative PSS using UV light.
Although irradiation with violet light (λmax = 400 nm) yielded significantly lower PSSs, the
biological effect at this wavelength was still tested.
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Figure 59. Effect of photoswitchable circadian period modulators 12-14. Period change for
thermally adapted sample is shown in black, purple light irradiated (30 min) in blue, UV light
irradiated (60 min) in purple, UV light (60 min) followed by white light (10 min) in yellow,
and only white light (10 min) in grey. The results of the assays are mean ± SD (n = 4).
All three AAP-based modulators caused the circadian period lengthening, with 12 being the
most potent one (Figure 59). In addition, arylazopyrazole increased the solubility and
allowed for using much higher concentrations without perturbing the circadian rhythmicity.
Furthermore, only compound 13 displayed a light-induced reversible period modulation. In
contrast to compound 9 and similarly to its corresponding azobenzene derivative 10, the
trans-isomer of modulator 13 already produced a strong period lengthening in the
thermally adapted sample and at concentrations where the effect became visible . UV light
pre-irradiation generated a stronger period lengthening modulator, violet light had a
negligible effect, while white light reversed the effect of UV light. Activation with UV light
was observed only at the concentration higher than 8 μM and can be attributed to a high
PSS distribution. In contrary, a moderate PSS distribution obtained with purple light
consequently had a small effect on activation of modulator 13, preventing utilization of this
switch for the in situ reversible period control with light. Thus, inspired by work of Hecht
group,63 in order to achieve visible light isomerization in cellular medium, the most
promising light-responsive modulator 9 was converted into tetra-ortho-fluoro analogue. As
previously described (vide supra), utilization of tetra-ortho-fluoro azobenzenes allows for
high PSS distributions, long half-lives and entirely visible-light controlled
photoisomerization.
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Figure 60. Trans-to-cis photoisomerization with green light and the circadian period
lengthening in ‘dark’ (0 min) or upon green light irradiation (10, 20 or 30 min of irradiation
applied directly to the cells). The results of the assays are mean ± SD (n = 4).
Remarkably, despite the relatively large structural modification, modulator 15 kept the
similar potency as 9 and additionally allowed for green light activation of the thermally
adapted sample applied to the cells (Figure 60). The trans-isomer exhibited a minimal period
lengthening (0.3 h, 8 μM) while the cis-enriched sample had a strong effect (2 h, 8 μM). The
possibility to induce photoisomerization with visible light (λ max = 530 nm) and consequently
regulate the circadian period by interacting with the core clock loop, demonstrates the
importance of this modulator for the future ex vivo and in vivo studies. Additionally, with
this visible light responsive modulator in hands, irradiation with UV light was successfully
circumvented and in situ period lengthening activation was achieved. Further studies on
reversing the effect with violet light will be conducted.

7.4

Conclusion

In this Chapter, the first rationally designed light-responsive modulators of the circadian
period were synthesized and photochemically and biologically characterized. Our rational
design was based on TH129, CRY1 selective inhibitor known to cause the circadian period
lengthening. In this work, the benzophenone moiety is introduced as a new structural
moiety suitable for azologization. The twist between two aromatic rings corresponds better
to the cisoid conformation of the azobenzenes and this rationale was supported by
structural similarity screening of PDB and CSD as well as molecular docking. As a result of
better match between the original structure and the cis azobenzene, activation of the
photo-responsive modulator was expected upon isomerization of the thermally adapted
sample. Thus, TH129 was rendered light-responsive by substitution of the benzophenone
moiety with azobenzene.
UV light used for trans-to-cis isomerization of modulators 9-11 only allows for
photoisomerization in DMSO before the application to the cells. In order to enable transto-cis isomerization in luciferin-rich cellular medium, visible light responsive AAP and tetra-
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ortho-fluoro switches were prepared. However, violet light irradiation of AAP switches 1214 did not provide high PSS distributions, preventing their effective isomerization during
the cellular assay. In case of the visible light responsive modulator 15, a high PSS distribution
was obtained upon green-light irradiation of n-π* transition, rendering this modulator ideal
for in situ activation.
The circadian cellular assay revealed modulator 9 as almost fully inactive in its thermally
adapted state while photoisomerization led to a strong period lengthening (Figure 57). This
result supported our rational design and showed for the first time that the benzophenone
moiety can be substituted with the azobenzene to enable light-induced activation.
Introduction of AAP instead of azobenzene photoswitch led to modulators with a reduced
light-induced activation due to high background activity of the trans-isomer (Figure 59). The
two ortho-methyl groups in AAPs can cause a twist in the trans conformation making it more
benzophenone-like, and therefore exhibiting higher activity in the ‘dark’ state. Finally, tetraortho-fluoroazobenzene 15 retained potency of modulator 9 and additionally allowed for
activation with green light in the presence of high concentration of luciferin (Figure 60).
In summary, this Chapter showed the first reversible modulation of the circadian rhythm
with modulator`s activation being induced as well as repressed by white light.

