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Abstract
We propose a two-step ligand exchange for the selective end-functionalization of gold nanorods (AuNR) by thiolated cyclodextrin
(CD) host molecules. As a result of the complete removal of the precursor capping agent cetyltrimethylammonium bromide
(CTAB) by a tetraethylene glycol derivative, competitive binding to the host cavity was prevented, and reversible, light-responsive
assembly and disassembly of the AuNR could be induced by host–guest interaction of CD on the nanorods and a photoswitchable
arylazopyrazole cross-linker in aqueous solution. The end-to-end assembly of AuNR could be effectively controlled by irradiation
with UV and visible light, respectively, over four cycles. By the introduction of AAP, previous disassembly limitations based on
the photostationary states of azobenzenes could be solved. The combination photoresponsive interaction and selectively end-func-
tionalized nanoparticles shows significant potential in the reversible self-assembly of inorganic–organic hybrid nanomaterials.
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Introduction
Metallic nanomaterials have received intense and interdiscipli-
nary interest due to their unique optical [1], electronic [2,3] and
sensing properties [4,5]. In particular, noble metal nanoparti-
cles of sizes smaller than the wavelength of the incident light
show interesting optical behavior as a result of collective oscil-
lations of the valence electrons. This leads to surface plasmon
resonance (SPR), which is highly dependent on size, shape and
chemical environment giving rise to different SPR band wave-
lengths [6-8]. Especially gold nanorods (AuNR) are of interest

because of their good synthetic availability and their unique
optical properties. Due to their anisotropy AuNR possess a
transversal SPR (TSPR) band in the visible and a longitudinal
SPR (LSPR) band that can reach up to the near infrared (NIR)
region [9]. The LSPR band can be tuned over a wider wave-
length range than for isotropic nanoparticles by varying the
aspect ratio of the AuNR or by the assembly of multiple AuNR
into linear clusters [10]. These linear aggregates can be realized
more or less efficiently through various approaches based on
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supramolecular interactions like metal–metal and π–π interac-
tions [11], DNA mediated [12] or by host–guest chemistry [13].
Most of these approaches require selective functionalization of
the ends of the AuNR and take advantage of the different ligand
exchange kinetics of CTAB on the ends and the side of the par-
ticles [14,15]. CTAB serves as a capping agent in AuNR syn-
thesis by the seed-mediated growth process and is essential for
the anisotropic growth. Due to the different crystallographic
environments on the particle surface, weaker packing and
binding forces enable the preferential exchange of ligands on
the facets at the ends [16]. Removal of CTAB on the side facets
is relatively slow and requires a higher ligand concentration.
However, for biotechnological applications it might be advanta-
geous to remove CTAB from the complete surface because of
its cell toxicity [17], hence strategies for replacing this coating
are desirable.

Host–guest chemistry is a supramolecular interaction that is
tailor-made for self-assembly due to its lock–key mechanism
and has been applied in our and other groups to various nano-
particle systems [18-24]. The host–guest interaction can be
responsive to external stimuli such as redox, pH or light, with
the latter being the most desirable for assembling nanoparticles
by virtue of its noninvasive nature [25]. Prominent light-respon-
sive guest molecules are azobenzenes that form inclusion com-
plexes with α- or β-CD exclusively in the trans configuration,
not in the cis configuration [26]. This light-responsive interac-
tion has been recently applied by Ma et al. for the end-to-end
assembly of AuNR [27]. However, the system showed some
limitations as the assembly was only achieved when the CD
ligand and the divalent azobenzene linker were premixed to
generate the host–guest complex. This solution was then added
to the AuNR leading to a ligand exchange preferentially at the
ends and therefore to the linear arrangement of AuNR. If the
AuNR were first end-functionalized with the CD, no assembly
could be observed after addition of the divalent azobenzene
linker. Moreover, the assemblies could only once be disassem-
bled by the combination of UV irradiation and physical forces
by sonication. The light-induced back-isomerization of azoben-
zenes did not form similar end-to-end aggregates. Ma et al. sug-
gested that the host–guest interaction is not strong enough to
assemble the particles if not preformed. Yet, this is not consis-
tent  with publicat ions that  report  photoswitchable
azobenzene–CD interaction on surfaces [28], in hydrogels [29],
the assembly of CD vesicles [30] or the assembly of Au nano-
particles [31].

It is our hypothesis that CTAB, which serves as surfactant and
is essential in the synthesis of AuNR in seed-mediated growth
processes, acts as a competitive binder to the CD cavity and
prevents the reversible self-assembly. In fact, CTAB has a more

than 20-fold higher binding constant to β-CD (6.5 × 104 M−1)
[32] than unmodified azobenzenes (2.5 × 103 M−1) [33]. There-
fore, the competitive binding of CTAB to β-CD has been
applied previously, e.g., in sensing applications [34] or to en-
hance the water solubility of a cyclodextrin polymer [35]. On
account of the experimental conditions that lead to a CTAB
double layer formation around the AuNR, a significant amount
of unbound CTAB may remain in solution and interact with
host molecules. Furthermore, the light-responsive dispersion of
the AuNR was only possible by the combination of irradiation
and sonication, whilst some dimers could not be fully dispersed.
Possibly this observation can be explained from the limited
photostationary states (PSS) of azobenzenes (E – Z: 80%, Z – E:
70%) [36].

Arylazopyrazoles (AAP) are a new class of molecular switches
introduced by Fuchter et al. with excellent photophysical prop-
erties like nearly quantitative isomerization, straight forward
synthesis in excellent yields and very long Z-isomer half-life
times up to 1000 days due to less steric repulsion [37]. In
previous reports we could show that the AAP guest inclusion
properties to β-CD are comparable to azobenzenes leading due
to the superior photophysical properties to fully reversible
supramolecular systems, which showed limited feasibility with
azobenzenes [20,38,39].

Herein, we present the application of a light-responsive
CD–AAP host–guest system for the reversible end-to-end
assembly of AuNR. The AuNR are functionalized selectively in
a two-step ligand exchange reaction. The ends are capped with
per-6-thio-β-cyclodextrin (tCD) and CTAB is removed from the
remaining surface by monothiolated tetraethylene glycol
(tTEG) enabling reversible host–guest chemistry. The addition
of a divalent AAP linker molecule (dAAP) led to light-respon-
sive reversible self-assembly of AuNR in an end-to-end manner
as depicted in Scheme 1 to open up a novel strategy for the
design of hybrid nanomaterials by supramolecular chemistry.

