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Chapter 2

ABSTRACT: The wavelength-selective, reversible photocontrol over various molecular processes
in parallel remains an unsolved challenge. Overlapping ultraviolet-visible spectra of frequently
employed photoswitches have prevented the development of orthogonally responsive systems,
analogous to those that rely on wavelength-selective cleavage of photo-removable protecting
groups. In this chapter, we report the orthogonal and reversible control of two distinct types
of photoswitches in one solution, that is, a donor–acceptor Stenhouse adduct (DASA) and an
azobenzene. The control is achieved by using three different wavelengths of irradiation and a
thermal relaxation process. The reported combination tolerates a broad variety of differently
substituted photoswitches. The presented system is also extended to an intramolecular
combination of photoresponsive units. A model application for an intramolecular combination
of switches is presented, in which the DASA component acts as a phase-transfer tag, while the
azobenzene moiety independently controls the binding to α-cyclodextrin.

2.1

Introduction

Light as an external stimulus has been extensively used in chemistry, biology and material
sciences to control processes and properties in a non-invasive manner with high spatiotemporal precision.1–7 However, as systems grow more complex, this control often needs to
be extended to processes that act simultaneously, using multiple sources of light at different
wavelenghts8 in an orthogonal fashion. When Bochet and co-workers reported the proof-ofprinciple for the irreversible wavelength-selective removal of photolabile protecting groups
(PPGs, Figure 2.1a) in 2000,9,10 it paved the way for numerous impressive applications.8
These include functionalized surfaces,11 hydrogels12 and lithography,13 control of nucleic
acids,14 gene-expression,15,16 regulation of enzyme activity17,18 and interference with neuronal
processes.19 Despite the successful use of this concept, light-mediated uncaging is an
inherently irreversible process,6 which limits future applications towards responsive systems
both in material and life sciences.
On the other hand, the field of molecular photoswitches exploits the reversibility of the
photoswitching process.2,3,20–24 However, the concept of addressing photoactive molecules in
parallel with light of different wavelengths has not been translated from wavelength selective
uncaging of PPGs to independent photoswitching (Figure 2.1b). Such orthogonal control has
great potential for employment in various fields, as many of the above-mentioned applications
used for wavelength-selective uncaging would benefit from the reversibility of activation.
Furthermore, reversible orthogonal photocontrol would enable independent modulation of
different material properties and investigation of complex networks of signalling pathways
in biological systems. The wavelength-selectivity (orthogonality) of the photoswitching
is essential and the lack thereof currently represents a major limiting factor for successful
applications (NB: throughout this chapter we refer to orthogonality as a characteristic of a
system, where each component of the system can be controlled independently and irrespective
of the order of addressing25).
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Figure 2.1 | Comparison of concepts described in this chapter: wavelength-selective uncaging
of photolabile protecting groups (a) and orthogonal photoswitching (b).
Although the idea of combining two different photoswitches in an intermolecular fashion and
addressing them independently may seem simple, its execution remains a major challenge.26
Wavelength selective control was so far confined to irreversible processes likely due to the fact
that many of the most abundantly used photoswitches, such as azobenzenes, diarylethenes
and spiropyrans have overlapping absorption bands in the UV/vis region.2,8 Thus it is difficult
to find spectral regions with large differences in photoswitching efficiency (defined, at a given
wavelength, as a product of extinction coefficient, ε and quantum yield, φ). Moreover, the
possibility of undesirable energy transfer between the chromophores27 can lead to a major
loss of selectivity. In this chapter, we present an orthogonal, intermolecular combination
of two classes of photoswitches and their intramolecular combination as a first-generation
orthogonally addressable, dual functional molecular system. The reported intermolecular
combination of photoswitches is based on a donor–acceptor Stenhouse adduct (Figure 2.2a)
and an azobenzene (Figure 2.2b). Both photoswitches can be independently controlled by
irradiation with light of three different wavelengths and by taking advantage of a thermal
isomerization process. The modular and experimentally robust combination allows for
functionalization of each constituent. A model application for an intramolecular combination
of switches is presented, in which the DASA component acts as a phase-transfer tag, while the
azobenzene moiety independently controls the binding to α–cyclodextrin.

2.2

Results and Discussion

2.2.1 Selection of a compatible photoswitch pair
Defining a photochromically-compatible pair of photoswitches would constitute the first
example of wavelength-selective/orthogonal control of multiple photoswitches in one solution.
For this reason, we aimed to find compatible classes of photoswitches, especially those that
would exhibit a high complementarity in the 300–800 nm spectral region where photoswitches
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normally operate (Figure 2.2). We chose azobenzene photoswitches as one class: they have
been successfully applied in molecular photocontrol,20–24,28–31 are easily accessible and allow
for custom modification, functionalization and spectral fine-tuning. Azobenzenes have their
main absorption bands located between 300 and 500 nm (π–π* and n–π* transitions; Figure
2.2b and c).20,32 We envisioned that the T-type2 donor–acceptor Stenhouse adducts (DASA
1 and DASA 2, Figure 2.1a) could be used as the complementary class,33,34 since they show
very little absorption between 300–500 nm (Figure 2.1a and c).35–37 Due to the fact that the
reverse switching of DASAs is thermally driven,33,34,36,37 three different wavelengths would be
sufficient for wavelength-selective control. Importantly, for the design of orthogonal systems,
one can exploit the tunability of thermal half-lives of the thermodynamically unstable states
of the photoswitches in use. By changing the substitution pattern of azobenzenes, both long
and short thermal half-lives have been attained. Increased thermal stability could be achieved
for example through ortho-substitution.32,38–41 On the other hand, compounds with shortened
thermal half-lives can be obtained by tuning of the electron density, through incorporation
of both electron-donating groups (e.g. –NMe2 and –OMe), electron withdrawing groups
and combinations of both (push-pull systems).42 For the donor–acceptor Stenhouse adducts
a clear relation between half-life and structure has not been determined yet.33,34 However,
it has been shown that changing the acceptor can influence the half-life to some extent.33,34
Methylbarbituric acid-based cyclized DASAs (Figure 2.2a, X = NMe; Y = C=O) are generally
less thermally stable in comparison to the ones based on Meldrum’s acid (Figure 2.2a, X = O;
Y = C(Me)2). Finally, tuning half-lives of switches is often relatively independent of structural
features required for function. This leaves ample space to tune the thermal relaxation rate of
switches to magnitudes needed for different applications.20–24,28–31,43

Figure 2.2 | Orthogonal reversible photoswitching: molecular structures and switching
of donor–acceptor Stenhouse adducts (DASA 1–2, (a)) and azobenzenes (3–6, (b)) with a
conceptual representation of the UV/vis spectra of compound 1 and 3 (c).
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2.2.2 Intermolecular combination of photoswitches
Initially, we studied push-pull azobenzene 3 in combination with DASA 1 (Figure 2.2). DASA
1 was synthesized by opening the activated acceptor 7 with diethyl amine (Scheme 2.1).
Activation of furfural to yield acceptor 7 was achieved with a Knoevenagel condensation of
furfural and 1,3-dimethyl barbituric acid.33,34

2
Scheme 2.1 | Synthesis of DASA 1.
Azobenzene 3 was synthesized by generating the nitroso-compound 844 from the
corresponding aniline followed by a Mills reaction in acetic acid and ethanol (Scheme 2.2).

