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Chapter 5
Towards light-induced circadian
period modulation using
acylhydrazone derivatives of LH14
In this chapter, a small library of acylhydrazone photoswitches based on compound LH14
was prepared. LH14 is Casein kinase 1 inhibitor with a pronounced circadian period
lengthening. The synthesized acylhydrazones exhibited good photochemical properties but
no inhibition of Casein kinase 1 was observed and the circadian period could also not be
modulated. Synthesis and analysis of LH14 and its methyl analogue LH846 showed that a
lack of methyl substituent in LH14 leads to a drastic change in activity and disappearance of
Casein kinase 1 inhibition. Thus, the absence of acylhydrazones` inhibition was explained by
“magic methyl”effect widely described in medicinal chemistry literature.

This chapter has been adapted from the master thesis of Albert M. Schulte.
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5.1

Introduction

During the past decades, N-acylhydrazones became widely used motif in medicinal
chemistry,1 especially in the new approach for drug discovery - dynamic combinatorial
chemistry (DCC).2,3 Synthetically, N-acylhydrazones are easily accessible through a
condensation between aldehydes or ketones and acylhydrazides (Figure 39A). Additionally,
constant need for emerging functional groups in medicinal chemistry led to the application
of acylhydrazones and yielded drugs that are in the clinical phase or already approved such
as azumolene,4 carbazochrome,5 testosterone 17-enanthate 3-benzilic acid hydrazine,6
nifuroxazide,7 etc. (Figure 39B).

Figure 39. Acylhydrazones. (A) Synthesis and photoisomerization of acylhydrazones. (B)
Approved drugs that contain acylhydrazone moiety within the structure – azumolene,
nifuroxazide, carbazochrome, and testosterone 17-enanthate 3-benzilic acid hydrazine.
Recently, Hecht and Aprahamian groups introduced acylhydrazones as a novel class of
photoswitches, which operate through the isomerisation of the C=N double bond.8–10 They
indicated that these compounds often feature a moderate to long half-life of the unstable
Z form (hours to days), high efficiency (high quantum yields and photostationary states),
addressability (i.e. bond separation) and a great reliability due to high stability during
multiple photoswitching cycles (low fatigue). However, in the context of application in
biological systems, these photoswitches suffer from one drawback: UV light (365 nm) is
required to convert E to Z isomer (Figure 1A). In case when the biological assay lasts longer
(days), short- or moderate-living Z form of acylhydrazones (half-lives of minutes to hours)
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would require longer or constant irradiation with UV light to achieve a biological effect.
Overexposure to UV light presents a problem since UV light has been proven to be cytotoxic
to the cells.11 This issue could be resolved by using short and repetitive irradiations during
the assay followed by longer periods in dark. Quantum yields of acylhydrazones ()E→Z =
0.30.4) are laying between those of azobenzenes and diarylethenes, making them
potentially suitable for a pulse-irradiation. Furthermore, to avoid extensive irradiation
during the assay, the compound could also be irradiated and converted to its Z form before
the start of the assay (pre-irradiation) and then applied to the cells. Both of these methods
require longer half-lives. Therefore, in this chapter we focused on the synthesis of different
acylhydrazones in order to achieve stable Z forms and then further apply them as lightdependent modulators of the circadian rhythm.
5.1.1 Design and synthesis of the photoswitchable LH14 acylhydrazones
Lee et al. showed that LH846 and LH14 are potent and selective inhibitors of Casein kinase
1δ (CK1δ) with a pronounced period lengthening effect in U2OS cells. 12 Due to equal effect
in the modulation of the cellular circadian period and the availability of the synthetic
precursors, we chose LH14 to render the compounds photoswitchable. To introduce a
photoswitchable moiety into the structure of LH14, the amide bond has been recognized as
an optimal group for conversion to acylhydrazone (Figure 40).

Figure 40. Design and general structure of the two types of acylhydrazones based on the
structure of LH14. The corresponding photoisomers are also depicted.
A linker between the benzothiazole and benzene ring in the structure of LH14 consists of
the amide bond and methylene group, while in both designed acylhydrazone derivatives
the linker is converted to the hydrazone group by adding one more nitrogen to the system.
However, a newly designed linker retains NH bond which might be crucial for the binding
to CK1δ. Replacing the amide bond with an acylhydrazone moiety offers two possible
arrangements, named the ‘forward’ and ‘reversed’ designs (Figure 40). In the ‘forward’
design, the order of the nitrogen and carbonyl group is identical to that of the amide bond
in LH14 itself. In the ‘reversed’ design, the order of these two moieties is inverted.
Synthesis of the ‘forward’ acylhydrazones
139

Chronophotopharmacology
The goal was to establish a synthetic route which enables an accessible common
intermediate for creating a small library of photoswitches. This approach would allow for
introducing different substituents in the para position (indicated with ‘R’, Figure 40) for the
fine-tuning of photochemical properties of the compounds, such as half-life and
photostationary state (Scheme 2).