Results and Discussion
The AuNR (length: 58 nm, width: 25 nm, aspect-ratio: 2.3)
were synthesized according to the seed-mediated growth proce-
dure developed by Murphy [40] and El-Sayed [41]. CD-end
functionalized AuNR were obtained in a two-step ligand
exchange procedure as depicted in Scheme 2. For an efficient
ligand exchange the primary alcohol groups of β-CD were
replaced with thiols by a known two-step synthesis [42,43] to
give a multivalent ligand (tCD) that is tightly bound to the gold
surface and is not replaced by an excess of monothiolated tetra-
ethylene glycol (tTEG). It is important to note the importance of
the addition of ethanol during the ligand exchange to increase
the solubility of CTAB and destabilize its double layer. Further-
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Scheme 1: Light-responsive end-to-end assembly of host-functionalized gold nanorods (AuNR) by cyclodextrin–AAP interaction.

Scheme 2: Two-step ligand exchange reaction for the synthesis of water-soluble cyclodextrin end-functionalized gold nanorods.
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Figure 1: a) ζ-Potential measurement of different stages of the ligand exchange. b) UV–vis spectroscopy before (black) and after complete ligand
exchange (red).

more, ethanol weakens the hydrophobic effect of the solvent so
that the inclusion of CTAB into β-CD is suppressed.

The ligand exchange was followed by ζ-potential measure-
ments giving direct information about the surface charge poten-
tial and therefore about the capping agent (Figure 1a). CTAB-
functionalized AuNR have a highly positive surface charge
(+55 mV) due to the formation of CTAB double layers. The
intermediate state [tCD]AuNR shows a decreased surface
charge (+42 mV) indicating a reduction of the CTAB surface
coverage. It is assumed by preliminary studies that the ligand
exchange mainly emerges at the AuNR ends due to its high
ligand exchange kinetics [10,15,16]. The addition of an excess
of tTEG resulted in a negative surface charge (−32 mV) indicat-
ing a complete removal of CTAB from the gold surface.
Furthermore, the high negative ζ-potential evidences electro-
static repulsion between the particles and thus good colloidal
stability against uncontrolled aggregation. It is well known that
PEGylated surfaces and particles show a negative ζ-potential in
water due to the preferential absorption of hydroxide anions
[44]. Furthermore, the ζ-potential is known to be highest in de-
ionized water and highly pH-dependent [45].

The ligand exchange reaction was also analyzed by UV–vis
spectroscopy (Figure 1b). The synthesized [CTAB]AuNR show
the two expected absorption maxima at λ = 525 nm for the
TSPR band and at λ = 690 nm for the LSPR band. After the
ligand exchange the bands shift to λ = 528 nm TSPR and to
λ = 721 nm LSPR accompanied by a general broadening of the
SPR bands. This broadening can be explained by different
chemical environments for diverse ligands and is a known char-
acteristic for dual surfactant nanoparticle systems [46]. This
interpretation is also supported by TEM images (Figure 4a, see

below) indicating significant interparticle repulsion and no
aggregation-induced absorption maxima broadening.

For further experiments the [tCD+tTEG]AuNR stock solution
was diluted with ddH2O. For the photoresponsive aggregation
of isotropic nanoparticles, the 1,4-bis(2-(2-(2-(2-amino-
ethoxy)ethoxy)ethoxy)ethyl)piperazine-based AAP linker mole-
cule (dAAP) has been successfully applied before and it was
synthesized as described in detail in the literature [38]. This
divalent linker molecule can form a light-responsive 1:2 com-
plex with host-functionalized AuNR as shown in Scheme 1.
The light-responsive AAP moiety isomerizes upon irradiation
with λ = 365 nm to the Z-state and upon irradiation with
λ = 520 nm back to the E-state. A non-ionic linker design was
chosen to eliminate the possibility that the assembly is affected
by changes of the ionic strength.

Shortly after the addition of dAAP to the AuNR solution,
UV–vis spectra were recorded (Figure 2a) indicating a strong
LSPR shift of λ = 36 nm to λ = 757 nm while the TSPR band
change is negligible. This indicates selective end-to-end
assembly, whereas side-to-side or uncontrolled aggregation
would result in an additional shift of the TSPR band [15]. In the
course of repeated photoswitching experiments, the spectra
show a small but significant decrease of the overall nanoparti-
cle absorbance which is most likely due to sedimentation of
irreversible aggregates or size-dependent nanoparticle settling
and is in agreement with other studies on linear assemblies of
AuNR [12]. To visualize the AuNR end-to-end assemblies,
TEM measurements have been conducted (Figure 4b and c, see
below) showing chains of AuNR. Hardly any unselective side-
by-side or random assemblies can be observed which are often
seen in various publications and are due to unspecific drying
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Figure 2: UV–vis spectroscopy of a) [tCD+tTEG]AuNR with different amount of dAAP (0-35 µM). b) [tCD]AuNR with dAAP (0–25 µM).
c) [tCD+tTEG]AuNR with dAAP (15 µM). Assembly and disassembly by irradiation (5 min, 3 W lamp, λ = 360 nm and λ = 520 nm) over four cycles.
d) Zoomed-in region of the LSPR.

effects during the TEM grid preparation [11,27]. Adding the
dAAP to the intermediate state of the ligand exchange
([tCD]AuNR, with CTAB surface coating on the sides of the
particles) showed no significant shift of the SPR maxima
(Figure 2b). This observation is consistent with the results of
Ma et al. and reinforces the assumption that CTAB behaves as a
competitive guest molecule towards β-CD. Therefore, revers-
ible host–guest chemistry was not possible unless CTAB is
completely removed.

The reversibility of the light-responsive assembly was further
investigated via UV–vis spectroscopy (Figure 2c and d). The
spectrum measured after injection of dAAP shows a broadened
LSPR maximum with a red shift of λ = 7 nm while the TSPR
band remains unchanged. This indicates longitudinal coupling
of AuNR as a result of the formation of end-to-end assemblies.
Irradiation with UV light (λ = 365 nm, 5 min, 3 W) led to a
sharpening of the LSPR band in addition to a blue-shifted
maximum to λ = 721 nm, which is the same value recorded

before the addition of dAAP. The LSPR and TSPR maxima
have been plotted over four cycles showing only minor changes
of the TSPR over the assembly (Figure 3). For reversible end-
to-end assembly of AuNR, a shift λ < 10 nm is the expected
range as it has been reported previously [18,38]. Longer irradia-
tion times did not lead to stronger SPR band shifts and there-
fore all samples were irradiated for 5 min of the respective
wavelength.