Scheme 2.2 | Synthesis of azobenzene 3.
The 4’-methoxy-group in azobenzenes increases photostationary states45 (PSS, defined
as the percentage of the thermodynamically unstable isomer that can be produced upon
irradiation at a given wavelength) while the ester moiety represents a handle for convenient
functionalization. The absorption spectrum of the mixture of 1 and 3 is, to a large degree,
a linear combination of the spectra of the separate photoswitches, indicating a low level of
intermolecular energy transfer (Figure 2.3).26
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Figure 2.3 | Reversible photochromism of the dual-photoswitch system (compound 1 and 3;
1: ~4 µM; 3: ~20 µM; toluene; room temperature): (a) Absorption spectra of the individual
photoswitches (trans-3 and open-1) and their combination in solution. (b) Absorption spectra
of the four different states that can be achieved by irradiation in the mixture of 1 and 3 (trans–
open; trans–cyclized; cis–open and cis–cyclized).
Table 2.1 | Overview of molar absorptivities of photoswitches 1 and 3 at relevant wavelengths.
Entry λ [nm]
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open-DASA 1
ε [102 M–1 cm–1]

trans-azobenzene 3
ε [102 M–1 cm–1]

1

360

<3

356.5 ± 4.1

2

365

<3

349.4 ± 4.2

3

370

<3

324.8 ± 4.1

4

430

<3

17.0 ± 0.8

5

445

5.7 ± 1.5

16.7 ± 0.7

6

515

279.7 ± 2.9

4.3 ± 0.7

7

570

1758.0 ± 15.3

<3
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Table 2.2 | Overview of photoswitch characteristics
Entry

Switch

t1/2

λmax [nm]

1

azo 3

>8h

2

azo 4

3

PSS for irradiation at λ = [a]
365

430

590

white light

360 (π–π*)
445 (n–π*)

4:96

70:30

ND

77:23

180 s

434 (π–π*)
374 (n–π*)

ND

ND

ND

ND

azo 5

>8h

320 (π–π*)
436 (n–π*)

32:68[b]

82:18

ND

77:23

4

azo 6

>8h

348 (π–π*)
444 (n–π*)

< 3:97

69:31

ND

76:24

5

DASA 1

37 s

570

ND

ND

< 20:80[c]

< 20:80[c]

6

DASA 2 130 s

545

ND

ND

< 20:80[c,d]

< 20:80[c]

2

[a] trans/cis; ND = not determined; [b] same for 312 nm; [c] open/cyclized; [d] 546 nm.

The combination of photoswitches 1 and 3 showed a remarkably high level of wavelengthselectivity, apparent in UV/vis spectra and reversible photochromism plots (Figure 2.4 and
2.5). Irradiation of azobenzene 3 led to a selective, nearly quantitative trans–cis isomerization
(λ = 370 nm, irradiation 1, Figure 2.4), which proceeds with a quantum yield of φ = 0.15.
The relatively long half-life of the cis-isomer of azobenzene 3 (t1/2> 8 h; Table 2.2) makes it
thermally stable on the time-scale of the experiment (< 1 h). Irradiation of the cis-3 isomer (λ
= 430 nm, irradiation 2, Figure 2.4) allowed selective cis–trans isomerization without affecting
photoswitch 1. DASA 1 could be selectively cyclized by longer wavelength irradiation (λ = 590
nm, irradiation 3, Figure 2.4), without affecting the azobenzene, after which it showed a short
thermal half-life for cycloreversion (37 s at room temperature; Table 2.2). DASA 1 can also be
switched selectively (irradiation 5, Figure 2.4) without affecting the azobenzene 3 after it has
been switched to the cis-isomer (irradiation 4, Figure 2.4). By using a broad-spectrum visible
light source (white light), both switches could be addressed at the same time (irradiation 6,
Figure 2.5) and different combinations of PSS could be attained by adjusting the irradiation
intensity and/or duration of irradiation (irradiations 7–12, Figure 2.5). Moreover, this
intermolecular combination operates successfully throughout a large concentration range.
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Figure 2.4 | Orthogonal control of a mixture of photoswitches: proof-of-concept for the
reversible and orthogonal photocontrol in a mixture of DASA 1 (—) and azobenzene 3 (- - -).
The orthogonal photoswitching of both compounds in one solution (1: ~4 µM; 3: ~20 µM;
toluene, room temperature) was monitored at characteristic wavelengths for each photoswitch
(λ = 360 nm for 3 and λ = 570 nm for 1). Steps 1–5 indicate distinct irradiation experiments.
Colored areas indicate different wavelengths of irradiation. The colored bar below the figure
indicates the different states of the photoswitches. The structure of photoswitches and their
corresponding photostationary states (determined by 1H-NMR and UV/vis spectroscopy) are
given for the different states during photoswitching.
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Figure 2.5 | Orthogonal photoswitching of a mixture of compound 1 and 3 (1: ~4 µM; 3:
~20 µM; toluene; room temperature) monitored at characteristic wavelengths for each
photoswitch (λ = 360 nm for 3 and λ = 570 nm for 1). Wavelengths of irradiations are indicated.
In summary, in a mixture of photoswitches 1 and 3 (Figure 2.2), azobenzene 3 could be
selectively switched from trans to cis (irradiation 1) and back from cis to trans (irradiation 2).
The same applies for DASA photoswitch 1, which could be selectively cyclized (irradiation 3)
and then relaxed back to its thermally stable state. It is important to note that full chromatic
orthogonality was observed because both states of 1, as well as the thermal relaxation process,
were not affected by light pulses that address 3 (irradiations 1, 2, and 4). Similarly, both states
of 3 were not affected by light pulses addressing 1 (irradiations 3 and 5).

2.2.3 Structural scope of photoswitches
Subsequently, we investigated if other azobenzenes could be used in a two-switch system
with compound 1. Towards that end, azobenzenes 4–6 (Figure 2.6, Table 2.2) were selected.
These photochromes are not only structurally diverse, but they also exhibit largely different
functional characteristics: the λmax of 4 is bathochromically shifted,20,38–42 whereas λmax of 5 and
6 are hypsochromically shifted (Figure 2.6, Table 2.2) as compared to compound 3. Moreover,
they differ markedly in the half-lives of their thermally unstable cis-isomers as compared to
3, with a shortened half-life for 4,20,32,38–42 comparable half-life for 6 and a longer half-life for
520 (Table 2.2). All combinations of DASA 1 with azobenzenes 3, 4, 5 or 6 showed chromatic
orthogonality, thus showing the tolerance of this photoswitch combination towards structural
modification of the azobenzene core with functionally different behaviour.
We then investigated possibilities for structural diversity of DASAs that can be incorporated
in an orthogonal switching system with azobenzenes. In principle, changing the acceptor part
of this photochromic compound affects the absorption maximum and thermal half-life, while
the dialkylamine donor moiety has little influence on λmax, affecting only its solubility.33,34 DASA
59
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Figure 2.6 | Structural scope of photoswitches: structural scope of DASAs (1 and 2) and
azobenzenes (3–6): Overlay of the UV/vis absorption spectra of compound 1–6 (compound 1
and 2: ~4 µM; compounds 3–6: ~20 µM; toluene; room temperature) with their corresponding
absorption maxima.
2 (Figure 2.6), with a Meldrum’s acid-derived acceptor moiety, shows a hypsochromically
shifted absorption maximum (Figure 2.6, Table 2.2) and its cyclized form exhibits a longer
half-life (~130 s), when compared to that of DASA 1.33,34 We selected azobenzene 6 (Figure
2.6) to study the orthogonality of photoswitching in solution since it is compatible with DASA
2 (scheme 2.3) due to its hypsochromically shifted π–π* absorption band (Figure 2.6, Table
2.2). Gratifyingly, both switches 2 and 6 can also be selectively addressed in parallel with
light of different wavelengths (Figures 2.7 and 2.8). The flexibility with regard to the DASA
photoswitch highlights the robustness and modularity of the photoswitch combination and
bodes well for versatile use in different applications.