7.5

Contribution

D.K. designed and together with T.O. and A.Y. synthesized photoswitchable modulators.
D.K. and T.O. synthesized 9 and 15, D.K. prepared 10, 12 and 13, while A.Y. synthesized 11
and 14. Photochemical analysis was conducted by D.K., molecular modeling was performed
by P.K., and the circadian assay was done by T.H. D.K. guided the development of all the
types of photoswitches. B.F., W.S., T.H., D.K. and K.I. directed the research.

7.6

Experimental section

7.6.1

Materials and methods

For general remarks, see Chapter 2.
7.6.2

Evaluation of the circadian period photo-modulation

Stable U2OS reporter cells harboring Bmal1-dLuc reporter were suspended in culture
medium [DMEM (11995-073, Gibco) supplemented with 10% fetal bovine serum, 0.29
mg/mL L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin] and plated onto
a white, solid-bottom 384-well plates at 30 μL (3000 cells) per well. After 2 d, 40 μL of
explant medium [DMEM (12800-017, Gibco) supplemented with 2% B27 (Gibco), 10 mM
HEPES, 0.38 mg/mL sodium bicarbonate, 0.29 mg/mL L-glutamine, 100 units/mL penicillin,
100 μg/mL streptomycin, and 0.2 or 1 mM luciferin; pH 7.2] was dispensed into each well,
followed by the application of 500 nL of compounds (dissolved in DMSO; final 0.7% DMSO).
The plate was covered with an optically clear film, and luminescence was recorded every
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100 min for 5 d in a microplate reader, Infinite M200Pro (Tecan) or Synergy2 (BioTafterek).
Pre-irradiation with UV light was performed at a distance of 10 cm, pre-irradiation with
white light at a distance of 20 cm, and pre-irradiation with green light at a distance of 2 cm
to cells. Cellular white light irradiation at a distance of 10 cm, cellular green light irradiation
at a distance of 13.5 cm, and cellular violet light irradiation at a distance of 12 cm were
conducted after application of compound to cells. Circadian period was determined from
luminescence rhythms by a curve fitting program MultiCycle (Actimetrics). The
luminescence intensity was calculated by averaging the intensity during the entire
experiment. Data from the first day was excluded from analysis, because of transient
changes in luminescence upon medium change. LogEC2h was obtained by sigmoidal doseresponse fitting of dilution series data (3-fold, 12 points) with Prism software (GraphPad
Software).
7.6.3

Geometry measurements from the CSD and the PDB

The azobenzene and the benzophenone substructures were searched on ConQuest (as of
November 2019), allowing for all possible heterocycles. For the benzophenone query, the
carbonyl carbon was set as acyclic to avoid the inclusion of anthraquinone-type of
structures in the hitlist. CSD search parameters: R factor ≤ 0.10, 3D coordinates determined,
not disordered, no ions, no errors, not polymeric, only organic. 1337 azobenzene and 1010
benzophenone structures were found. The angle between the ring planes and the distance
between the ring centroids were measured in both datasets. The cNNc dihedral angle was
measured only for the azobenzene query and was used as the criteria to divide the dataset
into trans and cis. Structures were considered to be cis-azobenzene with -50° ≤ cNNc ≤ 50°,
resulting in 1251 trans-azobenzene and 86 cis-azobenzene entries.

Figure S28. Distribution of the cNNc dihedral angle in the CSD for azobenzene structures.
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Figure S29. Comparison of distribution of ring angles and ring distances for benzophenone
structures in the CSD and the PDB.

Figure S30. Comparison of distribution of ring angles and ring distances for transazobenzene structures in the CSD and the PDB.
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7.6.4

Ab initio calculations

Geometries were initially optimized with MacroModel (Force Field: OPLS3, vacuum,
Method: PRCG). Afterwards, the geometries were further optimized at the M06-2X-D3/6311G**++ level, in vacuo. Single point energies were calculated at the M06-2X-D3/aug-CCPVTZ(-F) level, in vacuo.
The QM-optimized geometry were further optimized in a water model (CPCM, radii: Bondi)
at the M06-2X-D3/6-311G**++ level. Single point energies were calculated in a water model
(PBF), at the M06-2X-D3/aug-CC-PVTZ(-F) level. Frequency analysis showed zero imaginary
frequencies for all the optimized structures.
The same protocol was applied to the benzophenone, trans- and cis-azobenzene fragments.
Table S4. Experimental and calculated dipole moments for the azobenzene and
benzophenone fragments.
Entry

Exp. μ (D)