Via irradiation with visible light (λ = 520 nm, 5 min, 3 W), the
LSPR band is again broadened and shifted to a higher wave-
length indicating the assembly of AuNR. This procedure could
be repeated over four cycles without any fatigue effect and
shows the good reversibility of the switching behavior. The
dispersion of AuNR assemblies after visible light irradiation
can also be verified by TEM bright field images (Figure 4d)
showing that the disassembly is possible without the combina-
tion of irradiation and sonication. This can be attributed to the
favorable photostationary states of the AAP moiety in compari-
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Figure 3: SPR maxima of [tCD+tTEG]AuNR with dAAP during four cycles of irradiation. a) Longitudinal SPR. b) Transversal SPR.

Figure 4: TEM-BF images of a) [tCD+tTEG]AuNR. b and c) AuNR end-to-end assemblies by dAAP (15 µM). d) Dissolved AuNR by UV irradiation
(λ = 360 nm).
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son to azobenzenes used in previous studies. Furthermore,
dynamic light scattering was conducted to analyze the assembly
in solution (Figure 5). The mean diameter increases upon dAAP
addition from ca. 100 nm to ca. 230 nm. Upon UV-light irradia-
tion, the mean diameter decreases to 120 nm. We note that for
anisotropic particles, the hydrodynamic diameter values give
only a rough overestimation of the nanoparticle diameter and
are not suitable to characterize end-to-end assembly. However
dynamic light scattering clearly confirms the light-responsive
aggregation of the AuNR [47].

Figure 5: Reversible aggregation of [tCD+tTEG]AuNR by addition of
dAAP (15 µM) monitored by dynamic light scattering.

Finally, to confirm that end-to-end assembly of AuNR occurs
th rough  the  fo rmat ion  o f  a  2 :1  complex  o f  the
[tCD+tTEG]AuNR and dAAP, a control experiment was per-
formed by the addition of a monovalent AAP (mAAP) mole-
cule (see Scheme S1 and Figure S3 in Supporting Information
File 1). Even upon addition of rather high concentrations of
mAAP (100 µM) no strong shift can be observed by UV–vis
spectroscopy, indicating that supramolecular cross-linking is
essential for end-to-end assembly of the AuNR.

Conclusion
In summary, we reported a supramolecular system based on the
reversible light-responsive interaction between arylazopyra-
zoles and β-CD for the end-to-end assembly of AuNR. The sub-
stitution of azobenzenes by AAP as guest molecules, which fea-
ture nearly quantitative photostationary states, allows the
control over assembled and disassembled states solely by irradi-
ation. The divalent AAP linker forms a 1:2 complex with per-6-
thiolated β-CD which is selectively located at the ends of the
AuNR. This was achieved through a novel two-step ligand
exchange reaction including the complete removal of CTAB by
the addition of thiolated TEG. The removal of CTAB is crucial

due to its competitive interaction with β-CD since it has a
higher binding constant than the AAP moieties. The success of
the consecutive ligand exchange strategy was verified by
ζ-potential measurements. The selective end-to-end assembly of
AuNR was evidenced by UV–vis and TEM measurements. The
LSPR shift could reversibly be shifted back and forth ending at
the original wavelength. Switching of the end-to-end assembly
was possible over four cycles without fatigue appearance. Pre-
viously reported limited feasibilities of azobenzenes could be
resolved by the implementation of arylazopyrazoles. This report
shows a successful method for the fabrication of new hybrid
nanomaterials by the application of light-responsive host–guest
chemistry allowing for effective control over assembled and
disassembled states of anisotropic nanoparticles over several
cycles.

Experimental
Instrumentation and materials
All chemicals were purchased from Sigma-Aldrich, Acros
Organics, Merck, VWR or TCI and used without further purifi-
cation if not stated otherwise. UV–vis absorbance measure-
ments were performed with a V-770 double beam spectropho-
tometer (JASCO) at 25 °C. Samples for spectroscopic measure-
ments were prepared in disposable 1 mL semi-micro PMMA
cuvettes (BRAND). Transmission electron microscopy was per-
formed using a Titan Themis G3 300 TEM (FEI) operating at
300 kV or a Libra 200 FE electron microscope (Zeiss) oper-
ating at 200 kV. The ζ-potential measurements were carried out
on a Nano ZS Zetasizer (Malvern Instruments) at 25 °C and
samples were prepared in disposable DTS 1060 capillary cells
(Malvern Instruments). The syntheses of the tCD and tTEG can
be found in Supporting Information File 1.

AuNR seed-mediated growth
The CTAB-stabilized AuNR were synthesized according to a
literature procedure [38,39]. All glassware used were rinsed
with aqua regia before use. A 0.1 M aqueous solution of CTAB
was prepared by gentle heating and sonication. Au seeds were
prepared as follows: An aqueous solution of HAuCl4·3H2O
(250 μL, 0.01 M) was added to an aqueous solution of CTAB
(9.75 mL, 0.1 M) in a round-bottomed flask. The solution was
stirred at 25 °C for 10 min. Then, a freshly prepared ice-cold
aqueous solution of NaBH4 (600 μL, 0.01 M, prepared by
diluting an 0.1 M solution) was added in one portion under
vigorous stirring. After 10 min, stirring was slowed down to
200 rpm and continued at 25 °C. The seeds were kept at this
temperature until their further use.

Growth of AuNR: Aqueous solutions of CTAB (95 mL, 0.1 M),
HAuCl4·3H2O (5 mL, 0.01 M), AgNO3 (800 μL, 0.01 M) and
ascorbic acid (800 μL, 0.1 M) were added in the given order to
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a 100 mL Erlenmeyer flask and were mixed after every addi-
tion by stirring. The addition of ascorbic acid turned the yellow
solution colourless due to Au3+ to Au+ reduction. The flask was
placed into a water bath of 25 °C. After 10 min, seed solution
(120 μL) was added and mixed by gentle stirring. Stirring was
continued for 18 h. The obtained AuNR solution was separated
into two falcon tubes (50 mL) and centrifuged (6000 rpm,
20 min). The AuNR pellet was redispersed in H2O (50 mL each
tube) and centrifuged again (6000 rpm, 20 min). The AuNR
were dissolved in H2O stock solution of a total amount of
10 mL and stored in the fridge.