Scheme 2.3 | Synthesis of DASA 2.
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Figure 2.7 | Reversible photochromism of the two-photoswitch system (compound 2 and 6;
2: ~4 µM; 6: ~15 µM; toluene; room temperature): (a) Absorption spectra of the individual
photoswitches (trans-6 and open-2) and their combination in a solution. (b) Absorption
spectra of the four different functional states that can be achieved by irradiation in the mixture
of 2 and 6 (trans–open; trans–cyclized; cis–open and cis–cyclized).

Figure 2.8 | Orthogonal photoswitching of a mixture of compound 2 and 6 (2: ~4 µM; 6:
~15 µM; toluene; room temperature) monitored at characteristic wavelengths for each
photoswitch (λ = 348 nm for 6 and λ = 545 nm for 2). Wavelengths of irradiations are indicated.
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2.2.4 Orthogonal photoswitching in an intramolecular system
Apparently, loss of selectivity through energy-transfer did not pose a problem for the
intermolecular system described thus far, even at high concentrations up to ~80 µM (1)
and ~400 µM (3). Therefore, the reversible photocontrol in the intermolecular case is purely
dependent on the spectral properties of the two photoswitches involved. For an intramolecular
combination, on the other hand, linker-design, geometry and distance of the photochromes
becomes more important.26 While intramolecular energy transfer between chromophores
can drastically reduce the switching selectivity,8,26,27 it can be partially controlled by adjusting
the lifetime of the photo–excited state and/or by changing the design of the linker.8,26,27
Furthermore, properties that arise from energy transfer and the interplay of the combination
of two photoswitches can sometimes be desired. This is the case for example in molecular
logics,26,46–49 where such hybrid multiswitches (or multiphotochromes) allow (sequential)
access to multiple different states,46,47 usually in combination with external stimuli other than
light.50–57
To probe whether the level of selectivity of the intermolecular combination could be retained
in the intramolecular system, or whether new properties could be observed, we combined an
azobenzene and a DASA photoswitch into a single molecule. Towards that end, compounds
10 and 11, which differ only in the length of the linker, were synthesized (Scheme 2.4):
diazotization of 4'-aminoacetanilide and quenching with phenol under basic conditions
lead to azobenzene 12. Alkylation of the free phenol with the dibromo-alkyl linker yielded
azobenzene 13/14. Nucleophilic substitution of the therminal bromine with ethylamine
installed a secondary amine (15/16) used to generate the DASA moiety in 10/11 through
reaction with barbituric acid activated furan.
With compound 10 and 11 in hand, the selectivity of their photoresponsiveness was evaluated
and compared to the photoswitching of their respective intermolecular combination
(Figure 2.9 and 2.10). Both intermolecular combinations show orthogonal photoswitching.
Importantly, for the intramolecular combination the selective switching of the azobenzene
moiety is retained. However, irradiation with λ = 590 nm not only switched the DASA moiety
but also affected, to some extent, the azobenzene part in both 10 and 11. Generally, improved
selectivity was observed with the elongated linker unit (from –(CH2)4– to –(CH2)12–). In
compound 10 (shorter linker), irradiation at λ = 370 nm (Figure 2.9) does partially affect
the DASA moiety, which is not observed for compound 11 (longer linker, Figure 2.10).
Interestingly, compound 11 shows a slight decrease in addressability of exclusively the DASAphotoswitch with irradiation at λ = 590 nm, but not with white light (Figure 2.10). No such
effect is observed for the compound with the shorter linker (compound 10).
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Scheme 2.4 | Synthesis of compounds 10 and 11 used to probe the chromatic selectivity in
intramolecular photoswitching.
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Photoswitch 15
Photoswitch 1
Mixture
PSS 430 nm

trans-open
trans-cyclize
cis-cyclized
cis-open

c) Intermolecular
15 (at 365 nm)

1 (at 570 nm)

d) Intramolecular
10 (at 365 nm)

10 (at 570 nm)

Figure 2.9 | Photoswitching of 10 and its constituents 1 and 15: a) absorption spectra of
the individual photoswitches (trans-15 and open-1: ~4 µM; 15: ~10 µM; toluene; room
temperature) and their combination in a solution; b) absorption spectra of the four different
functional states that can be achieved by irradiation in the mixture of compounds 1 and 15
(trans–open; trans–cyclized; cis–open and cis–cyclized); c) orthogonal photoswitching of a
mixture of compound 1 and 15 (1: ~4 µM; 15: ~10 µM in toluene); d) photoswitching of
compound 10 (~4 µM in toluene). Monitored characteristic wavelengths for each photoswitch
and wavelengths of irradiations are indicated.
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AcHN
N

N

N

O
OH
N

O

11

6

O

AcHN
N

Photoswitch 16
Photoswitch 1
Mixture
PSS 430 nm

O
OH

N

16

O
N

O

NH
6

N

N

O
N

1

2

O

trans-open
trans-cyclized
cis-cyclized
cis-open

c) Intermolecular
16 (at 365 nm)

1 (at 570 nm)

d) Intramolecular
11 (at 365 nm)

11 (at 570 nm)

Figure 2.10 | Photoswitching of 11 and its constituents 1 and 16: a) absorption spectra of
the individual photoswitches (trans-16 and open-1; 1: ~4 µM; 16: ~20 µM; toluene; room
temperature) and their combination in a solution; b) absorption spectra of the four different
functional states that can be achieved by irradiation in the mixture of 1 and 16 (trans–open;
trans–cyclized; cis–open and cis–cyclized); c) orthogonal photoswitching of a mixture of
compound 1 and 16 (1: ~4 µM; 16: ~20 µM in tolueene; d) photoswitching of compound
11 (~4 µM in toluene). Monitored characteristic wavelengths for each photoswitch and
wavelengths of irradiations are indicated.
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2.2.5 Model application in modulation of phase transfer and
supramolecular interactions
We proceeded to apply this intramolecular system for controlling the location and the
function of the molecule. Previously reported extraction experiments of DASA molecules33,34
established the potential of DASAs as a phase-transfer tag.34,37 Reversible photoswitching
of DASAs is only observed in aromatic solvents. Polar protic solvents (as e.g. methanol or
water) stabilize DASA’s zwitterionic cyclized state, whereas halogenated solvents favor the
elongated triene structure. In a biphasic solvent system, photoswitching results in formation
of the hydrophilic zwitterionic cyclized form and phase-transfer to the aqueous layer.34 We
envisioned exploiting this behavior to transport photoswitchable cargo, i.e. an azobenzene.
On an independent level of photocontrol, the isomerization of the azobenzene could be
used to manipulate a certain function, for example the well-known host-guest binding to
cyclodextrins (CDs, especially α-CD).58–61

365 nm
trans-open 11

VIS

430 nm

cis-open 11

trans-cyclized 11

Toluene
Phase-Transfer

Aqueous Layer (pH = 9)