Scheme 2. Synthesis of ‘forward’ acylhydrazones 5a-e.
The synthesis sequence started with the construction of 5-chloro-2-methylbenzo[d]thiazole
1 from 2-amino-4-chlorobenzenethiol and pentane-2,4-dione,13 which was further oxidized
with SeO2 to the corresponding aldehyde 2.14 Condensation reaction between the aldehyde
2 and separately synthesized arylhydrazides 4a-e yielded 5a-e as final products.8

Synthesis of the ‘reversed’ acylhydrazones
Similarly to the synthesis of ‘forward’ acylhydrazones, the route to the ‘reversed’
compounds involved a common intermediate, acyl hydrazide 7. Compound 6, as the
precursor for acyl hydrazide 7, was synthesized in neat diethyl oxalate from 2-amino-4chloro-benzenethiol (Scheme 3).15 Subsequently, the ethyl ester 6 was converted into the
hydrazide 7 with hydrazine hydrate.16
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Scheme 3. Synthesis of ‘reversed’ acylhydrazones 8a-e.
In the final step, the hydrazide 7 was condensed with a variety of aryl-aldehydes to yield
‘reversed’ acylhydrazones 8a-e in good to high yields.8
5.1.2 Photochemical evaluation of acylhydrazones
A solubility of acylhydrazones in aqueous medium was limited, thus all photochemical
properties were measured in DMSO. Initially, E to Z isomerization around the imine-like C=N
double bond was evaluated for the ‘forward’ acylhydrazones (Figure 41A and 3B). UV-light
(λmax = 365 nm) was utilized for the photoisomerization of thermally more stable E isomer
to the less stable Z isomer. White light was used for back-isomerization after photostationary state was reached applying UV-light. While most ‘forward’ acylhydrazones
showed no fatigue up to 4 cycles (Figure 41C), 5b showed signs of fatigue already after the
first irradiation cycle (Figure S20C). The thermal relaxation process was followed at 310 nm,
and all ‘forward’ acylhydrazones exhibited prolonged thermal half-lives of more than 20 h.
The only exception was methyl-substituted compound 5b which showed a significantly
shorter half-life (Figure S20D).
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Figure 41. Photochemical evaluation of 5e, as an example of the ‘forward’ acylhydrazones.
(A) Scheme of the isomerization process. (B) UV-Vis spectra showing the photoswitching
process from E to Z upon irradiation with UV-light (λmax = 365 nm, after 10 s and 60 s). (C)
Reversible photochromism for 10 repeated cycles of irradiation. (E)-5e was converted to
(Z)-5e by UV-light (λmax = 365 nm, 75 s) and back-isomerization was achieved applying white
light (WL, 75 s). (D) Half-life determination after reaching a photostationary state by
irradiation with UV-light. Thermal relaxation (indicated by kBT) was followed at 310 nm. All
experiments were carried out in DMSO, at 20 μM concentration, at 35 °C.
Surprisingly, ‘reversed’ acylhydrazones exhibited a different behaviour. The Z isomers of
compounds 8a-8d could not be observed. Most probably these compounds displayed very
short half-lives that prevent detecting any photoisomerization. Therefore, we decided to
synthesize the pyridine derivative 8e that is supposed to engage an intramolecular
hydrogen bond only in the Z form.8,17 By formation of this intramolecular hydrogen bond,
the stability of generally thermally less stable Z isomer should be increased, and stability
toward reversed E/Z isomerization stability obtained (Figure 42A). This phenomenon was
previously observed with acylhydrazones bearing a pyridine moiety. 8,17
Photochemical studies showed that when irradiated with UV-light, compound 8e did switch
(Figure 42B). However, unlike the ‘forward’ acylhydrazones, this compound could not be
switched back to its trans isomer when irradiated with white light. Also, when following the
thermal relaxation process at 315 nm (35 °C), no back-isomerization to the trans isomer was
observed (Figure 42C).
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Figure 42. Photochemical evaluation of 8e, as an example of the ‘forward’ acylhydrazones.
(A) Scheme of the isomerization process. (B) Photoisomerization of compound 8e from E to
Z upon irradiation with UV-light (λmax = 365 nm, after 60 s, 180 s, and 540 s) (20 μM in
DMSO, 35 °C). (B) Thermal relaxation (indicated by k BT) of compound 8e followed after
setting the initial absorption at 315 nm as a zero value (20 μM in DMSO, 35 °C).
To confirm this hypothesis, 1H-NMR studies were performed, comparing a chemical shift of
the N—H proton before and after irradiation (Figure 43). A solution of 8e (2 mM in DMSOd6) was irradiated for 80 min with UV-light (λmax = 365 nm) to reach the very high
photostationary state distribution (Figure 43, green, 90% Z).

Figure 43. Observed downfield shift of the NH-peak upon photoswitching to the Z isomer,
shown the non-irradiated sample (red), irradiated sample at PSS (green) and sample heated
at 120 °C (blue).
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H-NMR shows that upon switching to the Z isomer, the NH-signal undergoes a significant
downfield shift of > 3 ppm, further supporting the presence of an intramolecular hydrogen
bond. While the Z isomer is stable at 35 °C, upon extensively heating the solution at 120 °C,
partial back-isomerization to the E isomer was observed (Figure 43, blue). No
decomposition was observed, as the NMR spectra in the experimental section confirm
(Figure S27).

Photostationary state distributions were determined by 1H-NMR after irradiation with UVlight. ‘Forward’ acylhydrazones exhibited moderate to good photostationary state
distributions with around 60:40 Z-to-E ratios. Compound 5c with an electron-donating
group at the para position showed to have the highest amount of the Z isomer (68%) (Table
4). This observation was anticipated since the introduction of a p-methoxy substituent is
known to elevate PSS levels in azobenzene photoswitches by inducing band separation in
the absorption spectra of the two isomers.18
Table 4. Photochemical properties of ‘forward’ and ‘reversed’ acylhydrazones.

a
PSS distributions were determined by 1H-NMR in DMSO-d6 (c = 1 mM, 25 °C) upon irradiation with
UV-light (λmax = 365 nm).
b
ND = not determined.