Calc. μ (D) in vacuo

Calc. μ (D) in water

Trans-azobenzene

0

0

0

Cis-azobenzene

3

3.2941

5.1470

Benzophenone

2.98

3.0759

4.8227

7.6.5

Docking

The protein was prepared through the Protein Preparation Wizard in Maestro, performing
the assignment of bond orders, hydrogens addition, hydrogen bonds definition and
optimization, waters removal and restrained minimization with the OPLS3 force field. All
waters were removed. The grid was created through the Receptor Grid Generation, picking
the ligand to define the centroid of the receptor box.
LigPrep was used to prepare the ligands and to generate possible states at pH 7.0 ± 2.0 with
Epik. The non-optimal structures of trans- and cis-15 were further minimized with
MacroModel (Force Field: OPLS3, water, Method: PRCG) with torsional constraints (Force
constant = 1000 kJ/mol) derived from the CSD. For trans-15, the ccN=N dihedral angles were
set to 180±5° and 0±5° and the cN=Nc dihedral angle was set to 180±5°. For cis-15, the
ccN=N dihedral angles were set to -60±5° and 130±5°.
The ligands were docked with Glide XP, flexible, performing post-docking minimization on
30 poses and writing out at most 20 poses per ligand. In order to avoid heavy twisting of
the outer benzene ring of trans-9, trans-10, trans-11 and trans-15, the option ‘Enhance
planarity of conjugated pi groups’ was selected and the ccN=N dihedral angle was
constrained. The same dihedral angle was constrained for cis-15 to keep the optimal
geometry that was obtained with the MM constrained minimization.
The docking algorithm predicts the dimethyl-benzene ring of the core structure to engage
in hydrophobic contacts with a deeper zone of the binding pocket, hence the RMSD value
is quite high. However, visual inspection of the pose shows that the prediction of the binding
pose on the rest of the ligand is correct (Figure S31).
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Figure S31. Redocking (violet) of TH129 (green) co-crystallized with CRY1 within the FAD
binding pocket. Hydrogen bonds and π-π stackings are depicted as yellow dashed lines.

Figure S32. Docking poses of trans-15 (blue) and cis-15 (red), superimposed with TH129
(green) co-crystallized with CRY1 within the FAD binding pocket.
7.6.6

Chemical synthesis

2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-amine (1)
A suspension of 4-oxotetrahydrothiophene-3-carbonitrile (380 mg, 3.00 mmol) and (2,4dimethylphenyl)hydrazine hydrochloride (570 mg, 3.30 mmol, 1.10 equiv) in EtOH (15 mL)
was heated at reflux for 2 h. After removal of solvent in vacuo, the residue was dissolved in
CH2Cl2. The solution was washed with 1.0 M NaOH aq. and brine, dried over Na 2SO4, and
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then filtrated. The precipitated solid was purified by flash column chromatography (CHCl 3)
to afford 1 (630 mg, 2.6 mmol, 85% yield) as a pale yellow solid.
1

H NMR (CDCl3, 500 MHz) δ 7.17 (d, J = 8.0 Hz, 1H), 7.14 (s, 1H), 7.08 (d, J = 8.0 Hz, 1H), 3.98
(s, 2H), 3.80 (s, 2H), 3.47 (br, 2H), 2.37 (s, 3H), 2.13 (s, 3H) ppm; 13C NMR (CDCl3, 125 MHz)
δ 158.1, 139.4, 139.1, 136.3, 134.3, 131.9, 127.7, 127.5, 104.6, 29.6, 27.0, 21.2, 17.4 ppm;
HRMS (ESI) m/z calcd for C13H16N3S [M+H]+: 246.1059 found 246.1058.

(E)-N-(2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-yl)-4(phenyldiazenyl)benzamide (2)
A mixture of (E)-4-(phenyldiazenyl)benzoic acid (33.5 mg, 0.15 mmol, 1.5 equiv) and SOCl 2
(370 μL, 5.10 mmol, 50 equiv) was heated at 80 °C for 1 h. The solution was concentrated
in vacuo. To the residue were added dichloroethane (DCE, 1.0 mL), 1 (24.6 mg, 0.10 mmol)
and then triethylamine (100 μL, 0.72 mmol, 7.2 equiv). After stirring the mixture for 12 h at
room temperature, the reaction was quenched with 1.0 M HCl. The mixture was extracted
with CH2Cl2, washed with brine, dried over Na2SO4, filtrated, and concentrated in vacuo. The
residue was purified by PTLC (CHCl3/MeOH = 40:1), reprecipitation, and filtration to afford
2 (30.6 mg, 68.4 μmol, 67% yield) as an orange solid.
1