365 nm

430 nm or VIS

α-cyclodextrin

cis-cyclized 11

Figure 2.11 | Design principle of switchable and dynamic phase transfer: schematic outline of
the application of light-controlled guest 11 with light-controlled phase-transfer properties:
compound 11 (trans-open) is soluble in toluene. Irradiation with λ = 365 nm (trans-cis
isomerization) and λ = 430 nm (cis-trans isomerization) controls the state of the azobenzene.
Cyclization of the DASA moiety with visible light results in phase-transfer of compound 11.
In the aqueous layer (pH ≥ 9), the azobenzene binds the water-soluble α-CD in its trans-state,
but not the cis-state.
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A model system with dual functionality was thus devised (Figure 2.11) in which the
DASA moiety of 11 controls the phase where the molecule resides (location), whereas the
azobenzene moiety controls the supramolecular binding to α-CD (function). In toluene, the
azobenzene moiety of compound 11 could be switched selectively between trans- and cisforms. Upon cyclization of the DASA moiety, phase-transfer of compound 11 to the aqueous
layer is expected. In the aqueous layer, the photocontrol of the azobenzene moiety would
allow control over binding to the water-soluble α-CD.
Towards that end, we first set out to establish dynamic phase-transfer within an intermolecular
system. The combination of azobenzene 3 and DASA-analogue 17 shows orthogonality in
photoswitching and selective phase-transfer of the DASA-moiety upon irradiation. Notably,
the photoswitching proved independent of the order of irradiation as was show-cased by
using different irradiation sequences (samples A and B, Figure 2.12).
We then established the phase-transfer behavior of DASA in the intramolecular system 11
(Figure 2.13). Inspired by traditional logPI(oct/wat) measurements,62 a functional phase-transfer
system was designed to operate at pH 9 (using a saturated aqueous NaHCO3-solution to
adjust the pH; Figure 2.13). The extraction experiment described in figure 2.13 establishes the
photoswitching and light-controlled phase-transfer behavior of compound 11. Compound
11 is dissolved in toluene and the organic layer is underlayed with water (pH 9). Upon
irradiation of the biphasic mixture (stage I, Figure 2.13) with λ = 365 nm, the azobenzene
part of 11 is selectively switched, as can be observed by UV/vis spectroscopy (stage II, Figure
2.13). Subsequent irradiation with white-light results in a successful phase-transfer of 11 to
the aqueous layer (stage III, Figure 2.13). Separation of the biphasic mixture and addition
of dichloromethane to the aqueous phase results in back-extraction and recoloration of the
organic solution (stage IV, Figure 2.13), taking advantage of the short half-life of the DASA
1-type moiety. Importantly, the geometry of the azobenzene moiety can be controlled without
affecting the DASA moiety in the organic phase (Figure 2.13). Isolation of phase-transferred
compound 11 and photoswitching in water (pH ≥ 9, K2CO3) established reversibility with
negligible fatigue of the azobenzene moiety in the basic aqueous phase.
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c)

365 nm → 430 nm → 590 nm → back-extraction

2

Figure 2.12 | Dynamic phase transfer of a mixture of azobenzene 3 and DASA 17 in toluene/
water. Two samples A and B were subjected to different irradiation sequences (A: 365 nm →
590 nm → 430 nm → back-extraction; B: 365 nm → 430 nm → 590 nm → back-extraction) and
the process was monitored by color (a) and UV/vis spectroscopy (b) and is conceptualized
in (c). a) The switching process can be monitored by phase-color (3: 500 μM; 17: 100 μM;
toluene/water; room temperature). b) UV/vis absorption spectra of both the organic and
aqueous layer (at stages i to v) (3: 20 μM; 17: 4 μM; toluene/water; room temperature). c) The
presence of compounds 3 and 17 in the different phases is schematically depicted.
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Figure 2.13 | Demonstration of light-controlled phase transfer: dynamic phase transfer of
compound 11 in a toluene/aqueous NaHCO3 (pH = 9) mixture. The independent switching
and phase-transfer events can be monitored by phase-color (a) and UV/vis spectroscopy (b).
Stage I: initial conditions, compound 11 resides in the organic phase (purple color). Stage II:
the azobenzene part of compound 11 was switched with irradiation at λ = 365 nm. The DASA
part remains untouched. Stage III: irradiation with white light results in the cyclization of
the DASA moiety, decoloration and phase-transfer of compound 11. Stage IV: separating the
layers and back-extraction of the aqueous layer with dichloromethane results in back-transfer
of compound 11 to the organic phase, as can be observed by the recoloration of this phase
(purple color). The presence of compounds in the different phases is schematically depicted
(c).
Having established the light-induced phase-transfer of compound 11 through DASAcyclization (light-control of location), we studied the possibility of controlling host-guest
binding of compound 11 in water (light-control of function). Cyclodextrins are well-known
as host-molecules with a multitude of studied guest-molecules.58,59,61 α-CD binds transazobenzenes high affinity, but cis-azobenzenes with low affinity.60,63
Compound 11 was isolated after phase-transfer and was then subjected to binding studies
with α-CD in water (pH ≥ 9).58 A clear change in the absorption spectrum upon titration
of the host was observed for the thermally adapted compound 11, indicating the binding of
trans-azobenzene moiety of 11 to α-CD (Figure 2.14). For irradiated samples, this effect was
markedly reduced, suggesting a much weaker binding of the cis-azobenzene moiety of 11 to
α-CD. Photoswitching is retained even in the bound state, where interestingly different PSS
values are observed. Thus, by switching the azobenzene moiety, the affinity for the α-CD host
can be tuned (Figure 2.14).
Overall, the azobenzene moiety of compound 11 can be independently controlled by light in
the organic phase with irradiation at λ = 365 nm (trans-cis isomerization) and λ = 430 nm
(cis-trans isomerization). Upon switching of the DASA moiety with white light, compound
11 undergoes phase-transfer to the basic aqueous layer. Herein, the trans-azobenzene moiety
binds to α-CD more strongly than the cis-azobenzene one. Compound 11 can be recovered
from the aqueous layer by back-extraction to dichloromethane. In summary, compound 11
incorporates the two independently photocontrolled, functionally different capabilities for (i)
phase-transfer, induced by DASA cyclization and (ii) host-guest binding, dependent on the
geometry of the azobenzene moiety.
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Figure 2.14 | Binding between azobenzene and α-CD: binding studies on the host-guest binding
of α-CD and compound 11: titration of α-CD to an aqueous solution (pH ≥ 9) of compound
11 (11 µM). A clear change of the absorption spectrum is observed indicating binding of the
trans-azobenzene moiety of 11 (a). Binding is significantly reduced in a photostationary state
reached under 365 nm irradiation (inducing trans-cis isomerization, b).

2.3

Conclusion

In conclusion, an intermolecular two-switch system consisting of a DASA and an azobenzene
was developed by rational, spectrum-guided design. The robustness of the photoswitch
combination is illustrated by the compatibility of differently substituted azobenzenes, as
well as donor–acceptor Stenhouse adducts. The flexibility in functional group substitution
emphasizes the generality and modularity of this approach and may potentially also allow
combination with other classes of photoswitches or PPGs. Furthermore, control of thermal
relaxation allows specific tailoring of the switch to the needs of the system. Recent nonorthogonal applications of independent switches in the same solution highlight the great
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potential of our approach.64–69 The intramolecular photoswitching extends the applicability
of this combination, which was exemplified by a dual functional molecule where both the
binding to α-CD and phase-transfer can be controlled with different wavelengths of light.
The intramolecular combination shows interesting switching behaviour dependent on the
linker length. The presented study reports levels of orthogonal selectivity that are unparalleled
both for wavelength-selective uncaging8 and multiphotochromes.26 It represents a major step
towards the development of future orthogonal and reversible photoswitchable tools that can
be used for non-invasively interfering with and the manipulation of multifunctional molecular
systems. Future research should focus on overcoming the strong solvent-dependence of
the photoswitching of the donor–acceptor Stenhouse adducts and establishing orthogonal
switching in the near infra-red region of the spectrm.38–41
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2.6