As previously described, for the ‘reversed’ acylhydrazones no photostationary state
distributions and half-lives could be determined. The only exception was acylhydrazone 8e
with the pyridine moiety which showed a 90:10 Z-to-E ratio and reversed thermal stability
(Table 4).
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5.2

In vitro kinase activity

The ability to inhibit Casein Kinase 1δ (CK1δ) was investigated in vitro. Despite a low
aqueous solubility of the synthesized acylhydrazones, their in vitro activity should be
noticeable since the IC50 value of the parent compound towards CK1δ inhibition is in
nanomolar range (290 nM).12 Thus, a screening experiment was conducted at the highest
soluble concentration (20 μM).
Surprisingly, both ‘forward’ and ‘reversed’ acylhydrazones had no effect on activity of CK1δ.
All the compounds show a 100% activity of the enzyme, indicating that the incorporation of
the acylhydrazone moiety has a negative effect on the potency of the compounds. From
these data, it is evident that either incorporation of the acylhydrazone moiety itself, or the
omittance of the methyl group at the 6’-position of the benzothiazole (as in LH14 compared
to LH846) had a detrimental effect on the potency of the acylhydrazones.
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5.3

Cellular assay

The results from the cellular assay confirmed the observations from the in vitro assay. Both
‘forward’ and ‘reversed’ acylhydrazones showed no effect on the circadian period length
(Figure 44).

Figure 44. Cellular assay results for ‘forward’ and ‘reversed’ acylhydrazones.
In the cellular assay, the period change was monitored as a function of the inhibitor`s
concentration and compared to the effect of LH846 which was added as a positive control.
While LH846 shows an increased period change with increased concentration, all
acylhydrazones have no effect on the circadian period modulation. The effect was absent
in both – irradiated and non-irradiated - samples. These results are in agreement with the
results previously obtained in the in vitro assay.

5.4

Effect of the methyl substituent

The absence of inhibitory activity can be attributed to the substitution of the amide bond
by the acylhydrazone moiety or to the methyl group that compound LH14 lacks in
comparison to LH846. As mentioned, this methyl group was omitted in the design of
photoswitchable analogues, since SAR study performed by Lee et al12 found a variant lacking
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this methyl group, LH14, to be as potent as LH846 itself. In the reported cellular assay, both
compounds caused a 1 hour period lengthening in U2OS cells at 300 nM concentration.
Both published inhibitors were synthesized and tested in the in vitro kinase assay in doseresponse manner and IC50 values compared with the literature ones (Figure 45).

Figure 45. In vitro kinase activity assay results of LH846 (red) and LH14 (blue). 95% represent
the 95% confidence interval.
Strikingly, LH14, the demethylated variant of LH846, displayed no inhibitory activity towards
CK1δ at concentrations up to 20 μM, while LH846 shows an IC 50 value of 582 nM in this
assay (similar to its published value).12 High purity of both compounds was confirmed by
NMR and the product mass was confirmed by HRMS. Remarkably, the omission of a single
methyl group had such a compelling effect on the potency of the compound. While the
equal activity of both compounds in the SAR study was based on period lengthening in the
cellular assay, rather than kinase inhibition, this period lengthening effect is in all probability
due to inhibition of CK1. A compound lacking a single methyl group causing the same effect
(period lengthening) via a mechanism different than CKI inhibition is highly unlikely. This
gives rise to another explanation for the inactivity of the synthesized acylhydrazones since
these also lack this methyl substituent. In the literature this effect is better known as the
“magic methyl” effect.19–21

5.5

Conclusion and outlook

In conclusion, we have tried to introduce acylhydrazones as photoswitches for the first time
in photopharmacology. Thus, photoswitchable derivatives of the known CK1δ inhibitor –
LH14 were developed. The amide moiety was replaced with differently substituted
acylhydrazone photoswitches allowing for a tuning of photochemical properties. In order to
be applied in the 5-day-long cellular assay, acylhydrazones with half-lives longer than 24 h
were obtained. A small library of 10 compounds was tested in the in vitro and cellular assay
but neither inhibitory nor the circadian period lengthening effect was observed. In order to
explain this biological outcome, the parent inhibitors, LH14 and LH846 were synthesized
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and tested in vitro. Interestingly, despite a minor structural difference consisted of the
methyl group, LH14 exhibited no CK1δ inhibition while IC50 of LH846 was comparable to the
literature known value. The lack of inhibitory activity in acylhydrazones and LH14 was
contributed to the lack of the methyl group in LH14 structure and it requires further studies
and explanations in order to understand this unanticipated result. The cellular assay with
LH14 should be conducted, and a library of acylhydrazones based on LH846 structure
synthesized and evaluated. If LH14 still displays the period lengthening, it would reveal the
off-target effect of this compound and lead to better understanding of the circadian
regulation.

5.6

Contribution

B.L.F., T.H., W.S and D.K. guided the research. B.L.F., T.H., W.S., D.K. and A.S. designed the
experiments. D.K. designed and together with A.S. synthesized photoswitchable modifiers.
D.K. and A.S. performed photochemistry and A.S. conducted in vitro assays; T.H. performed
cellular experiments.