[tCD+tTEG]AuNR ligand exchange
The isolated AuNR (1.9 mL of the stock solution) were diluted
with H2O (8.1 mL) and tCD (3 mL, 0.5 mM, freshly prepared)
was added dropwise under sonication. The solution was further
sonicated for 10 min and then stirred for 18 h at 30 °C. A fresh
aqueous solution of tTEG (2 mL, 10 mM) was added under
sonication. The solution was stirred for 1 h at 30 °C. After this,
EtOH abs. (3 mL) was added and stirring was continued at
30 °C for 1.5 h. DMSO (10 mL) was added and the resulting
solution was centrifuged (6000 rpm, 10 min). The AuNR pellet
was redispersed in H2O/EtOH 1:1 (10 mL) and centrifuged
again (6000 rpm, 10 min). For final removal of excess ligands,
the AuNR were purified by centrifugal filtration (2 × 3 mL
H2O, 6000 rpm, 10 min, 10 kDa MWCO).

Supporting Information
Supporting Information File 1
Experimental details and additional characterization data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-140-S1.pdf]
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Abstract
Recently, it has been shown that the thermochemical cis→trans isomerization of azobenzenes is accelerated by a factor of more
than 1000 by electronic coupling to a gold surface via a conjugated system with 11 bonds and a distance of 14 Å. The correspond-
ing molecular architecture consists of a platform (triazatriangulenium (TATA)) which adsorbs on the gold surface, with an acety-
lene spacer standing upright, like a post in the middle of the platform and the azobenzene unit mounted on top. The rate accelera-
tion is due to a very peculiar thermal singlet–triplet–singlet mechanism mediated by bulk gold. To investigate this mechanism
further and to examine scope and limitation of the “spin-switch catalysis” we now prepared analogous diazocine systems.
Diazocines, in contrast to azobenzenes, are stable in the cis-configuration. Upon irradiation with light of 405 nm the cis-configura-
tion isomerizes to the trans-form, which slowly returns back to the stable cis-isomer. To investigate the thermal trans→cis isomeri-
zation as a function of the conjugation to the metal surface, we connected the acetylene spacer in meta (weak conjugation) and in
para (strong conjugation) position. Both isomers form ordered monolayers on Au(111) surfaces.

1485

Introduction
Catalysts increase chemical reaction rates by lowering the acti-
vation energies and thus create more favorable reaction path-
ways [1-4]. However, there are very few reactions which do not
follow the classical Eyring theory [5,6]. The rate of these reac-
tions is not dependent on an activation barrier but controlled by
quantum mechanical transition probabilities between two quan-
tum states [7-10]. The majority of these quantum chemically
forbidden reactions are photochemical processes or transition
metal reactions including transitions between spin states or

electronic states. We recently discovered a purely organic
system in the ground state, whose reaction rate is accelerated
from days to seconds by electronic coupling to a bulk gold sur-
face via a conjugated linker over 11 bonds and 14 Å [11]. Ther-
mal cis→trans isomerizations of azobenzenes are usually slow
with half-lives of the trans-isomer within the range of hours to
days at room temperature (parent azobenzene: 4–5 d at 25 °C)
[12]. Rotation around the N=N bond is a symmetry-forbidden
process and the slow isomerization proceeds via inversion at the
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N atoms [13]. The rate of isomerization is temperature depend-
ent and follows a classical Arrhenius type behavior [12]. How-
ever, the rate and the mechanism change dramatically if the
azobenzenes are electronically coupled to bulk gold [14-17]. To
investigate the cis→trans isomerizations of azobenzenes as a
function of electronic coupling systematically, we used the
so-called platform approach [18]. The azobenzenes are not
directly adsorbed on the surface, but covalently mounted on
“TATA” (triazatriangulenium) platforms which adsorb on
Au(111) surfaces. A spacer, such as an ethynyl group is
connected to the central carbon atom like a post and the azoben-
zene is mounted on top of the spacer. After preparation of an
ordered self-assembled monolayer on gold, the azobenzene
units are freestanding upright on the surface. The platform
defines the lateral distance between next neighbors and
provides the free volume for unhindered isomerization of the
azobenzene units [19,20]. The length and electronic nature of
the spacer units control the distance from the surface and define
the electronic coupling with the metal surface [11,18]. With in-
creasing π-conjugation from the azobenzene into the platform,
and thus coupling to the gold surface, the activation barrier
drops to almost zero (≈8 kJ mol−1) and the frequency factors
(log A) become negative [11]. Vanishing barriers and low fre-
quency factors are typical for non-adiabatic reactions [9]. The
mechanism was elucidated as a singlet–triplet–singlet spin
change process, which is forbidden in solution but mediated by
coupling to the conduction band of the bulk gold. We are now
exploring scope and limitations of this peculiar spin catalysis.
To investigate if the reverse isomerization process from the
trans to the cis-configuration would also be accelerated, and to
further scrutinize the coupling effects, we prepared analogous
diazocine systems. Diazocines are bridged azobenzenes [21].
Imposed by the ring strain of the central eight-membered ring,
the cis-configuration (boat conformation) is more stable than
the trans-isomer (twist conformation). Upon irradiation with
≈400 nm the cis-form switches to the trans-isomer, and irradia-
tion with ≈500 nm or heating leads back to the cis-form [22].
Hence, the diazocines are quasi reversed azobenzenes that are
more stable in their trans-configurations [23].

To investigate the electronic coupling effects, we synthesized
two diazocine derivatized TATA platforms with ethynyl spac-
ers (diazocine-TATAs). In compound 1 the diazocine is
connected to the platform with the ethynyl group in para-posi-
tion to the azo group, providing a full π-conjugation path of the
N=N unit through the ethynyl spacer into the platform.
Diazocine-TATA 2 is connected in meta-position and thus
interrupting conjugation [24,25]. Both diazocine-TATAs are
equipped with methoxy groups, which serve as “reporter units”
indicating the configuration of the molecules on metal surfaces
[15]. In 1 the OMe group is attached para and in 2 the methoxy

group is meta with respect to the azo group. Model calculations
predict that the Cphenyl–O bonds in the cis-isomers thus are
parallel, and in the trans-isomers orthogonal to the surface
(Figure 1). Previous investigations have shown that IRRAS (in-
frared absorption reflection spectroscopy) in combination with
the surface selection rules (stretching mode orthogonal to the
surface→high intensity, parallel to the surface→low intensity)
is a suitable method to determine the configuration and to
measure kinetics on surfaces [15]. The C–O stretching frequen-
cies proved to be ideal reporter signals to determine the config-
uration and to measure kinetics in monolayers of azo-TATAs
on surfaces.