Experimental Data

2.6.1 Materials and Methods
For the general methods section, please refer to section A, Materials and Methods. For further
details, please refer to the supporting information of the published article (DOI: 10.1038/
ncomms12054).
Chemicals: Furfural, diethylamine, di-n-butylamine, ethylamine solution (2 M in THF),
oxone (monopersulfate compound), anisidine, N,N-dimethylaniline, 1,4-dibromobutane,
1,12-dibromododecane and methyl 4-aminobenzoate were purchased from Sigma
Aldrich. 1,3-Dimethylbarbituric acid and azobenzene were purchased from TCI Europe.
4-Aminoacetanilide was purchased from Acros Organics. 4-Methoxyazobenzene was
purchased from Combi-Blocks.
Determination of quantum yields: The quantum yield (φ370) for the photoswitching process
of compound 3 at wavelengths λ = 370 nm (trans-cis; MARL 260019 UV EMITTER, TO46, 100DEG) was determined in toluene (58.3 µM) at room temperature. The determined
value is a result of triplicate measurements. The switching process was followed by UV/vis
spectroscopy and the change in absorbance determined at λmax = 360 nm. Care was taken
that the toluene solution containing 3 absorbs ≥ 95% of the incident light (Absorbance ≥
1.98). Furthermore, short irradiation times were used to keep conversions low (~10%, linear
regime of Δt and ΔA). The incident light intensity was determined using standard ferrioxalate
actinometry70 under identical irradiation conditions (Reference value: φact,365.6 = 1.21). The
quantum yield was determined as φ = 0.15.
Photoswitching experiments: Each mixture of compounds was analysed by measuring UV/
vis spectra of the different accessible states and by kinetic measurement of the time-dependent
reversible photochromism. Henceforth, each photoswitch was followed at its absorption
maximum (λmax). Importantly, samples were irradiated during measurements at a ~90° angle
to the light-path of the UV/vis spectrometer.

2.6.2 Synthesis and Characterization
Synthesis of donor-acceptor Stenhouse adduct (DASA, 1):33,34

Compound 7 has been prepared according to a reported procedure.33 Spectral properties
matched previously reported values.
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5-((2Z,4E)-5-(diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (1):33

7 (234 mg, 1.00 mmol) was suspended in tetrahydrofuran (10 mL). Subsequently, diethylamine
(104 µL, 1.00 mmol) was added to the suspension at room temperature, followed by water
(few drops). The reaction mixture was stirred for 30 min at room temperature. The color of
the reaction mixture turned dark purple.
Upon consumption of the starting material (TLC), additional tetrahydrofuran (10 mL)
was added and the product was precipitated from the reaction mixture with cold pentane.
Compound 1 was filtered to obtain dark purple crystals (275 mg, 89% yield) that can be
further purified by recrystallization from warm acetonitrile, if needed. Mp. 141–142 °C;
1
H NMR (400 MHz, CDCl3) δ 1.31 (t, J = 7.2 Hz, 3H, NCH2CH3), 1.34 (t, J = 7.2 Hz, 3H,
NCH2CH3), 3.34 (s, 3H, NCH3), 3.35 (s, 3H, NCH3), 3.48 (q, J = 7.2 Hz, 2H, NCH2CH3), 3.50
(q, J = 7.4 Hz, 2H, NCH2CH3), 6.07 (t, J = 12.4 Hz, 1H, vinylH), 6.75 (dd, J = 12.3, 1.5 Hz, 1H,
vinylH), 7.15 (s, 1H, vinylH), 7.22 (d, J = 12.3 Hz, 1H, vinylH), 12.54 (s, 1H, OH); 13C NMR
(101 MHz, CDCl3) δ 12.5, 14.7, 28.4, 28.6, 44.2, 51.9, 98.7, 102.7, 139.5, 146.7, 151.1, 152.1,
156.4, 163.5, 165.2; HRMS (ESI+) calc. for C15H22N3O4 [M + H]+: 308.1608, found: 308.1605
Synthesis of donor-acceptor Stenhouse adduct (DASA, 2):33

Compound 9 has been prepared according to a reported procedure.33 Spectral properties
matched previously reported values.
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5-((2Z,4E)-5-(diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-2,2-dimethyl-1,3dioxane-4,6-dione (2):33

9 (1.00 g, 4.50 mmol) was suspended in tetrahydrofuran (10 mL). Subsequently, diethylamine
(465 µL, 4.50 mmol) was added to the suspension at room temperature, followed by water
(few drops). The reaction mixture was stirred for 10 min at room temperature and 20 min at
0 °C. The color of the reaction mixture turned dark purple. Upon cooling, a precipitate was
formed which was then collected by filtration and washed with cold diethyl ether and cold
pentane and dried. The final product 2 was obtained as dark red crystals (1.08 g, 81% yield).
Mp. 132–134 °C; 1H NMR (400 MHz, CDCl3) δ 1.29 (t, J = 7.3 Hz, 3H, NCH2CH3), 1.33 (t, J
= 7.2 Hz, 3H, NCH2CH3), 1.70 (s, 6H, C(CH3)2), 3.49 (q, J = 7.2 Hz, 4H, 2 x NCH2CH3), 6.05
(t, J = 12.3 Hz, 1H, vinylH), 6.73 (dd, J = 12.4, 1.5 Hz, 1H, vinylH), 7.28 (d, J = 12.3 Hz, 1H,
vinylH), 11.41 (s, 1H, OH); 13C NMR (101 MHz, CDCl3) δ 12.4, 14.6, 26.8, 44.2, 52.0, 90.6,
102.4, 103.5, 139.0, 145.0, 151.5, 157.2, 165.4, 167.2; HRMS (ESI+) calc. for C15H22NO5 [M +
H]+: 296.1493, found: 296.1496.
Synthesis of compound 3:44,72,

Compound 8 has been prepared according to a reported procedure.44 Spectral properties
matched previously reported values.
Methyl (E)-4-((4-methoxyphenyl)diazenyl)benzoate (3):

To a solution of methyl 4-nitrosobenzoate (8, 1.00 g, 6.10 mmol) in EtOH (10 mL) was added
4-methoxyaniline (0.75 g, 6.10 mmol) and glacial acetic acid (10 mL). The reaction mixture
was stirred at room temperature for 16 h.
After consumption of the substrates (as assessed by TLC), water (20 mL) was added and the
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aqueous phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts were
washed subsequently with 1M aq. HCl-solution (20 mL), sat. aq. NaHCO3-solution (20 mL),
water (20 mL) and sat. aq. NaCl-solution (20 mL) and were dried over MgSO4, filtered and
concentrated in vacuo. Recrystallization from hot EtOAc furnished compound 3 as bright
orange crystals (1.39 g, 85% yield). Mp. 165–167 °C; 1H NMR (400 MHz, CDCl3) δ 3.90 (s,
3H, OCH3), 3.95 (s, 3H, CO2CH3), 7.03 (d, J = 8.9 Hz, 2H, ArH), 7.91 (d, J = 8.5 Hz, 2H, ArH),
7.95 (d, J = 9.0 Hz, 2H, ArH), 8.17 (d, J = 8.5 Hz, 2H, ArH); 13C NMR (101 MHz, CDCl3)
δ 52.4, 55.8, 114.5, 122.5, 125.3, 130.7, 131.3, 147.1, 155.5, 162.8, 166.8; HRMS (ESI+) calc.
for C15H15N2O3 [M + H]+: 271.1077, found: 271.1081. Spectral properties matched previously
reported values.73
Characterization in toluene-d8:
trans-3: 1H NMR (400 MHz, toluene-d8) δ 3.24 (s, 3H), 3.52 (s, 3H), 6.71 (d, J = 9.0 Hz, 2H),
7.90 (d, J = 8.8 Hz, 2H), 7.97 (d, J = 8.9 Hz, 2H), 8.14 (d, J = 8.8 Hz, 2H).
cis-3: 1H NMR (400 MHz, toluene-d8) δ 3.09 (s, 3H), 3.44 (s, 3H), 6.35 (d, J = 8.9 Hz, 2H), 6.56
(d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 7.82 (d, J = 8.5 Hz, 2H).
Methyl (E)-4-((4-(dimethylamino)phenyl)diazenyl)benzoate (4):