5.7

Experimental section

5.7.1 Materials and methods
For general remarks, see chapter 2.
5.7.2 Chemical synthesis
5-Chloro-2-methylbenzo[d]thiazole (1)22
A solution of 2-amino-4-chlorobenzenethiol (2.00 g, 12.5 mmol, 1.00
eq), 2,4-pentanedione (1.88 g, 18.8 mmol, 1.50 eq) and a catalytic
amount of p-toluenesulfonic acid (119 mg, 0.63 mmol, 0.05 eq) in
acetonitrile (100 mL) was heated in a sealed tube at 80 °C for 24 h. After TLC indicated a full
conversion, the solvent was evaporated under reduced pressure. The product was further
purified by silica gel chromatography to yield compound 1 as a light brown solid (1.68 g, 73
%).
1

H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H), 7.71 (dd, J = 8.5, 1.5 Hz, 1H), 7.31 (dd, J = 8.5, 1.5
Hz, 1H), 2.82 (s, 3H) ppm; Data in accordance with literature.
5-Chlorobenzo[d]thiazole-2-carbaldehyde (2)14

To a solution of 5-chloro-2-methylbenzo[d]thiazole (1.73 g, 9.31
mmol, 1.00 eq) in dioxane (90 mL) was added seleniumdioxide (5.14
g, 46.3 mmol, 5.00 eq). The mixture was heated at reflux for 12 h,
and filtered over Celite. Dioxane was evaporated under reduced
pressure, and water was added to the mixture. The compound was extracted using ethyl
acetate, the combined organic layers were washed with brine, dried over anhydrous MgSO4,
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and concentrated under reduced pressure. The product was further purified by silica gel
chromatography to yield compound 2 as a yellow powder (1.43 g, 78 %).
1

H NMR (400 MHz, CDCl3) δ 10.15 (s, 1H), 8.24 (d, J = 2.0 Hz, 1H), 7.94 (d, J = 8.7 Hz, 1H),
7.56 (dd, J = 8.7, 2.0 Hz, 1H) ppm; 13C NMR (101 MHz, CDCl3) δ 185.1, 166.8, 154.2, 133.5,
129.0, 126.2, 125.3, 123.4 ppm; Data in accordance with literature.
Benzohydrazide (4a)23
To a solution of methyl-benzoate (compound 10, 794 mg, 5.83 mmol,
1.00 eq) in EtOH (8.8 mL) was added hydrazine hydrate (1.17 g, 23.3
mmol, 4.00 eq). The solution was heated overnight in a pressure tube at
95 °C. Upon cooling, the hydrazide crystallized out of the solution, and
was obtained by filtration and washing twice with cold ethanol (163 mg, 21 %).
1

H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 7.7 Hz, 2H), 7.51 (dd, J = 8.3, 6.4 Hz, 1H), 7.43 (dd, J
= 10.9, 4.5 Hz, 2H) ppm; Data in accordance with literature.
4-Methyl-benzohydrazide (4b)23
To a solution of methyl-4-methyl-benzoate (774 mg, 5.15 mmol,
1.00 eq) in EtOH (9.0 mL) was added hydrazine hydrate (1.03 g, 20.6
mmol, 4.00 eq). The solution was heated overnight in a pressure
tube at 95 °C. Upon cooling, the hydrazide crystallized out of the
solution, and was obtained by filtration and washing twice with cold
ethanol (180 mg, 23 %).
1

H-NMR (400 MHz, DMSO-d6) δ 7.70 (d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 2.31 (s, 3H)
ppm; Data in accordance with literature.
4-Methoxy-benzohydrazide (4c)23

To a solution of methyl-4-methoxybenzoate (1.00 g, 6.03 mmol,
1.00 eq) in EtOH (9 mL) was added hydrazine hydrate (1.21 g, 24.1
mmol, 4.00 eq). The solution was heated overnight in a pressure
tube at 95 °C. Upon cooling, the hydrazide crystallized out of the
solution, and was obtained by filtration and washing twice with
cold ethanol (329 mg, 33 %).
1

H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H) ppm;
Data in accordance with literature.
4-Fluoro-benzohydrazide (4d)23
To a solution of methyl-4-chlorobenzoate (536 mg, 3.48 mmol, 1.00
eq) in EtOH (7 mL) was added hydrazine hydrate (697 mg, 13.9 mmol,
4.00 eq). The solution was heated overnight in a pressure tube at 95
°C. Upon cooling, the hydrazide crystallized out of the solution, and
was obtained by filtration and washing twice with cold ethanol (161 mg, 30 %).
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H NMR (400 MHz, DMSO-d6) δ 9.76 (s, 1H), 7.95 – 7.78 (m, 2H), 7.33 – 7.21 (m, 2H), 4.46
(s, 2H) ppm; 19F-NMR (376 MHz, DMSO-d6) δ -108.20 (s) ppm; Data in accordance with
literature.
4-Chloro-benzohydrazide (4e)23
To a solution of methyl-4-chlorobenzoate (500 mg, 2.93 mmol, 1.00
eq) in EtOH (5.9 mL) was added hydrazine hydrate (586 mg, 11.7
mmol, 4.00 eq). The solution was heated overnight in a pressure tube
at 95 °C. Upon cooling, the hydrazide crystallized out of the solution,
and was obtained by filtration and washing twice with cold ethanol (199 mg, 40 %).
1