H NMR (DMSO-d6, 600 MHz) δ 10.33 (br, 1H), 8.00–7.89 (m, 6H), 7.64–7.57 (m, 3H), 7.15
(s, 1H) ,7.13 (d, J = 8.4 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 4.00 (s, 2H), 3.88 (s, 2H), 2.29 (s, 3H),
2.08 (s, 3H) ppm; 13C NMR (DMSO-d6, 150 MHz) δ 164.7, 157.0, 153.7, 151.8, 138.3, 135.3,
135.1, 135.0, 132.2, 131.3, 130.8, 129.6, 129.1, 127.1, 126.7, 122.8, 122.4, 116.9, 28.7, 27.3,
20.6, 17.3 ppm; HRMS (ESI) m/z calcd for C26H21N5OS [M–H]–: 452.1540 found 452.1528.
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Methyl (E)-3-(phenyldiazenyl)benzoate (16)
Methyl 3-aminobenzoate (0.5 g, 3.31 mmol, 1.0 equiv) and nitrosobenzene (1.2 g, 3.97
mmol, 1.2 equiv) were dissolved in acetic acid (20 mL) and stirred overnight at room
temperature. After 16 h acetic acid was removed and the crude dissolved in water and
extracted three times with EtOAc. The organic layer was washed with water and brine, dried
over MgSO4, and the solvent evaporated. The product was purified by flash column
chromatography to obtain a pure orange solid (0.72 g, 2.98 mmol, 90%).
1

H NMR (600 MHz, CDCl3) δ 8.57 (s, 1H), 8.15 (d, J = 7.2 Hz 1H), 8.10 (d, J = 7.2 Hz 1H), 7.95
(d, J = 7.8 Hz 2H), 7.59 (t, J = 8.4 Hz, 1H), 7.54-7.48 (m, 3H) ppm; 13C NMR (150 MHz, CDCl3)
δ 166.5, 152.6, 152.4, 131.6, 131.4, 131.3, 129.2, 129.2, 126.9, 124.0, 123.0, 52.3 ppm;
HRMS (ESI+) calc. for C14H12N2O2 [M+H]+: 241.0972, found 241.0972.
(E)-3-(phenyldiazenyl)benzoic acid (17)
Methyl (E)-3-(phenyldiazenyl)benzoate (0.3 g, 1.25 mmol, 1 equiv) was dissolved in THF/H2O
= 2:1 (15 mL) and lithium hydroxide monohydrate (105 mg, 2.50 mmol, 2 equiv) was added.
The reaction mixture was stirred for 2 h at room temperature. The mixture was acidified
with aq. 1 M HCl and extracted three times with EtOAc. The combined organic layers were
washed with water and brine followed by evaporation of all solvents. The product was
obtained as a bright orange solid (275 mg, 1.22 mmol, 97%).
1

H NMR (600 MHz, DMSO-d6) δ 13.32 (br, 1H), 8.37 (t, J = 1.8 Hz, 1H), 8.13 (dd, J = 16, 7.2
Hz 2H), 7.94 (dd, J = 8.1, 2.4 Hz 2H), 7.74 (t, J = 7.2 Hz, 1H), 7.63-7.60 (m, 3H) ppm; 13C NMR
(125MHz, DMSO-d6) δ 166.67, 151.84, 151.79, 132.18, 131.96, 131.84, 129.99, 129.55,
127.40, 122.74, 122.20 ppm; HRMS (ESI+) calc. for C13H14N2O4 [M-H]-: 225.0659, found
225.0654.
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(E)-N-(2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-yl)-3(phenyldiazenyl)benzamide (10)
A mixture of (E)-3-(phenyldiazenyl)benzoic acid (69.2 mg, 0.31 mmol, 1.5 equiv) and SOCl 2
(0.75 mL, 10.2 mmol, 50 equiv) was heated at 80 °C for 1 h. The solution was concentrated
in vacuo. To the residue were added dichloroethane (DCE, 2.0 mL), 2-(2,4-dimethylphenyl)2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-amine (50.0 mg, 0.20 mmol, 1 equiv) and then
triethylamine (0.2 mL, 1.47 mmol, 7.2 equiv). After stirring the mixture for 3 h at 80 °C, the
reaction was quenched with aq. 1 M HCl. The mixture was extracted with CH 2Cl2, washed
with brine, dried over Na2SO4, filtrated, and concentrated in vacuo. The residue was purified
by flash column chromatography (Cyclohexane/EtOAc = 7:3) to afford the product as an
orange solid (75 mg, 0.17 mmol, 81 %).
Rf value: 0.78 (hexane/EtOAc = 1:1); 1H NMR (500 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.23 (s,
1H), 8.07 (dq, J = 8, 2 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.91-7.89 (m, 2H), 7.70 (t, J = 7.5 Hz,
1H), 7.64-7.59 (m, 3H), 7.16 (s, 1H), 7.13 (d, J = 8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz, 1H) 4.00 (s,
2H), 3.89 (s, 2H), 2.29 (s, 3H), 2.08 (s, 3H) ppm; 13C NMR (150 MHz, DMSO-d6) δ 164,7. 157.0,
151.7, 151.6, 138.3, 135.4, 135.0, 134.3, 132.0, 131.3, 130.7, 130.5, 129.9, 129.5, 127.1,
126.7, 126.0, 122.6, 121.5, 116.9, 28.69, 28.58, 20.60, 20.43 ppm; HRMS (ESI+) calc. for
C26H23N5OS [M+Na]+: 476.1516, found 476.1513.
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Methyl 4-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzoate (19)
A solution of methyl-4-aminobenzoate (1.12 g, 7.41 mmol, 1.00 equiv) in glacial acetic acid
(10 mL) and 12% HCl (1.7 mL) was prepared. NaNO2 (613 mg, 8.89 mmol, 1.2 equiv) was
dissolved in H2O (2.5 mL), and the solution was added dropwise to the prepared solution at
0 °C. The reaction mixture was stirred for 1 hour at 0 °C. A suspension of 2,4-pentandione
(1.03 mL, 10 mmol, 1.35 equiv) and NaOAc (1.82 g, 22.2 mmol, 3.00 equiv) in EtOH (7 mL)
and H2O (4 mL) was prepared, and the reaction mixture was added dropwise to the
suspension. The resulting mixture was stirred for 1 hour at room temperature. A formed
precipitate was filtered off and washed with water, water/ethanol (1:1) and hexane. After
drying in vacuo, the product was obtained as a yellow solid (1.6 g, 6.0 mmol, 81%).
1