Figure 1: Structures of diazocine platform molecules (diazocine-
TATAs) 1 and 2 in cis (1a, 2a) and trans-configuration (1b, 2b) (octyl
side chains are replaced by protons for simplification). The cis-
diazocines (1a, 2a) isomerize upon irradiation with 405 nm to the
metastable trans-diazocines (1b, 2b) and with 525 nm or thermally
back to the cis-diazocines (1a, 2a).

Results and Discussion
To obtain information on preferred conformations of 1 and 2 in
their cis and trans-configurations and to predict thermo-
dynamic and kinetic stabilities, we performed DFT calculations
at the M06-2X/def2-TZVP level of theory (Table 1, for details
see Supporting Information File 1, chapter VI). As expected for
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Scheme 1: Synthesis route of para-diazocine platform molecule 1. a) Pd(dppf)Cl2, Cu(I)I, Et3N, 1 h, 60 °C; b) 1: KOt-Bu, THF, 3 min, 0 °C, N2;
2: Br2, 5 min, 0 °C; c) 1: Ba(OH)2, Zn, EtOH, H2O, 4.75 h, reflux; 2: 0.1 M NaOH/MeOH, Cu(II)Cl2, 6 h, rt; d) KOH, THF, 3.5 h, reflux, N2.

diazocine-based molecules our calculations predict the cis con-
figuration for both compounds as the thermodynamically most
stable isomers. For the corresponding trans-configuration two
different conformations were found: the twist and the chair
structures. The twist conformation is about 2.5 kcal mol−1 more
stable than the chair conformation. Our calculations predict
reaction barriers (trans-twist→cis-boat) for both compounds of
approximately 23 kcal mol−1 (96 kJ mol−1). Obviously, the
TATA platform and the ethynyl spacer have only marginal
effects on the isomerization process. Hence, the diazocines 1
and 2 are ideal candidates to investigate the effect of bulk gold
as a function of electronic coupling (conjugation) of the azo
unit to gold.

Table 1: Calculated quantum chemical energies Erel (M06-2X/def2-
TZVP) of the twist and chair conformation of the trans-configuration of
para-ethynyl-substituted diazocine 1b (para-diazocine), and meta-
diazocine 2b, relative to the boat conformation of the cis-isomers 1a
and 2a. ΔH≠ are the calculated reaction barriers (trans-twist→cis-
boat). All energies are given in kcal mol−1.

Erel
trans twist

Erel
trans chair

ΔH≠

para-diazocine 1 7.9 10.6 22.6
meta-diazocine 2 8.0 10.3 23.0

The para-diazocine-TATA 1 was synthesized in a 5-step syn-
thesis route (Scheme 1). Bromotoluene 3 was synthesized as de-
scribed [26]. In a Sonogashira cross-coupling reaction acety-
lene-substituted toluene 5 was prepared from bromotoluene 3
with TMS-protected acetylene 4 (95%). The C–C bond forma-
tion of 5 and 6 to give dibenzoyl 7 was achieved with potas-
sium butoxide and elemental bromine (9%) according to a liter-
ature procedure [27]. The para-ethynyldiazocine 8 was ob-
tained by reduction of both nitro groups, followed by oxidation
of the formed hydrazine (16%). The unprotected ethynyldia-
zocine 8 was deprotonated with potassium hydroxide and
connected to the central carbon atom of the TATA platform 9
(synthesized according to Laursen and Krebs [28]) to obtain
target para-diazocine mounted on the octyl-substituted TATA
platform 1 (99%).

The synthesis of the meta-diazocine platform molecule 2 was
achieved in a 4-step synthesis route (Scheme 2). Nitrotoluene
10 was synthesized as described in literature [29]. The reaction
of ethynyltoluene 10 with methoxytoluene 11 gave dibenzoyl
12 (10%) according to the same procedure as for dibenzoyl 7
(Scheme 1). Diazocine 13 was obtained by reduction and oxida-
tion in moderate yields (22%). The reaction of diazocine 13
with the TATA ion 9 gave the target diazocine 2 (88%,
Scheme 2).
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Scheme 2: Synthesis route of meta-diazocine platform 2. a) 1: KOt-Bu, THF, 3 min, 0 °C, N2; 2: Br2, 5 min, 0 °C, N2; b) 1: Ba(OH)2, Zn, EtOH, H2O,
4.75 h, reflux; 2: 0.1 M NaOH/MeOH, Cu(II)Cl2, 13 h, rt; c) KOH, THF, 2 h, reflux, N2.

Figure 2: UV–vis spectra of 1 (left) and 2 (right) in THF at room temperature. Black: as synthesized, red: after irradiation with 405 nm, and blue: after
irradiation with 525 nm.

The photophysical properties and the switching behavior of 1
and 2 were determined in solution (THF). The UV–vis spectra
of 1 and 2 are shown before and after irradiation with 405 nm
and 525 nm. Both diazocine-TATAs 1 and 2 exhibit similar UV
spectra. The n→π* transition of cis-1 appears at 403 nm and at
494 nm in the trans-isomer. The corresponding absorption

maxima in diazocine-TATA 2 are 409 nm (cis) and 493 nm
(trans) (Figure 2).

The photostationary states of 1 and 2 were determined in tolu-
ene-d8 by 1H NMR measurements (Table 2). Optimal wave-
lengths for the cis→trans isomerization are 405 nm (1: 53%
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trans, 2: 65% trans). Back-isomerization to the cis-isomer with
525 nm is nearly quantitative. The half-lives (298 K) are simi-
lar for both systems (2.12 h for 1 and 2.32 h for 2). The lack of
conjugation between the azo function and the ethynyl spacer of
2 yields in a slightly higher half-life, which is in agreement with
earlier results [11].