H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 7.33 (s, 1H), 4.11
(s, 2H) ppm; Data in accordance with literature.
(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)benzohydrazide (5a)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbaldehyde (238 mg, 1.20 mmol, 1.00 eq) in ethanol (2
mL) was added benzohydrazide (163 mg, 1.20 mmol, 1.00
eq). A catalytic amount of TFA was added, and the mixture
was heated at reflux. After 15 min, the suspension was
cooled and filtered. The residue was washed with cold ethanol (2x) and dried under reduced
pressure to yield 5a as a yellow solid (198 mg, 52 %).
m.p. = 224-225 °C; 1H NMR (400 MHz, DMSO-d6) δ 12.42 (s, 1H), 8.73 (s, 1H), 8.18 (d, J = 8.6
Hz, 1H), 8.13 (s, 1H), 7.92 (d, J = 6.5 Hz, 2H), 7.63 (t, J = 7.2 Hz, 1H), 7.56 (t, J = 7.3 Hz, 3H)
ppm; Due to the poor solubility of the compound (max 2 mM in DMSO-d6) no 13C NMR
spectrum could be obtained; FTIR (neat) 3279 (w, br), 3049 (w), 2981 (w), 1666 (s), 1480 (s),
1425 (m), 1275 (m), 1133 (s) cm-1; HRMS (ESI, [M+H]+): calcd. for C15H11ClN3OS+: 316.0306;
found: 316.0326.
(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-methylbenzohydrazide (5b)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbaldehyde (238 mg, 1.20 mmol, 1.00 eq) in ethanol
(2 mL) was added 4-methyl-benzohydrazide (180 mg,
1.20 mmol, 1.00 eq). A catalytic amount of TFA was
added, and the mixture was heated at reflux. After 15
min, the suspension was cooled down and filtered. The residue was washed with cold
ethanol (2x) and dried under reduced pressure to yield 5b as a yellow solid (219 mg, 55 %).
m.p. = 213-214 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.72 (s, 1H), 8.17 (d, J = 8.3 Hz, 1H), 8.13
(s, 1H), 7.84 (d, J = 6.8 Hz, 2H), 7.55 (d, J = 8.3 Hz, 1H), 7.36 (d, J = 7.6 Hz, 2H), 2.39 (s, 3H)
ppm; Due to the poor solubility of the compound (max 2 mM in DMSO-d6) no 13C NMR
spectrum could be obtained; FTIR (neat) 3396 (w, br), 3278 (w), 2987 (w), 1660 (s), 1474 (s),
1251 (m) cm-1; HRMS (ESI, [M+H]+): calcd. for C16H13ClN3OS+: 330.0462; found: 330.0483.
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(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-methoxybenzohydrazide (5c)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbaldehyde (238 mg, 1.20 mmol, 1.00 eq) in
ethanol (2 mL) was added 4-methoxybenzohydrazide (200 mg, 1.20 mmol, 1.00 eq). A
catalytic amount of TFA was added, and the mixture
was heated to reflux. After 15 min, the suspension was cooled and filtered. The residue was
washed with cold ethanol (2x) and dried under reduced pressure to yield 5c as a yellow solid
(240 mg, 58 %).
m.p. = 234-235 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.71 (s, 1H), 8.17 (d, J = 8.6 Hz, 1H), 8.12
(d, J = 2.0 Hz, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.54 (dd, J = 8.6, 2.0 Hz, 1H), 7.09 (d, J = 8.9 Hz,
2H), 3.84 (s, 3H) ppm; Due to the poor solubility of the compound (max 2 mM in DMSO-d6)
no 13C NMR spectrum could be obtained; FTIR (neat) 3303 (w), 3080 (w), 3005 (w), 2832
(w), 1666 (s), 1598 (s), 1549 (s), 1480 (s), 1245 (s) cm-1; HRMS (ESI, [M+H]+): calcd. for
C16H13ClN3O2S+: 346.0412; found: 346.0433.
(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-fluorobenzohydrazide (5d)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbaldehyde (162 mg, 0.82 mmol, 1.00 eq) in ethanol
(1.4 mL) was added 4-fluoro-benzohydrazide (127 mg,
0.82 mmol, 1.00 eq). A catalytic amount of TFA was
added, and the mixture was heated at reflux. After 15
min, the suspension was cooled and filtered. The residue was washed with cold ethanol (2x)
and dried under reduced pressure to yield 5d as a yellow solid (140 mg, 51 %).
m.p. = 243 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.72 (s, 1H), 8.18 (d, J = 8.6 Hz, 1H), 8.13 (d, J
= 1.5 Hz, 1H), 8.00 (s, 2H), 7.55 (dd, J = 8.6, 1.8 Hz, 1H), 7.40 (t, J = 8.7 Hz, 2H) ppm; Due to
the poor solubility of the compound (max 2 mM in DMSO-d6) no 13C NMR spectrum could
be obtained; 19F NMR (376 MHz, DMSO-d6) δ -107.33 (s) ppm; FTIR (neat): 3272 (w, br),
3080 (w), 2974 (w), 1660 (s), 1549 (s), 1511 (m), 1226 (s) cm-1; HRMS (ESI, [M+H]+): calcd.
for C15H10ClFN3OS+: 334.0212; found: 334.0233.
(E)-4-chloro-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)benzohydrazide (5e)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbaldehyde (231 mg, 1.17 mmol, 1.00 eq) in ethanol (2
mL) was added 4-chloro-benzohydrazide (200 mg, 1.17
mmol, 1.00 eq). A catalytic amount of TFA was added,
and the mixture was heated at reflux. After 15 min, the
suspension was cooled and filtered. The residue was washed with cold ethanol (2x) and
dried under reduced pressure to yield 5e as a yellow solid (216 mg, 53 %).
m.p. >250 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.71 (s, 1H), 8.18 (d, J = 8.6 Hz, 1H), 8.13 (s,
1H), 7.95 (d, J = 7.6 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.60 – 7.51 (m, 1H) ppm; Due to the
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poor solubility of the compound (max 2 mM in DMSO-d6) no 13C NMR spectrum could be
obtained; FTIR (neat) 3061 (w), 2981 (w), 2919 (w), 1666 (s), 1375 (m), 1164 (m) cm-1; HRMS
(ESI, [M+H]+): calcd. for C15H10Cl2N3OS+: 349.9916; found: 349.9938.
Ethyl 5-chlorobenzo[d]thiazole-2-carboxylate (6)15
A solution of 2-amino-4-chlorobenzenethiol (361 mg, 2.26 mmol,
1.00 eq) in neat diethyl oxalate (661 mg, 4.52 mmol, 2.00 eq) was
heated at reflux for 48 h. The reaction was quenched with ethanol
: aqueous HCl (2M) (3:1). The solid was filtered off, and purified by
silica gel chromatography to yield compound 6 as an off-white solid (150 mg, 27 %).
1