H NMR (600 MHz, CDCl3) δ 14.57 (s, 1H), 8.08-8.07 (m, 2H), 7.43-7.41 (m, 2H), 3.91 (s, 3H),
2.60 (s, 3H), 2.50 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3) δ 198.3, 196.9, 166.2, 145.1, 134.1,
131.4, 127.0, 115.6, 52.1, 31.7, 26.6 ppm; HRMS (ESI+) calc. for C13H14N2O4 [M-H]-: 261.0881,
found 261.0881.
Methyl (E)-4-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoate (20)
Methyl 4-(2-(2,4-dioxopentan-3-ylidene)hydrazinyl)benzoate (1.0 g, 3.8 mmol, 1.0 equiv)
was dissolved in ethanol (20 mL). N-Methylhydrazine (0.2 mL, 3.8 mmol, 1.0 equiv) was
added to the solution at room temperature and the reaction mixture was refluxed for 3
hours. All solvents were removed in vacuo. The product was obtained as a pure bright
orange solid (1.0 g, 3.8 mmol, quant).
1

H NMR (600 MHz, CDCl3) δ 8.14-8.12 (m, 2H), 7.81-7.80 (m, 2H), 3.94 (s, 3H), 3.79 (s, 3H),
2.60 (s, 3H), 2.50 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3) δ 166.7, 156.3, 142.6, 139.7, 135.5,
130.4, 130.1, 121.5, 52.1, 36.0, 13.9, 9.9 ppm; HRMS (ESI+) calc. for C14H16N4O2 [M-H]-:
271.1200, found 271.1201.
(E)-4-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (21)
Methyl-4-((E)-(1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoate (750 mg, 2.75 mmol, 1
equiv) was dissolved in ethanol (130 mL) and 1 M aqueous NaOH solution (14 mL). The
reaction mixture was stirred for 16 hours at room temperature. The mixture was acidified
with 1 M HCl and extracted three times with EtOAc. The combined organic layers were
washed with water and brine followed by evaporation of all solvents. The product was
purified by column chromatography (silica, eluent: chloroform/methanol = 95:5) and
obtained as a bright orange solid (0.66 g, 2.55 mmol, 93 %).
1