Table 2: Photostationary states (PSS) of para-diazocine-TATA 1
(2.05 mmol/L) and meta-diazocine-TATA 2 (2.27 mmol/L) upon irradia-
tion with light of 405 nm, 525 nm and thermal isomerization half-life
(t1/2) determined with 1H NMR spectroscopy (in deuterated toluene).
The activation energies (Ea) are calculated from the linear fit of an
Arrhenius plot.

para-diazocine 1 meta-diazocine 2

PSS (405 nm) 53% (trans) 65% (trans)
PSS (525 nm) 93% (cis) 93% (cis)
t1/2 (290.5 K) 5.27 h 5.76 h
t1/2 (298 K) 2.12 h 2.32 h
t1/2 (308 K) 0.69 h 0.73 h
EA (kJ mol−1) 86.5 84.7

STM Measurements
The adsorption behavior of the diazocine-TATA molecules on
Au(111) surfaces was studied by STM at room temperature
(Figure 3). Adlayers of both compounds show a hexagonally
ordered superstructure with lattice constants of 1 and 2 being
(12.2 ± 0.6) Å and (12.1 ± 0.5) Å, respectively. Additionally,
two rotational domains with an angle of (15 ± 4)° are observed.
Altogether these parameters are in good agreement with a
(√19 × √19) R23.4° superstructure which has been also ob-
served in previous STM investigations of TATA and azoben-
zene-TATA molecules with octyl ligands [18,20,30].

Figure 3: STM images (30 × 30 nm², Ubias = 0.3 V, It = 40 pA) of self-
assembled monolayers of (a) compound 1 and (b) compound 2 on
Au(111).

Conclusion
In summary, we present the syntheses of two different
diazocines mounted on TATA platforms (1, 2). The photochem-

ical switching between the stable cis and metastable trans-
isomers was investigated. Upon irradiation with light of 405 nm
diazocine-TATAs 1 and 2 convert to their trans-configurations
in moderate to good yields. The metastable trans-isomers of 1
and 2 isomerize back to the cis-isomer with half-lives of 2.12 h
and 2.32 h at 298 K. The trans→cis activation energies with
86.5 kJ mol−1 for 1 and with 84.7 kJ mol−1 for 2 are similar to
the structurally related azobenzenes [11]. Both diazocine-
TATAs form highly ordered monolayers on Au(111) surfaces.
Further studies will include IRRAS measurements to determine
the trans→cis isomerization kinetics on Au(111) surfaces.

Experimental
For detailed experimental procedures, including NMR, UV–vis
and MS spectra see Supporting Information File 1, chapters
I–IV, for kinetic studies see Supporting Information File 1,
chapter V.

Supporting Information
Supporting Information File 1
Analytical methods, experimental procedures, NMR and
UV spectra, kinetic studies and DFT calculations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-150-S1.pdf]
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Abstract
Triazatriangulenium (TATA) and trioxatriangulenium (TOTA) ions are particularly suited systems to mount functional molecules
onto atomically flat surfaces such as Au(111). The TATA and TOTA units serve as platforms that absorb onto the surface and form
ordered monolayers, while the functional groups are protruding upright and freestanding from the central carbon atoms. Azoben-
zene derivatized TATA’s are known to exhibit extremely fast cis→trans isomerization on metal surfaces, via a peculiar non-adia-
batic singlet→triplet→singlet mechanism. We now prepared norbornadienes (NBD) and quadricyclanes (QC) attached to TATA
and TOTA platforms which can be used to check if these accelerated rates and the spin change mechanism also apply to [2 + 2]
cycloreversions (QC→NBD).

1815

Introduction
Recently, we discovered that the thermochemically forbidden
cis–trans isomerization of azobenzenes can be efficiently cata-
lysed by a very peculiar mechanism on bulk gold [1]. In hetero-
geneous catalysis, the surface is chemically involved in bond
making and breaking. In contrast to this conventional surface
catalysis the new mechanism does not involve direct contact
with the surface. Electronic coupling via a conjugated π-system
to the conducting band of a bulk metal is sufficient to accel-

erate the rate of isomerization by three orders of magnitude
[2-4]. To keep the reacting azobenzene molecule at a distance
of about 14 Å from the surface, it is not directly absorbed onto
the surface but mounted on a carefully designed molecular
framework. This approach was named the platform approach
[5]. Three molecular units are combined in a modular way to
achieve a controlled adsorption on the surface: the platform, a
spacer and the functional molecule. Triazatriangulenium

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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(TATA) and trioxatriangulenium (TOTA) units are used as mo-
lecular platforms. They adsorb on the surface and form ordered
monolayers. A linear, π-conjugated spacer (e.g., an ethynyl
unit) is attached to the central carbon atom and the functional
molecule is mounted on top. This architecture allows investigat-
ing molecules on surfaces under controlled conditions. The size
of the platforms determines the intermolecular distances and
enforces an upright orientation of the free standing functional
groups [6]. The length and the nature of the spacer is used to
tune the distance and electronic coupling of the functional
system on top [1].

Preliminary experiments proved that the electronic coupling to
the surface is the decisive parameter controlling the cis–trans
rate acceleration of azobenzenes and not the length of the spac-
er [1]. A full conjugation path from the azobenzene on top
through the ethynyl spacer and the platform to a bulk gold sur-
face shortens the half-life of the metastable cis-isomer from
days to seconds even though the azo N=N group is 11 bonds
and 14 Å away from the surface. A singlet→triplet→singlet
pathway was suggested to explain the dramatic rate accelera-
tion.

To obtain further insight into this unusual mechanism and to
explore the scope and limitation of the general concept, we are
aiming at the extension from simple cis→trans isomerization to
other thermochemically forbidden reactions such as [2 + 2]
cycloreversions. Moreover, a deeper understanding of the non-
adiabatic, catalytic process and successful application of the
concept to the QC→NBD isomerization could contribute to the
elucidation of the mechanisms of bulk metal catalysis and open
new ways to design new catalytic systems.

Towards this end, and following the “platform concept”, we de-
signed a cyano-substituted norbornadiene, which is functionali-
zed with an acetylene spacer on a TATA platform to investi-
gate an eventual “spin-catalysed” [2 + 2] cycloreversion on bulk
gold of quadricyclane 1b to norbornadiene 1a (Figure 1).

