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

7.1

Introduction:

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

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

7.2

Results and Discussion

7.2.1

ITIs with substituents at the R 1 position

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

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

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

ITIs with substituents at the R 2/R 3 position

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

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

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

The role of the sulfur in ITI photo-isomerization.

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

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

ITIs with substituents at the R 4 position

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

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

Conclusion

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

7.4

Experimental Contributions

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

7.5

Experimental data

7.5.1

General synthetic remarks

See Chapter 3.6.1

7.5.2

Synthetic procedures

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

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

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

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

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

9k. 1-methyl-2-nitrosobenzene
o-Toluidine 8k (1.00 mL, 9.11 mmol) and Oxone (5.63 g, 18.3 mmol) were dissolved in DCM (9 mL)
and water (36 mL). The reaction mixture was stirred vigorously for 1 h under a nitrogen atmosphere.
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After completion, DCM (20 mL) was added and the layers were separated. The aqueous layer was
extracted with DCM (3 x 20 mL) and the combined organic layers were washed with water (25 mL),
dried with MgSO4 and concentrated in vacuo. The product was purified with flash chromatography
(Silicagel 40-63 nm, pentane/Et2O 9:1). The product was obtained as a light yellow solid (0.41 g, 2.97
mmol, 33 % yield). Mp: 52 - 60°C; 1 H NMR (400 MHz, CDCl 3 ) δ 3.35 (s, 3H, CH3 ), 6.29 (d, J = 8.1 Hz, 1H,
ArH), 7.16 (t, J = 7.5 Hz, 1H, ArH), 7.54 (d, J = 7.6 Hz, 1H, ArH), 7.60 (t, J = 7.4 Hz, 1H, ArH). 1 H NMR
spectrum corresponds to literature27.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Transient Absorption Spectroscopy

For the experimental procedures, see Chapter 6.6.3

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

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

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

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

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

Figure 7.10: Transient absorption spectroscopy of ITI 1p in MeOH. The sample was irradiated with a 430
nm light pulse, upon which the spectrum was recorded in steps of 1 ms increasing delay.
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