H NMR (600 MHz, DMSO-d6) δ 13.04 (br, 1H), 8.06-8.05 (m, 2H), 7.80-7.78 (m, 2H), 3.74 (s,
3H), 2.56 (s, 3H), 2.37 (s, 3H) ppm; 13C NMR (150 MHz, DMSO-d6) δ 166.5, 155.5, 140.1,
139.7, 134.7, 130.8, 130.1, 121.0, 35.6, 13.2, 9.2 ppm; HRMS (ESI+) calc. for C13H14N4O2
[M+H]+: 259.1190, found 259.1182.
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(E)-N-(2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-yl)-4-((1,3,5trimethyl-1H-pyrazol-4-yl)diazenyl)benzamide (12)
A mixture of (E)-4-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (79 mg, 0.31
mmol, 1.5 equiv) and SOCl2 (0.75 mL, 10 mmol, 50 equiv) was heated at 80 °C for 1 h. The
solution was concentrated in vacuo. To the residue were added dichloroethane (DCE, 2.0
mL), 2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-amine (50.0 mg, 0.20
mmol, 1.0 equiv) and then triethylamine (0.2 mL, 1.5 mmol, 7.2 equiv). After stirring the
mixture for 3 h at 80 °C, the reaction was quenched with 1.0 M HCl. The mixture was
extracted with CH2Cl2, washed with brine, dried over Na2SO4, filtrated, and concentrated in
vacuo. The residue was purified by flash column chromatography (Cyclohexane/EtOAc =
7:3) to afford the product as an orange solid (61 mg, 0.13 mmol, 62 %).
Rf value: 0.31 (hexane/EtOAc = 1:1); 1H NMR (500 MHz, DMSO-d6) δ 10.22 (s, 1H), 7.88 (d, J
= 8.5 Hz, 2H), 7.76 (d, J = 9.5 Hz, 2H), 7.14-7.12 (m, 2H), 7.12 (d, J = 7.5 Hz, 1H), 4.00 (s, 2H),
3.87 (s, 2H), 3.74 (s, 3H), 2.56 (s, 3H), 2.36 (s, 3H), 2.29 (s, 3H), 2.07 (s, 3H) ppm; 13C NMR
(150 MHz, DMSO-d6) δ 164.8, 157.0, 155.1, 140.6, 140.5, 138.2, 135.3, 134.9, 134.7, 133.0,
131.3, 130.9, 128.9, 127.1, 126.6, 121.2, 117.0, 35.98, 28.69, 27.28, 20.60, 17.29, 13.76,
9.464 ppm; HRMS (ESI+) calc. for C26H27N7OS [M+Na]+: 508.1890, found 508.1892.
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Methyl 3-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzoate (23)
A solution of methyl-3-aminobenzoate (1.12 g, 7.41 mmol, 1.00 equiv) in glacial acetic acid
(10 mL) and 12% aq. HCl (1.7 mL) was prepared. NaNO2 (613 mg, 8.89 mmol, 1.2 equiv) was
dissolved in H2O (2.5 mL), and the solution was added dropwise to the prepared solution at
0 °C. The reaction mixture was stirred for 1 h at 0 °C. A suspension of 2,4-pentandione (1.03
mL, 10 mmol, 1.35 equiv) and NaOAc (1.82 g, 22.2 mmol, 3.00 equiv) in EtOH (7 mL) and
H2O (4 mL) was prepared, and the reaction mixture was added dropwise to the suspension.
The resulting mixture was stirred for 1 h at room temperature. The precipitate was formed,
filtered off and washed with water, water/ethanol (1:1) and hexane. After drying in vacuo,
the product was obtained as a yellow solid (1.91 g, 7.40 mmol, quant).
1

H NMR (600 MHz, CDCl3) δ 14.72 (s, 1H), 8.04 (t, J = 1.8, 1H), 7.43-7.41 (m, 1H), 7.43-7.41
(m, 1H), 7.50 (t, J = 1.8, 1H), 3.96 (s, 3H), 2.63 (s, 3H), 2.52 (s, 3H) ppm; 13C NMR (150 MHz,
CDCl3) δ 198.2, 197.0, 166.3, 141.9, 133.7, 131.8, 129.8, 126.6, 120.1, 117.3, 52.4, 31.7, 26.7
ppm; HRMS (ESI+) calc. for C13H14N2O4 [M-H]- : 261.0881, found 261.0880.
Methyl (E)-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoate (24)
Methyl 3-(2-(2,4-dioxopentan-3-ylidene)hydrazinyl)benzoate (1.0 g, 3.8 mmol, 1.0 equiv)
was dissolved in ethanol (20 mL). N-Methylhydrazine (0.20 mL, 3.8 mmol, 1.0 equiv) was
added to the solution at room temperature and the reaction mixture was heated at reflux
for 3 h. All solvents were removed in vacuo. After flash column chromatography
(Hexane/EtOAc = 1:4 → 1:1) the product was obtained as a pure orange solid (780 mg, 2.9
mmol, 75 %).
1

H NMR (600 MHz, CDCl3) δ 8.15 (t, J = 1.8, 1H), 7.43-7.41 (m, 1H), 7.43-7.41 (m, 1H), 7.53
(t, J = 1.8, 1H), 3.96 (s, 3H), 3.79 (s, 3H), 2.60 (s, 3H), 2.51 (s, 3H) ppm; 13C NMR (150 MHz,
CDCl3) δ 166.9, 153.6, 142.6, 139.3, 135.2, 131.1, 130.0, 128.9, 125.5, 123.4, 52.2, 36.0, 13.9,
10.0 ppm; HRMS (ESI+) calc. for C14H16N4O2 [M+Na]+: 295.1165, found 265.1164.
(E)-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (25)
Methyl-4-((E)-(1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoate (500 mg, 1.84 mmol, 1.0
equiv) was dissolved in ethanol (85 mL) and aq. 1 M NaOH solution (9 mL). The reaction
mixture was stirred for 16 h at room temperature. The mixture was acidified with aq. 1 M
HCl and extracted three times with EtOAc. The combined organic layers were washed with
water and brine followed by evaporation of all solvents. The product was obtained as a
bright orange solid (474 mg, 1.84 mmol, quant).
1