The cycloreversion of most quadricyclane systems proceeds
smoothly in solution upon irradiation in the presence of triplet
sensitizers [7]. If 1b is adsorbed on a gold surface the bulk gold
could take the role of a triplet sensitizer, mediate the spin
change (which otherwise is forbidden) and accelerate the
cycloreversion. Substitution in the 2 and 3 positions shifts the
bathochromic absorption to 375 nm which is in agreement with
similar systems [8]. Furthermore, the cyano and ethynyl groups
provide a complete conjugation path across the double bond of
norbornadiene to the metal. Additionally, it is known that elec-
tron-withdrawing groups in 2 or 3 position change the triplet
energy hypersurface in such a way that a triplet excited quadri-

Figure 1: Structures of the norbornadiene platform 1a and the quadri-
cyclane platform 1b (for geometry coordinates and further details see
Supporting Information File 1). The norbornadiene isomerizes upon ir-
radiation with 385 nm to the quadricyclane 1b. Back-isomerization to
the norbornadiene 1a is achieved upon irradiation with 311 nm or ther-
mochemically with a half-life of 31 days.

cyclane 1b decays into the ground state of the norbornadiene 1a
[9], which is a precondition for an efficient QC→NBD isomeri-
zation via our postulated non-adiabatic singlet→triplet→singlet
mechanism.

Results and Discussion
If our proposed spin change mechanism, mediated by the con-
ducting electrons in bulk gold were correct, interruption of the
conjugation path and decoupling from the surface should
restore the properties of the system (half-life of the metastable
quadricyclane) in solution. According to this line of thought, we
synthesized molecule 2 with a 2-methylphenyl group inserted
into the spacer unit (see below Scheme 2). The methyl group
prevents a planar arrangement of the phenyl group and the
double bond of the NBD unit and thus lowers the conjugation.

We also synthesized the corresponding system directly
connected to a TOTA platform 3. Functionalized TOTA mole-
cules are more stable than the corresponding TATA systems
and usually can be sublimed without decomposition, which is a
necessary precondition for ultra-high vacuum STM investiga-
tions.

The 3-bromo-2-cyano-substituted norbornadiene 4 was synthe-
sized as described in the literature (Scheme 1) [10-12].

4 was converted to 5 with trimethylsilylacetylene (72%) in a
Sonogashira cross-coupling reaction. The triazatriangulenium
ion 6 was synthesized according to a procedure of Laursen and
Krebs [13]. The platform 6 was functionalized with norborna-
diene 5 by deprotection of the acetylene with potassium hydrox-
ide and in situ formation of the C–C bond between the acety-
lene and the central C atom of the platform 6 to yield the
norbornadiene-substituted platform 1 (62%).
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Scheme 1: Syntheses of the norbornadiene TATA platform 1 and TOTA platform 3. a) TMS-acetylene, Pd(PPh3)4, Cu(I)I, Et3N, toluene, N2, 60 °C,
1.3 h; b) KOH, THF, N2, reflux, 5 h; c) sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF4), DCM, rt, 2 h; d) n-BuLi, THF, N2, −78 °C to rt,
20 h.

Scheme 2: Synthesis of methylphenylnorbornadiene platform 2. a) Pd(PPh3)4, Na2CO3, toluene, EtOH, H2O, N2, reflux, 12 h; b) KOH, THF, N2,
reflux, 1 h.

The TOTA cation with the tetrakis(3,5-bis(trifluoromethyl)phe-
nyl)borate anion (TOTA+ [BArF

4]−, 8) was obtained by ion
exchange of the TOTA tetrafluoroborate 7 (TOTA+ BF4

−) to
achieve a high solubility in organic solvents [14]. 3-Bromo-2-
cyanonorbornadiene (4) was subjected to halogen–metal
exchange with n-BuLi and coupled with the central atom of the

TOTA platform 8 to obtain the norbornadiene-functionalized
TOTA platform 3 (22%, Scheme 1). The synthesis of the corre-
sponding TATA platform including an additional 2-methyl-
phenyl group (2) was obtained in a convergent synthesis
(Scheme 2). Boronic ester 9 was synthesized as described in the
literature [15]. In a Suzuki cross-coupling reaction norborna-
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Figure 2: UV–vis spectra of platform molecules 1 (a), 2 (b) and 3 (c) (in THF at rt): Norbornadiene (black), quadricyclane (red) and after irradiation
with 311 nm (compound 1b and 2b) or 254 nm (compound 3b) for 2.5 min (blue).

diene 4 was coupled with 9 to the extended norbornadiene 10
(38%), which was attached to the TATA platform 6 to yield the
extended norbornadiene platform 2 (44%).

The photophysical properties and the switching behaviour of 1,
2 and 3 were determined in solution (THF). The UV–vis spec-
tra of the norbornadienes (NBD, black, 1a, 2a, 3a) and quadri-
cylanes (QC, red, 1b, 2b, 3b) and the spectra of the QCs after
irradiation with 311 nm for 1b and 2b or 254 nm for 3b (blue)
are shown in Figure 2. The bathochromic absorption maximum
of norbornadiene 1a is at 375 nm (as compared to <300 nm in
parent norbornadiene) [16,17]. The absorption maximum of
quadricyclane 1b is at 336 nm (as compared to 187 nm in
parent quadricyclane) [18]. The weak and broad absorption
band with a maximum at 524 nm is due to the TATA cation
generated by decomposition during irradiation with 311 nm.

The photostationary states were determined in deuterated
oxygen containing deuterated benzene and degassed deuterated
benzene by 1H NMR measurements (Figure 3). Norbornadiene

1a isomerizes quantitatively to quadricyclane 1b by irradiation
with 385 nm. Upon irradiation of 1b under nitrogen with
311 nm, the cycloreversion yields 28% norbornadiene
(Table 1).

The efficiency of the cycloreversion is higher under air (52%),
however, slow decomposition was observed (cleavage of the
TATA+ platform). Obviously, in the presence of oxygen, the
photochemical cycloreversion proceeds via a triplet radical
mechanism. This agrees with observations described in the liter-
ature [16]. In degassed benzene neither 1a nor 1b exhibits de-
composition upon repeated irradiation with 385 nm and
311 nm.

The thermal isomerization of QC 1b back to NBD 1a was in-
vestigated by 1H NMR measurements (Figure 4).

The cycloreversion follows a first order reaction, the rate con-
stant could be determined by logarithmic fitting of the integrals
of the CH2 signals next to the nitrogen atoms of the platform as
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Table 1: Photostationary states (PSS) of norbornadiene platforms 1, 2 and 3 upon irradiation with light of the wavelengths λirrad = 385 nm (1a, 2a) or
311 nm (3a) and 311 nm (1b, 2b) or 254 nm (3b) and the thermal isomerization half-life t1/2 determined by 1H NMR spectroscopy (deuterated
benzene under air/degassed deuterated benzene).