To a solution of methyl-4-aminobenzoate (300 mg, 2.00 mmol) in aq. 1M HCl (10 mL) was
added drop-wise a solution of NaNO2 (138 mg, 2.00 mmol) in H2O (1.0 mL) on ice. This
solution was stirred for 15 min at room temperature. The resulting mixture was slowly added
to a solution of N,N-dimethylaniline (242 mg, 2.00 mmol) and NaOAc (57.0 mg, 0.70 mmol)
in EtOH (10 mL) in an ice-water bath. Upon addition, the reaction mixture turned dark
red and it was subsequently stirred for 1h in an ice-water bath and 1h at room temperature.
CH2Cl2 (50 mL) was added to the reaction mixture and the layers were separated and the
aqueous layer extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were washed
with H2O (50 mL), aq. 0.1 M HCl-solution (50 mL) and sat. aq. NaCl-solution (2 x 50 mL)
and dried over MgSO4, filtered and concentrated in vacuo. Recrystallization from acetonitrile
yielded 4 as bright red crystals. (250 mg, 45%). Mp. 183–184 °C; 1H NMR (400 MHz, CDCl3)
δ 3.11 (s, 6H, N(CH3)2), 3.94 (s, 3H, OCH3), 6.76 (d, J = 9.2 Hz, 2H, ArH), 7.87 (d, J = 8.5 Hz,
2H, ArH), 7.91 (d, J = 9.1 Hz, 2H, ArH), 8.14 (d, J = 8.6 Hz, 2H, ArH); 13C NMR (101 MHz,
CDCl3) δ 40.4, 52.3, 111.7, 122.1, 125.7, 130.2, 130.7, 143.8, 153.0, 167.0; HRMS (ESI+) calc.
for C16H18N3O2 [M + H]+: 284.1394, found: 284.1395.
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Synthesis of compound 10:

(E)-4-(4’-hydroxyphenylazo)acetanilide (12, following a literature procedure):

To an ice-cold solution of 4-amino-acetanilide (1.35 g, 9.00 mmol, 1.04 equiv.) in aq. 6N HCl
(9.0 mL) was added drop-wise a solution of NaNO2 (635 mg, 9.20 mmol, 1.02 equiv.) in water
(2.0 mL), followed by a few crystals of urea. The resultant yellow mixture was added slowly
to a cooled (ice-water bath) solution of phenol (828 mg, 8.80 mmol, 1.00 equiv.) and NaOH
(1.70 g, 42.5 mmol, 4.70 equiv.) in water (6.0 mL). After 2h, the mixture was allowed to warm
to room temperature and was acidified with 30% aq. HCl to pH = 6. The resultant precipitate
was filtered off, washed with water and dried, furnishing product 12 (1.79 g, 80%) as a brown
solid. 1H NMR (400 MHz, DMSO-d6): δ 2.07 (s, 3H, CH3CO), 6.91 (d, J = 8.0 Hz, 2H, ArH),
7.71-7.90 (m, 6H, ArH), 10.19 (s, 1H, NH). Spectral properties matched previously reported
values.74

78

Orthogonal Photoswitching in a Multifunctional Molecular System

(E)-N-(4-((4-(4-bromobutoxy)phenyl)diazenyl)phenyl)acetamide (13):

A solution containing (E)-4-(4’-hydroxyphenylazo)acetanilide (12, 255 mg, 1.00 mmol),
1,4-dibromobutane (2.00 mL, 17.0 mmol, 17.0 equiv.), potassium carbonate (276 mg,
2.00 mmol, 2.00 equiv.) and potassium iodide (17 mg, 0.10 mmol, 0.10 equiv.) in acetone
(10 mL) was heated under reflux for 2.5h. The reaction mixture was diluted with EtOAc
(100 mL), washed with 1N aq. HCl (2 x 100 mL), sat aq. NaHCO3 (100 mL) and sat. aq.
NaCl solution (100 mL) and dried over MgSO4. Solvents were partially evaporated, and the
product was precipitated with pentane, to give 13 (310 mg, 80% yield) as an orange solid. Mp.
172–174 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.75–1.96 (m, 4H, BrCH2CH2CH2), 2.08 (s,
3H, CH3CO), 3.60 (t, J = 6.8 Hz, 2H, BrCH2), 4.09 (t, J = 6.4 Hz, 2H, OCH2), 7.08 (d, J = 8.0
Hz, 2H, ArH), 7.70-7.85 (m, 6H, ArH), 10.23 (s, 1H, NH); 13C NMR (101 MHz, DMSO-d6): δ
24.6, 27.8, 29.5, 35.2, 67.5, 115.4, 119.5, 123.7, 124.7, 142.2, 146.6, 147.9, 161.4, 169.1; HRMS
(ESI+) calc. for C18H21BrN3O2: 392.0797, found: 392.0783.
(E)-N-(4-((4-(4-(ethylamino)butoxy)phenyl)diazenyl)phenyl)acetamide (15):

(E)-N-(4-((4-(4-bromobutoxy)phenyl)diazenyl)phenyl)acetamide (13, 195 mg, 0.50 mmol)
was added to ethylamine (2M in THF, 5.0 mL) and the resulting solution was stirred at room
temperature for 16 h. The reaction mixture was added to 1N aq. HCl (50 mL) and the resulting
mixture was washed with EtOAc (50 mL). The aqueous phase was alkalized with aq. KOH
solution to pH > 10. The product was extracted with EtOAc (2 x 70 mL). The organic phase
was dried (MgSO4) and the solvent was evaporated. The product was recrystallized from hot
Et2O to furnish 15 (60 mg, 34%) as an orange powder. Mp. 114–116 °C; 1H NMR (400 MHz,
CDCl3): δ 1.13 (t, J = 7.2 Hz, 3H, CH3CH2), 1.60–1.90 (m, 5H, OCH2CH2CH2, CH2NH), 2.20
(s, 3H, CH3CO), 2.65–2.75 (m, 4H, CH2NHCH2), 4.05 (t, J = 6.4 Hz, 2H, OCH2), 6.97 (d, J
= 8.4 Hz, 2H, ArH), 7.58 (br s, 1H, AcNH), 7.64 (d, J = 8.4 Hz, 2H, ArH), 7.84–7.88 (m, 4H,
ArH); 13C NMR (101 MHz, DMSO-d6): δ 15.6, 24.6, 26.4, 27.0, 43.9, 49.2, 68.4, 115.4, 119.5,
123.6, 124.7, 142.2, 146.6, 147.9, 161.5, 169.1; HRMS (ESI+) calc. for C20H27N4O2: 355.2129,
found: 355.2126.

79

2

Chapter 2

N-(4-((E)-(4-(4-((5-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)-4hydroxypenta-1,3-dien-1-yl)(ethyl)amino)butoxy)phenyl)diazenyl)phenyl)acetamide
(10):