H NMR (600 MHz, DMSO-d6) δ 13.02 (br, 1H), 7.67-7.65 (m, 1H), 7.60-7.56 (m, 2H), 7.487.44 (m, 1H), 3.73 (s, 3H), 2.53 (s, 3H), 2.34 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ
196.74, 167.37, 153.42, 141.02, 140.54, 134.93, 132.35, 130.34, 130.04, 125.85, 122.45,
36.44, 14.25, 9.97 ppm; HRMS (ESI+) calc. for C13H14N4O2 [M+H]+: 259.1190, found 259.1181.
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(E)-N-(2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-yl)-3-((1,3,5trimethyl-1H-pyrazol-4-yl)diazenyl)benzamide (13)
A mixture of (E)-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (79 mg, 0.31
mmol, 1.5 equiv) and SOCl2 (0.75 mL, 10 mmol, 50 equiv) was heated at 80 °C for 1 h. The
solution was concentrated in vacuo. To the residue were added dichloroethane (DCE, 2.0
mL), 2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4-c]pyrazol-3-amine (50 mg, 0.20
mmol, 1.0 equiv) and then triethylamine (0.2 mL, 1.5 mmol, 7.2 equiv). After stirring the
mixture for 3 h at 80 °C, the reaction was quenched with aq. 1 M HCl. The mixture was
extracted with CH2Cl2, washed with brine, dried over Na2SO4, filtrated, and concentrated in
vacuo. The residue was purified by flash column chromatography (Cyclohexane/EtOAc =
7:3) to afford the product as an orange solid (74 mg, 0.15 mmol, 75 %).
Rf value: 0.31 (hexane/EtOAc = 1:1); 1H NMR (500 MHz, DMSO-d6) δ 10.31 (s, 1H), 8.01 (s,
1H), 7.88 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 9.0 Hz, 1H), 7.59 (t, J = 7.5 Hz,1H), 7.15-7.13 (m, 2H),
7.07 (d, J = 8.5 1H), 4.00 (s, 2H), 3.88 (s, 2H), 3.74 (s, 3H), 2.55 (s, 3H), 2.36 (s, 3H), 2.28 (s,
3H), 2.07 (s, 3H) ppm; 13C NMR (150 MHz, DMSO-d6) δ 165.1, 157.0, 152.7, 140.4, 140.1,
138.3, 135.3, 134.9, 134.4, 134.2, 131.3, 130.8, 129.5, 128.4, 127.2, 126.6, 124.2, 121.0,
116.9, 36.0, 28.7, 27.3, 20.6, 17.3, 13.7, 9.4 ppm; HRMS (ESI+) calc. for C26H27N7OS [M+Na]+:
508.1890, found 508.1895.

4-bromo-2,6-difluoroaniline (26)
N-bromosuccinimide (60 g, 0.34 mol, 1.2 equiv) was added portion-wise to a solution of 2,6difluoroaniline (38 g, 0.30 mol, 1.0 equiv) in CHCl 3 (350 mL) at room temperature. The
mixture was stirred overnight, and the solid was filtered off. The filtrate was washed with a
solution of Na2S2O5 (100 mL, 5%), saturated aqueous solution of NaHCO3 (150 mL) and brine
(150 mL). The organic layer was dried over MgSO4, filtered off and the solvent was removed
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in vacuo. The crude was purified by flash chromatography (SiO 2, DCM/Petroleum ether =
1:2 Æ 1:1) to yield a purple product (45 g, 0.22 mmol, 75%).
1

H NMR (400 MHz, CDCl3) δ 7.05 – 6.92 (m, 2H), 3.68 (s, 2H) ppm; 13C NMR (101 MHz, CDCl3)
δ 151.73 (dd, J = 244.2, 8.7 Hz), 123.5 (t, J = 16.3 Hz), 115.0 – 114.5 (m), 107.1 (t, J = 11.7
Hz) ppm.
4-amino-3,5-difluorobenzonitrile (27)
A flask was charged with 4-bromo-2,6-difluoroaniline (35 g, 0.17 mol, 1.0 equiv) and CuCN
(45 g, 0.50 mol, 3.0 equiv) dissolved in DMF (310 mL), and the solution was heated at reflux
for 10 h. The mixture was then poured into NH 3 (12% aqueous solution) and extracted with
EtOAc. The two phases were separated and the organic phase was dried over MgSO 4,
filtered, and concentrated under reduced pressure. The crude residue was purified by
column chromatography (DCM/Petroleum ether = 2/1) to give the product as a white solid
(15 g, 0.10 mol, 57%).
1

H NMR (400 MHz, DMSO-d6) δ 7.47 (dd, J = 6.6, 2.7 Hz, 2H), 6.33 (s, 2H) ppm.