H NMR (400 MHz, DMSO-d6) δ 8.35 (s, 1H), 8.29 (d, J = 8.7 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H),
4.65 – 4.30 (q, 2H), 1.41 – 1.29 (t, 3H) ppm; Data in accordance with literature.
5-Chlorobenzo[d]thiazole-2-carbohydrazide (7)24
A solution of ethyl 5-chlorobenzo[d]thiazole-2-carboxylate (150
mg, 0.62 mmol, 1.00 eq) and hydrazine hydrate (68.37 mg, 1.37
mmol, 2.20 eq) in ethanol (1.4 mL) was heated at reflux for 1 h.
After cooling, the mixture was filtered, washed with ethanol and
dried to give compound 7 as a white solid (117 mg, 83 %).

1

H-NMR (400 MHz, DMSO-d6) δ 10.52 (s, 1H), 8.25 (d, J = 8.6 Hz, 1H), 8.13 (s, 1H), 7.61 (d, J
= 8.7 Hz, 1H), 4.73 (s, 2H) ppm; Data in accordance with literature.
(E)-N'-benzylidene-5-chlorobenzo[d]thiazole-2-carbohydrazide (8a)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbohydrazide (50 mg, 0.21 mmol, 1.0 eq) in ethanol (2
mL) was added benzaldehyde (22 mg, 0.21 mmol, 1.0 eq).
A catalytic amount of TFA was added, and the mixture was
heated at reflux. After 15 min, the suspension was cooled
and filtered. The residue was washed with cold ethanol (2x) and dried under reduced
pressure to yield 8a as a white solid (51 mg, 77 %).
m.p. = 229-230 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.67 (s, 1H), 8.31 (d, J = 8.6 Hz, 1H), 8.21
(s, 1H), 7.73 (d, J = 4.2 Hz, 2H), 7.67 (d, J = 8.6 Hz, 1H), 7.47 (d, J = 5.3 Hz, 3H) ppm; 13C-NMR
(101 MHz, DMSO-d6) δ 166.5, 156.3, 154.0, 151.3, 135.3, 134.4, 132.5, 131.1, 129.4, 127.6,
127.8, 125.2, 123.7 ppm; FTIR (neat) 3142 (w, br), 3005 (w, br), 1642 (s), 1536 (s), 1363 (m),
1276 (m), 1110 (s) cm-1; HRMS (ESI, [M+H]+): calcd. for C15H11ClN3OS+: 316.0306; found:
316.0330.
(E)-5-chloro-N'-(4-fluorobenzylidene)benzo[d]thiazole-2-carbohydrazide (8b)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbohydrazide (50 mg, 0.21 mmol, 1.0 eq) in ethanol (2
mL) was added p-fluoro-benzaldehyde (35 mg, 0.28
mmol, 1.3 eq). A catalytic amount of TFA was added, and
the mixture was heated to reflux. After 15 min, the
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suspension was cooled down and filtered. The residue was washed with cold ethanol (2x)
and dried under reduced pressure to yield 8b as a white solid (49 mg, 70 %). mp: 241-242
°C.
1