(E)-N-(4-((4-(4-(ethylamino)butoxy)phenyl)diazenyl)phenyl)acetamide (15, 18 mg,
51 µmol) was suspended in tetrahydrofuran (0.5 mL). 5-(Furan-2-ylmethylene)-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (7, 13 mg, 56 µmol, 1.10 equiv.) was subsequently
added to the suspension at room temperature, followed by H2O (three drops). The reaction
mixture was stirred for 60 min at room temperature resulting in a dark purple solution.
Upon consumption of the starting material (1H NMR), the reaction mixture was diluted with
tetrahydrofuran (3.0 mL) and addition of cold pentane (100 mL) to the solution resulted in
deposition of product 7 on the walls of the flask. The product was washed subsequently with
cold pentane (3 x 10 mL) and diethylether (3 x 10 mL) to furnish 10 (25.2 mg, 84% yield) as a
mixture of protomers, which was observed before for donor-acceptor Stenhouse adducts.33,34
1
H NMR (400 MHz, CDCl3): δ 1.29 and 1.31 (two t, J = 7.2 Hz, 3H; NCH2CH3, 6), 1.73–1.94
(m, 4H; OCH2CH2CH2, 2–3), 2.21 (s, 3H, CH3CO), 3.36 (s, 6H, 2 x NCH3), 3.45 (m, 4H;
CH2NCH2, 4, 6), 4.03 (m, 2H; OCH2, 1), 6.01 and 6.04 (two t, J = 12.3 Hz, 1H, vinylH), 6.60
(dd, J = 22.4, 12.3 Hz, 1H, vinylH), 6.90–6.99 (m, 2H, ArH), 7.06–7.20 (m, 2H, vinylH),
7.65–7.73 (m, 2H, ArH), 7.84–7.90 (m, 4H, ArH), 12.47 and 12.63 (two s, 1H, OH); 13C NMR
(101 MHz, CDCl3): δ 12.4, 14.7, 24.3, 24.9, 26.1, 26.2, 26.6, 28.4, 28.6, 44.3, 49.0, 52.2, 57.0,
67.4, 67.5, 98.8, 102.6, 102.8, 114.7, 114.8, 114.8, 115.3, 119.9, 123.7, 123.8, 124.7, 124.8, 139.6,
140.4, 140.5, 146.6, 146.7, 147.3, 147.3, 149.1, 149.1, 149.1, 150.9, 151.0, 152.0, 156.7, 156.9,
160.9, 161.0, 163.6, 163.6, 165.2, 168.7; HRMS (ESI+) calc. for C31H37N6O6: 589.2769, found:
589.2752.
Synthesis of compound 11:
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(E)-N-(4-((4-((12-bromododecyl)oxy)phenyl)diazenyl)phenyl)acetamide (14):

A solution containing (E)-4-(4’-hydroxyphenylazo)acetanilide (12, 127 mg, 0.50 mmol),
1,12-dibromododecane (2.61 g, 8.00 mmol, 16.0 equiv.), potassium carbonate (138 mg,
1.00 mmol, 2.00 equiv.) and potassium iodide (8.3 mg, 0.05 mmol, 0.10 equiv.) in acetone
(5.0 mL) was heated under reflux for 3 h. The reaction mixture was diluted with EtOAc
(100 mL), washed with 1N aq. HCl solution (2 x 100 mL), sat aq. NaHCO3 solution (100 mL)
and sat. aq. NaCl solution (100 mL) and dried over MgSO4. Volatiles were partially evaporated,
and the product was precipitated with pentane, to give 14 (97 mg, 39% yield) as a brownish
solid. Mp. 120–121 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.20–1.46 (m, 16H, alkylH), 1.68–
1.82 (m, 4H, alkylH), 2.09 (s, 3H, CH3CO), 3.50 (t, J = 6.6 Hz, 3H, BrCH2), 4.05 (t, J = 6.5 Hz,
2H, OCH2), 7.09 (d, J = 8.6 Hz, 2H, ArH), 7.75–7.86 (m, 6H, ArH), 10.25 (s, 1H, AcNH); 13C
NMR (101 MHz, DMSO-d6): δ 24.1, 25.4, 27.5, 28.1, 28.6, 28.7, 28.9, 28.9, 28.9, 29.0, 32.2,
35.2, 67.9, 114.9, 119.1, 123.2, 124.2, 141.7, 146.1, 147.5, 161.1, 168.7; HRMS (ESI+) calc. for
C26H37BrN3O2 [M + H]+: 502.2064, found: 502.2049.
(E)-N-(4-((4-((12-(ethylamino)dodecyl)oxy)phenyl)diazenyl)phenyl)acetamide (16):

N-(4-((4-((12-bromododecyl)oxy)phenyl)diazenyl)phenyl)acetamide (14, 60 mg, 119 µmol)
was added to ethylamine (2M in THF, 4.0 mL) and the resulting solution was stirred at room
temperature for 16 h. After completion of the reaction, sat. aq. NaHCO3 solution (20 mL) was
added to the reaction mixture, the phases were separated and the aqueous layer was extracted
with EtOAc (3 x 20 mL). The combined organic layers were dried over MgSO4, solvents were
partially evaporated and the product was precipitated with pentane, to give 16 (34 mg, 61%
yield) as an orange solid. Mp. 109–111 °C; 1H NMR (400 MHz, CDCl3) δ 0.97 (t, J = 7.1 Hz,
3H, NCH2CH3), 1.18–1.47 (m, 18H, alkylH), 1.74 (m, 2H, alkylH), 2.09 (s, 3H, CH3CO),
2.44 (t, J = 7.0 Hz, 2H, NHCH2); 2.48 (t, J = 7.6 Hz, 2H, NHCH2CH3); 4.06 (t, J = 6.5 Hz, 2H,
OCH2), 7.09 (d, J = 9.0 Hz, 2H, ArH), 7.75–7.86 (m, 6H, ArH), 10.25 (s, 1H, AcNH); 13C
NMR (101 MHz, CDCl3) δ 15.1, 24.1, 25.4, 26.9, 28.6, 28.7, 29.0, 29.0, 29.0, 29.0, 29.5, 29.5,
43.5, 49.2, 67.9, 115.0, 119.1, 123.2, 124.2, 141.7, 146.1, 147.5, 161.1, 168.7; HRMS (ESI+)
calc. for C28H43N4O2 [M + H]+: 467.3381, found: 467.3371.
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N-(4-((E)-(4-((12-((5-(1,3-dimethyl-2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)4-hydroxypenta-1,3-dien-1-yl)(ethyl)amino)dodecyl)oxy)phenyl)diazenyl)phenyl)
acetamide (11):

(E)-N-(4-((4-((12-(ethylamino)dodecyl)oxy)phenyl)diazenyl)phenyl)acetamide (16, 19 mg,
41 µmol) was suspended in tetrahydrofuran (0.4 mL). 5-(Furan-2-ylmethylene)-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (7, 10 mg, 45 µmol, 1.10 equiv.) was subsequently
added to the suspension at room temperature, followed by H2O (three drops). The reaction
mixture was stirred for 60 min at room temperature resulting in a dark purple solution.
Upon consumption of the starting material (1H NMR), the reaction mixture was diluted with
tetrahydrofuran (3.0 mL) and addition of cold pentane (100 mL) to the solution resulted in
precipitation of product 11. The resulting dark purple crystals were collected by filtration and
washed subsequently with cold pentane (3 x 10 mL) and diethylether (3 x 10 mL) to furnish
11 (21.4 mg, 75% yield) as a mixture of protomers. Protomers have been observed before with
donor-acceptor Stenhouse adducts.33,34 Mp. 111–112 °C; 1H NMR (400 MHz, CDCl3) δ 1.17
– 1.40 (m, 17H; alkylH 4–10; NCH2CH3, 14), 1.41 – 1.52 (m, 2H; alkylH, 3), 1.56 – 1.66 (m,
2H; alkylH, 11), 1.76 – 1.86 (m, 2H; alkylH, 2), 2.18 – 2.21 (m, 3H; CH3CO), 3.36 (s, 6H; 2 x
NCH3), 3.25 – 3.47 (m, 4H; CH2NCH2, 12–13), 4.04 (t, J = 6.5 Hz, 2H; OCH2, 1), 6.02 (t, J =
12.3 Hz, 1H, vinylH), 6.58 (t, J = 12.0 Hz, 1H, vinylH), 6.98 (d, J = 9.0 Hz, 2H, ArH), 7.08 (s,
1H, vinylH), 7.10 (dd, J = 28.5, 12.3 Hz, 1H, vinylH), 7.65 – 7.73 (m, 2H, ArH), 7.83 – 7.89
(m, 4H, ArH), 12.55 and 12.56 (two s, 1H, OH); 13C NMR (101 MHz, CDCl3) δ 12.4, 14.6,
15.4, 24.8, 25.9, 26.0, 26.1, 26.1, 26.5, 27.0, 27.3, 28.4, 28.6, 29.1, 29.1, 29.1, 29.2, 29.3, 29.3,
29.3, 29.4, 29.4, 29.5, 29.5, 29.6, 29.7, 44.4, 49.5, 52.3, 57.4, 66.0, 68.3, 68.4, 68.5, 98.3, 102.9,
103.1, 114.8, 114.9, 119.9, 120.0, 123.7, 124.7, 138.7, 140.4, 146.6, 146.6, 147.0, 149.1, 151.5,
152.1, 157.1, 157.3, 161.6, 163.6, 163.7, 165.2, 168.7; HRMS (ESI+) calc. for C39H53N6O6 [M +
H]+: 701.4021, found: 701.4003.
5 - ( ( 2 Z , 4 E ) - 5 - ( d i b u t y l a m i n o ) - 2 - h y d r ox y p e n t a - 2 , 4 - d i e n - 1 - y l i d e n e ) - 1 , 3 dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (17):