4-amino-3,5-difluorobenzoic acid (28)
4-amino-3,5-difluorobenzonitrile (4.5 g, 30 mmol, 1 equiv) was suspended in aq. 1 M NaOH
(165 mL) and heated at reflux for 16 h. After cooling down to room temperature, aq. 1M
HCl was added to the solution until the product precipitates as its hydrochloric salt. The salt
was then dissolved in EtOAc, dried over MgSO4, filtered, concentrated under reduced
pressure, and the resulting white solid used as such in the next step (5.3 g, quant).
1

H NMR (400 MHz, DMSO-d6) δ 7.38 (dd, J = 7.1, 2.6 Hz, 2H), 6.04 (s, 2H) ppm; 13C NMR (101
MHz, DMSO-d6) δ 214.1, 166.4, 151.9 – 148.4 (m), 131.1, 116.1, 112.7 (dd, J = 14.5, 7.3 Hz)
ppm.

(E)-4-((2,6-difluorophenyl)diazenyl)-3,5-difluorobenzoic acid (29)
Oxone® (7.2 g, 23 mmol, 2.0 equiv) dissolved in 10 mL of water was added to 4-amino-3,5difluorobenzoic acid (2.0 g, 12 mmol, 2.0 equiv) dissolved in 24 mL of DCM/acetone 5:1. The
solution was stirred at room temperature for 2 h. After separation of the layers, the aqueous
organic layer was washed with water and concentrated under reduced pressure. Without
any further purification the crude product was suspended in 76 mL of acetic
acid/toluene/TFA 6:6:1 and the corresponding aniline (1.2 g, 9.2 mmol, 0.8 equiv) was
added. The resulting mixture was stirred at room temperature for 3 d. The solution was
diluted with water, and extracted with EtOAc, the organic phase was dried over MgSO 4,
filtered, and concentrated under reduced pressure. The resulting mixture was purified by
column chromatography (DCM/MeOH = 98:2) to yield the product as an orange/red solid
(0.6 g, 2.0 mmol, 17%).
1

H NMR (400 MHz, DMSO-d6) δ 7.77 (d, J = 9.7 Hz, 2H), 7.67 (tt, J = 8.4, 6.0 Hz, 1H), 7.38 (t,
J = 9.5 Hz, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 165.1, 156.7 – 155.5 (m), 153.6 (dd, J
= 70.6, 4.1 Hz), 134.9 (d, J = 8.8 Hz), 134.6 (t, J = 10.7 Hz), 133.6 (d, J = 10.7 Hz), 131.0 (t, J =
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9.8 Hz), 114.3 (dd, J = 22.3, 2.9 Hz), 113.8 (dd, J = 19.9, 3.5 Hz) ppm; 19F NMR (376 MHz,
DMSO-d6) δ -120.9 (d, J = 9.8 Hz), -121.1 (dd, J = 10.1, 6.1 Hz) ppm.
(E)-4-((2,6-Difluorophenyl)diazenyl)-N-(2-(2,4-dimethylphenyl)-2,6-dihydro-4H-thieno[3,4c]pyrazol-3-yl)-3,5-difluorobenzamide (15)
A mixture of (E)-4-((2,6-difluorophenyl)diazenyl)-3,5-difluorobenzoic acid (45 mg, 0.15
mmol, 1.5 equiv) and SOCl2 (370 μL, 5.1 mmol, 50 equiv) was heated at 80 °C for 1 h. The
solution was concentrated in vacuo. To the residue were added dichloroethane (DCE, 1.0
mL), 1 (25.0 mg, 0.10 mmol) and then triethylamine (100 μL, 0.72 mmol, 7.0 equiv). After
stirring the mixture for 14 h at 80 °C, the reaction was quenched with aq. 1 M HCl. The
mixture was extracted with CH2Cl2, washed with brine, dried over Na2SO4, filtrated, and
concentrated in vacuo. The residue was purified by PTLC (CHCl3/MeOH = 40:1) to afford 15
(25 mg, 49 μmol, 48% yield) as an orange solid.
1

H NMR (DMSO-d6, 600 MHz) δ 10.46 (br, 1H), 7.72 (d, J = 9.6 Hz, 2H), 7.70–7.64 (m, 1H),
7.38 (t, J = 9.0 Hz, 2H), 7.16 (s, 1H), 7.12 (d, J = 8.4 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 4.00 (s,
2H), 3.87 (s, 2H), 2.29 (s, 3H), 2.06 (s, 3H) ppm; 13C NMR (DMSO-d6, 150 MHz) δ 162.2, 157.2,
154.8 (dd, JC–F = 259, 3.6 Hz), 154.1 (dd, JC–F = 258, 3.6 Hz), 138.4, 136.0 (t, JC–F = 9.5 Hz),
135.1, 134.9, 134.1 (t, JC–F = 10.1 Hz), 132.6 (t, JC–F = 10.2 Hz), 131.4, 130.5 (t, JC–F = 9.3
Hz), 130.1, 127.1, 126 .8, 117.0, 113.3 (dd, JC–F = 19.4, 2.9 Hz), 112.7 (dd, JC–F = 21.6, 3.6
Hz), 28.7, 27.3, 20.6, 17.3 ppm; HRMS (ESI) m/z calcd for C26H18F4N5OS [M–H]–: 524.1163
found 524.1143.
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