H NMR (400 MHz, DMSO-d6) δ 8.65 (s, 1H), 8.29 (d, J = 8.5 Hz, 1H), 8.19 (s, 1H), 7.77 (d, J =
5.5 Hz, 2H), 7.65 (d, J = 8.5 Hz, 1H), 7.30 (t, J = 8.1 Hz, 2H) ppm; 13C NMR (101 MHz, DMSOd6) δ 166.5 (s), 163.9 (d, J = 248.4 Hz), 156. 4 (s), 154.0(s), 150.1 (s), 135.3 (s), 132.5 (s), 131.0
(s), 130.1 (d, J = 8.8 Hz), 127. 8 (s), 125.2 (s), 123. 7 (s), 116.5 (d, J = 22.0 Hz) ppm; 19F-NMR
(376 MHz, DMSO-d6) δ -107.6 – -112.4 (m) ppm; FTIR (neat) 3315 (m), 1670 (s), 1604 (s),
1530 (s), 1499 (s), 1226 (s) cm-1; HRMS (ESI, [M+H]+): calcd. for C15H10ClFN3OS+: 334.0212;
found: 334.0237.
(E)-N'-((1H-imidazol-2-yl)methylene)-5-chlorobenzo[d]thiazole-2-carbohydrazide (8c)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbohydrazide (80 mg, 0.35 mmol, 1.0 eq) in ethanol (3 mL)
was added thiazole-2-carbaldehyde (51 mg, 0.53 mmol, 1.5
eq). A catalytic amount of TFA was added, and the mixture
was heated at reflux. After 15 min, the suspension was
cooled and filtered. The residue was washed with cold ethanol (2x) and dried under reduced
pressure to yield 8c as a white solid (58 mg, 54 %).
m.p. >250 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.56 (s, 1H), 8.31 (d, J = 8.5 Hz, 1H), 8.21 (s,
1H), 7.67 (d, J = 8.5 Hz, 1H), 7.25 (s, 1H), 7.10 (s, 1H) ppm; Due to the poor solubility of the
compound (max 2 mM in DMSO-d6) no 13C NMR spectrum could be obtained; FTIR (neat)
3247 (w), 3049 (w, br), 2912 (w, br), 1666 (s), 1530 (s), 1443 (m), 1313 (m), 1115 (s) cm-1;
HRMS (ESI, [M+H]+): calcd. for C12H9ClN5OS+: 306.0211; found: 306.0221.
(E)-5-chloro-N'-(thiazol-2-ylmethylene)benzo[d]thiazole-2-carbohydrazide (8d)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbohydrazide (80 mg, 0.35 mmol, 1.0 eq) in ethanol (3
mL) was added thiazole-2-carbaldehyde (59 mg, 0.53
mmol, 1.5 eq). A catalytic amount of TFA was added, and
the mixture was heated at reflux. After 15 min, the
suspension was cooled and filtered. The residue was washed with cold ethanol (2x) and
dried under reduced pressure to yield 8d as a white solid (69 mg, 61 %).
m.p. = 249 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.86 (s, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.21 (s,
1H), 7.99 (s, 1H), 7.89 (s, 1H), 7.67 (d, J = 8.4 Hz, 1H) ppm; Due to the poor solubility of the
compound (max 2 mM in DMSO-d6) no 13C NMR spectrum could be obtained; FTIR (neat)
3166 (w, br), 3111 (w), 3012 (w), 1704 (s), 1536 (s), 1487 (s), 1233 (m), 1133 (s) cm-1; HRMS
(ESI, [M+H]+): calcd. for C12H8ClN4OS2+: 322.9823; found: 322.9832.
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(E)-5-chloro-N'-(pyridin-2-ylmethylene)benzo[d]thiazole-2-carbohydrazide (8e)8
To a suspension of 5-chlorobenzo[d]thiazole-2carbohydrazide (50 mg, 0.21 mmol, 1.00 eq) in ethanol (3
mL) was added thiazole-2-carbaldehyde (23 mg, 0.21 mmol,
1.00 eq). A catalytic amount of TFA was added, and the
mixture was heated at reflux. After 15 min, the suspension
was cooled and filtered. The residue was washed with cold ethanol (2x) and dried under
reduced pressure to yield 8e as a white solid. (50 mg, 75 %).
m.p. = 240 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.70 (s, 1H), 8.63 (d, J = 4.6 Hz, 1H), 8.32 (d, J
= 8.7 Hz, 1H), 8.21 (d, J = 1.8 Hz, 1H), 7.99 (d, J = 7.9 Hz, 1H), 7.89 (t, J = 7.1 Hz, 1H), 7.68 (dd,
J = 8.7, 1.9 Hz, 1H), 7.44 (dd, J = 6.7, 5.3 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 166.2,
156.6, 153.9, 153.3, 151.3, 150.0, 137.4, 135.3, 132.5, 127.9, 125.2, 125.2, 123.7, 120.6
ppm; FTIR (neat) 3315 (m), 1685 (s), 1536 (s), 1431 (m), 1140 (m) cm-1; HRMS (ESI, [M+H]+):
calcd. for C14H10ClN4OS+: 317.0258; found: 317.0282.
N-(5-chlorobenzo[d]thiazol-2-yl)-2-phenylacetamide (9)25
To a solution of 2-phenyl-acetic acid (366 mg, 2.69 mmol, 1.30
eq) and 5-chloro-2-aminobenzothiazole (382 mg, 2.07 mmol,
1.00 eq) in anhydrous EtOAc (55 mL) was added triethylamine
(374 μL, 2.69 mmol, 1.3 eq) and a 50 % (wt.) propylphosphonic
anhydride solution in ethyl acetate (1.6 mL, 2.69 mmol, 1.3 eq).
The solution was allowed to stir at room temperature for 48 h, until full conversion was
confirmed by TLC. The mixture was diluted with DCM and water, the organic layer was
separated, washed with aq. NaHCO3 (2x) and concentrated under reduced pressure. The
residue was dissolved in EtOAc, and vigorously stirred with an aq. solution of 3 M HCl for 4
h. The precipitate was filtered off, to yield 9 (160 mg, 26 %).
m.p. = 117 °C; 1H NMR (400 MHz, DMSO-d6) δ 10.61 (s, 1H), 8.05 (d, J = 2.1 Hz, 1H), 7.76 (d,
J = 8.7 Hz, 1H), 7.60 (dd, J = 8.7, 2.1 Hz, 1H), 7.36 – 7.05 (m, 5H), 3.67 (s, 2H) ppm; 13C NMR
(101 MHz, DMSO-d6) δ 170.4, 142.7, 135.7, 135.5, 134.9, 129.6, 128.8, 127.1, 120.5, 119.5,
116.4, 111.1, 43.7. FTIR (neat) 3235 (w), 3173 (w), 3092 (w), 2162 (w), 1666 (m), 1592 (s),
1518 (s), 1474 (s), 1381 (s), 1239 (m) cm-1; HRMS (ESI, [M+H]+): calcd. for C15H12ClN2OS+:
303.0353; found: 303.0358.
N-(5-chloro-6-methylbenzo[d]thiazol-2-yl)-2-phenylacetamide (10)25
To a solution of 2-phenyl-acetic acid (267 mg, 1.96 mmol, 1.30
eq) and 5-chloro-6-methyl-2-aminobenzothiazole (300 mg, 1.51
mmol, 1.00 eq) in anhydrous EtOAc (40 mL) was added
triethylamine (273 μL, 1.96 mmol, 1.30 eq) and a 50 % (wt.)
propylphosphonic anhydride solution in ethyl acetate (1.17 mL,
1.96 mmol, 1.30 eq). The mixture was allowed to stir at room
temperature for 15 h. DCM and water were added, and the organic layer was washed with
aq. NaHCO3 (2x) and concentrated under reduced pressure. The residue was dissolved in 30
mL EtOAc, and the solution was vigorously stirred for 4 h with an aq. solution of 3 M HCl,
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washed with brine, dried over anhydrous MgSO4, and concentrated under reduced pressure
to give 10 as an off-white solid (260 mg, 42 %).
m.p. 189-191 °C; 1H NMR (400 MHz, DMSO-d6) δ 7.92 (s, 1H), 7.78 (s, 1H), 7.38 – 6.71 (m,
6H), 3.81 (s, 2H), 2.38 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 170.7, 159.2, 148.3,
135.0, 131.9, 131.0, 130.9, 129.7, 128.8, 127.3, 123.6, 120.5, 42.2, 20.2 ppm; FTIR (neat)
3148 (w, br), 2924 (m, br), 2850 (m), 1690 (s), 1524 (s), 1438 (s), 1273 (s), 1113 (m) cm-1;
HRMS (ESI, [M+H]+): calcd. for C16H14ClN2OS+: 317.0510; found: 317.0513.
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(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)benzohydrazide (5a)