7 (1.00 g, 4.27 mmol) was suspended in tetrahydrofuran (10 mL). Subsequently, di-nbutylamine (719 µL, 4.27 mmol) was added to the suspension at room temperature, followed
by water (few drops). The reaction mixture was stirred for 30 min at room temperature. The
color of the reaction mixture turned dark purple. Upon consumption of the starting material
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(as assessed by TLC), all volatiles were evaporated under reduced pressure. The dark purple
residue was taken up in dichloromethane (20 mL) and 1M aq. HCl-solution (20 mL) was
added. The phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x
20 mL). The combined organic extracts were washed subsequently with 1M aq. HCl-solution
(20 mL), sat. aq. NaHCO3-solution (20 mL), water (20 mL) and sat. aq. NaCl-solution (20 mL)
and were dried over MgSO4, filtered and concentrated in vacuo. Compound 17 was obtained
as a dark purple solid (1.13 g, 73% yield). 1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.4 Hz, 3H,
N(CH2)3CH3), 0.97 (t, J = 7.3 Hz, 3H, N(CH2)3CH3), 1.35 (m, 4H, 2 x NCH2CH2CH2CH3),
1.66 (m, 4H, 2 x N(CH2)2CH2CH3), 3.33 (s, 3H, NCH3), 3.34 (s, 3H, NCH3), 3.36 – 3.43
(m, 4H, 2 x NCH2(CH2)2CH3), 6.05 (t, J = 12.3 Hz, 1H, vinylH), 6.73 (dd, J = 12.4, 1.4 Hz,
1H, vinylH), 7.12 (s, 1H, vinylH), 7.20 (d, J = 12.3 Hz, 1H, vinylH), 12.53 (m, 1H, OH); 13C
NMR (101 MHz, CDCl3) δ 13.5, 13.6, 19.6, 20.1, 28.1, 28.2, 29.1, 30.9, 49.4, 57.4, 97.4, 103.2,
137.3, 146.2, 151.6, 151.8, 158.2, 163.1, 164.8; HRMS (ESI+) calc. for C19H30N3O4 [M + H]+:
364.2231, found: 364.2234.

2.6.3 Binding Studies
Phase-transfer

In a 4 mL vial with cap, compound 11 (1–2 mg) was dissolved in toluene (1.0 mL). Basic
aqueous K2CO3-solution (pH ≥ 9) was added (1.0 mL). The biphasic mixture was stirred
vigorously for 30 min under white light irradiation. Phase transfer of compound 11 from the
organic layer to the aqueous layer is apparent through color change. No remaining DASA was
detected in the organic layer by 1H-NMR spectroscopy. The aqueous layer was lyophilized
overnight to obtain a mixture of cyclized-11 and K2CO3.
UV/vis studies on host-guest binding58,75–79
UV/vis titrations were performed to assess the binding of the azobenzene moiety of cyclized-8
to α-CD. To a solution A (11 µM cyclized-11), a solution B (11 µM cyclized-11; 4 mM α–CD)
was added stepwise and the change in the absorption spectrum quantified.
The following titrations were performed:
Binding:
• Thermally adapted cyclized-11
• PSS 365 nm cyclized-11
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Controls:
• Control experiment 1
Rationale: An intermediate ratio of cis/trans-cyclized-11 would be expected to show an
intermediate change of the absorption spectra upon binding.
• Control experiment 2
Rationale: Irradiation of solution A, but not B should result in a more pronounced
change of the absorption spectra upon binding during titration as the concentration of
cyclized-11 remains unaltered, but the ratio of cis/trans changes.
Summary:
The observed changes in the UV/vis spectra during the titration experiments are consistent
with stronger binding of trans-cyclized-11 than cis-cyclized-11.

2.6.4 Photochemical Characterization of Two-Photoswitch Mixtures
2.6.4.1 Mixture of compound 1 + 4

Figure 2.15 | Reversible photochromism of the two-photoswitch system (compound 1 and 4;
1: ~4 µM; 4: ~20 µM; toluene; room temperature): (a) absorption spectra of the individual
photoswitches (trans-4 and open-1) and their combination in solution; (b) absorption spectra
of the four different states that can be achieved by irradiation in the mixture of 1 and 4
(trans–open; trans–cyclized; cis–open and cis–cyclized). Remark: In Fig. 2.15b, there are two
spectra depicted for the case cis–cyclized. The reason for this is exemplified in Fig. 2.16 with
irradiations 9/10: irradiation with λ = 590 nm also partially affects the azobenezene (4).
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Figure 2.16 | Orthogonal photoswitching of a mixture of compound 1 and 4 (1: ~4 µM; 4:
~20 µM; toluene; room temperature) monitored at characteristic wavelengths for each
photoswitch (λ = 434 nm for 4 and λ = 570 nm for 1). Wavelengths of irradiations are indicated.
2.6.4.2 Mixture of compound 1 + 5

Figure 2.17 | Reversible photochromism of the two-photoswitch system (compound 1 and 5;
1: ~4 µM; 5: ~20 µM; toluene; room temperature): (a) absorption spectra of the individual
photoswitches (trans-5 and open-1) and their combination in solution; (b) absorption spectra
of the four different states that can be achieved by irradiation in the mixture of 1 and 5 (trans–
open; trans–cyclized; cis–open and cis–cyclized).
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a)

b)

Figure 2.18 | Orthogonal photoswitching of a mixture of compound 1 and 5 (1: ~4 µM; 5:
~20 µM; toluene; room temperature) monitored at characteristic wavelengths for each
photoswitch (λ = 320 nm for 5 and λ = 570 nm for 1). Two plots (a) and (b) with different
order of irradiation. Wavelengths of irradiations are indicated. Remark: Irradiation with λ
= 312 nm switches compound 5 (λmax = 320 nm), but also results in slow degradation of
photoswitch 1 (irradiations 6, 8 and 9). This is in accordance to earlier reports.33,34
2.6.4.3 Mixture of compound 1 + 6

Figure 2.19 | Reversible photochromism of the two-photoswitch system (compound 1 and 6;
1: ~4 µM; 6: ~15 µM; toluene; room temperature): (a) absorption spectra of the individual
photoswitches (trans-6 and open-1) and their combination in solution; (b) absorption spectra
of the four different states that can be achieved by irradiation in the mixture of 1 and 6 (trans–
open; trans–cyclized; cis–open and cis–cyclized).
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Figure 2.20 | Orthogonal photoswitching of a mixture of compound 1 and 6 (1: ~4 µM; 6:
~15 µM; toluene; room temperature) monitored at characteristic wavelengths for each
photoswitch (λ = 348 nm for 6 and λ = 570 nm for 1). Wavelengths of irradiations are indicated.
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