Figure S18. Photochemical evaluation of 5a. (A) Scheme of the isomerization process. (B)
UV-Vis spectra showing the photoswitching process from E to Z upon irradiation with UVlight (λmax = 365 nm, 30 s) and back-switching with white light (WL, 120 s). (C) Reversible
photochromism for 10 repeated cycles of irradiation. (E)-5a was converted to (Z)-5a by UVlight (λmax = 365 nm, 45 s) and back-isomerization was achieved applying white light (WL,
120-240 s). (D) Half-life determination after reaching a photostationary state by irradiation
with UV-light. Thermal relaxation was followed at 310 nm. All experiments were carried out
in DMSO, at 20 μM concentration, at 35 °C.

Figure S19. Determination of PSS of compound 5a. A solution of 5a (DMSO-d6, 2 mM) was
irradiated with UV-light (λmax = 365 nm) for 80 min to reach a PSS of 45:55 E:Z as determined
by the 1H-NMR integration (labeled as E and Z).
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(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-methylbenzohydrazide (5b)

Figure S20. Photochemical evaluation of 5b. (A) Scheme of the isomerization process. (B)
UV-Vis spectra showing the photoswitching process from E to Z upon irradiation with UVlight (λmax = 365 nm, 60 s) and back-switching with white light (WL, 180 s). (C) Reversible
photochromism for 6 repeated cycles of irradiation (UV light, 75 s and WL, 200 s). (E)-5b
was converted to (Z)-5b by UV-light (λmax = 365 nm) and back-isomerization was achieved
applying white light. (D) Half-life determination after reaching a photostationary state by
irradiation with UV-light. Thermal relaxation was followed at 310 nm. All experiments were
carried out in DMSO, at 20 μM concentration, at 35 °C.
Z E

Figure S21. Determination of PSS of compound 5b. A solution of 5b (DMSO-d6, 2 mM) was
irradiated with UV-light (λmax = 365 nm) for 80 min to reach a PSS of 41:59 E:Z as determined
by the 1H-NMR integration (labeled as E and Z).
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(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-methoxybenzohydrazide (5c)

Figure S22. Photochemical evaluation of 5c. (A) Scheme of the isomerization process. (B)
UV-Vis spectra showing the photoswitching process from E to Z upon irradiation with UVlight (λmax = 365 nm, 60 s) and back-switching with purple light (λmax = 400 nm, 120 s). (C)
Reversible photochromism for 8 repeated cycles of irradiation (UV light, 75 s and purple
light, 150 s). (E)-5c was converted to (Z)-5c by UV-light (λmax = 365 nm) and backisomerization was achieved applying white light. (D) Half-life determination after reaching
a photostationary state by irradiation with UV-light. Thermal relaxation was followed at 310
nm. All experiments were carried out in DMSO, at 20 μM concentration, at 35 °C.

Z E

Figure S23. Determination of PSS of compound 5c. A solution of 5c (DMSO-d6, 2 mM) was
irradiated with UV-light (λmax = 365 nm) for 80 min to reach a PSS of 32:68 E:Z as determined
by the 1H-NMR integration (labeled as E and Z).
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(E)-N'-((5-chlorobenzo[d]thiazol-2-yl)methylene)-4-fluorobenzohydrazide (5d)

Figure S24. Photochemical evaluation of 5d. (A) Scheme of the isomerization process. (B)
UV-Vis spectra showing the photoswitching process from E to Z upon irradiation with UVlight (λmax = 365 nm, 60 s) and back-switching with white light (WL, 120 s). (C) Reversible
photochromism for 9 repeated cycles of irradiation (UV light, 75 s and WL, 150 s). (E)-5d
was converted to (Z)-5d by UV-light (λmax = 365 nm) and back-isomerization was achieved
applying white light. (D) Half-life determination after reaching a photostationary state by
irradiation with UV-light. Thermal relaxation was followed at 310 nm. All experiments were
carried out in DMSO, at 20 μM concentration, at 35 °C.
Z E

Figure S25. Determination of PSS of compound 5d. A solution of 5d (DMSO-d6, 2 mM) was
irradiated with UV-light (λmax = 365 nm) for 80 min to reach a PSS of 34:66 E:Z as determined
by the 1H-NMR integration (labeled as E and Z).
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Z E

Figure S26. Determination of PSS of compound 5d. A solution of 5d (DMSO-d6, 2 mM) was
irradiated with UV-light (λmax = 365 nm) for 80 min to reach a PSS of 38:62 E:Z as determined
by integration of the peaks labeled as E and Z.

Figure S27. Photoisomerization of 8e in DMSO-d6 followed by 1H-NMR. After heating at 120
°C the E isomer is reformed. No decomposition is observed.
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