Compound atmosphere PSS
% QC (λirrad)

PSS
% NBD (λirrad)

t1/2 (h) EA
kJ/mol

1 air ≈100 (385 nm) 52 (311 nm) 655 (293 K) /
1 N2 ≈100 (385 nm) 28 (311 nm) 732 (294 K) 111
2 N2 ≈100 (385 nm) 48 (311 nm) >1 year /
3 N2 91 (311 nm) 33 (254 nm) >1 year /

Figure 3: 1H NMR spectra of 1 in deuterated oxygen containing
deuterated benzene (left) and degassed deuterated benzene (right).
Shown are the signals of the CH2 groups of the alkyl side chains next
to the nitrogen atoms in the TATA platforms, which are indicative of the
isomerization. Left bottom (blue): non-irradiated NBD 1a; left middle
(red): pure QC 1b obtained after irradiation of 1b with 385 nm for one
minute; and left top (green): photostationary state of 1a and 1b after
1 h irradiation with 311 nm under air (52% 1a/48% 1b). Right bottom
(blue): pure NBD 1a; right middle (red): pure QC 1b obtained after irra-
diation of 1a with 385 nm for one minute and right top (green): photo-
stationary state of 1a and 1b after 2 h irradiation with 311 nm under
nitrogen atmosphere (28% 1a/72% 1b).

Figure 4: Determination of the thermal isomerization rate k of 1b (QC)
by 1H NMR spectroscopy (toluene, 293.5 K, 800 μmol/L, under
nitrogen). ΔY: ln {[QC]t/[QC]0}, [QC]t: 1H NMR integral of the CH2
group neighbouring the N bridge atom of the TATA platform in QC 1b
at time t, [QC]0 corresponding 1H integral at t = 0. A rate constant of
k = 0.95·10−3 s−1 was determined from a linear fit of the ΔY/t curve.

k = 1.06·10−3 s−1 under air and 0.95·10−3 s−1 under nitrogen.
Hence, the thermal reaction (in contrast to the photochemical
reaction) is not largely affected by oxygen. The half-life of the
metastable quadricyclane is t1/2 = 655 h in benzene under air at
293 K (Table 1). Minor amounts of degradation products (<1%)
after following the cycloreversion within a period of one month
are visible in the 1H NMR spectrum. Under nitrogen atmo-
sphere the half-life of the cycloreversion is t1/2 = 732 h (294 K).

The rate constant as a function of the temperature follows an
Arrhenius-type relationship. The activation energy for the
cycloreversion was determined by linear fit of ln (k) as a func-
tion of 1/T. The cycloreversion of QC 1b to NBD 1a has an ac-
tivation energy of 111 kJ mol−1 (degassed deuterated benzene).
The switching efficiency of NBD 2a to QC 2b is quantitative
(≈100%) after irradiation with 385 nm, whereas the photosta-
tionary state of NBD 3a to QC 3b is lower with 91%.

No thermal cycloreversion of the quadricyclanes 2b and 3b was
observed at room temperature within a period of one month.
Obviously, a cyano as well as a neighbouring ethynyl substitu-
ent are necessary to induce the back-isomerisation at ambient
conditions as realized in compound 1. Consequently, future
surface chemistry investigations will be performed with
compound 1 including the TATA platform and an ethynyl spac-
er.

STM Measurements
The adsorption behaviour of the NBD 1a on Au(111) surfaces
was studied by scanning tunnelling microscopy (STM) at room
temperature (Figure 5a). The molecules form a hexagonally
ordered self-assembled monolayer (SAM) with an intermolecu-
lar distance of (1.23 ± 0.07) nm. This is in agreement with a
(√19 × √19) R23.4° superstructure, which was observed in our
previous investigations of adlayers of octyl-TATA derivatives
[1,6,19-21]. Two types of molecules with a distinct difference
in apparent height of ≈1 Å were observed in the STM images
(Figure 5b). Both types of molecules are located at identical po-
sitions of the (√19 × √19) R23.4° lattice and seem to be distri-
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Figure 5: (a) STM image of self-assembled monolayers of compound 1 on Au(111) (40 × 40 nm2, It = 0.05 nA, Ubias = 0.40 V) and (b) crossection
along the white line in (a).

buted rather randomly on the surface. Two explanations are
possible to account for the presence of these two species: Either
they correspond to a mixture of adsorbed NBD-TATA 1a and
QC-TATAs 1b or to coadsorption of 1a and the pure octyl-
TATA 6. The first case may be possible, because the molecules
are able to switch to the 1b state at a wavelength of 385 nm and
the substance was exposed to daylight during preparation and
incorporation into the STM. However, since the ratio on the
surface is 42% for molecules with a greater apparent height and
58% for molecules with a lower apparent height, this assump-
tion is unlikely as at least 42% of the molecules would have to
be in the switched state 1b. The second explanation, i.e., that
the mixed monolayer consists of octyl-TATA 6 and the NBD-
TATA 1a, seems to be more likely, since molecule 1 decays
slowly under irradiation in contact with oxygen. Previous mea-
surements have shown that self-assembly from solutions con-
taining pure and vertically functionalized TATA molecules
leads to the formation of stochastically mixed monolayers with
a highly ordered (√19 × √19) R23.4° superstructure [22]. This
would be also expected for self-assembly from solution contain-
ing 1a and 6. The composition of the adlayer on the surface
does not necessarily have to be identical to the ratio of the two
species in solution. In fact, in our previous study the fraction of
adsorbed octyl-TATA 6 as compared to that of the functionali-
zed TATA was found to be much higher than the ratio in solu-
tion. We attributed this to the smaller size of 6 and its corre-
spondingly higher diffusion coefficient, which results in faster
transport to the Au surface and accordingly enhanced surface
coverages. Thus, even low decay rates of 1a may lead to suffi-
ciently high concentrations of 6 for obtaining mixed adlayers.
By varying the preparation conditions, e.g., performing the
preparation in a nitrogen atmosphere, decomposition might be
avoided and monolayers of better quality could be achievable.

Conclusion
In summary, we present the syntheses of three different norbor-
nadiene functionalized platform molecules 1–3. The photo-
chemical switching between the norbornadiene and quadricy-
clane isomers with two different wavelengths was investigated.
Norbornadienes 1 and 2 are quantitatively converted to the cor-
responding quadricyclanes upon irradiation with light of
385 nm. Back-isomerization with 311 nm to the norbornadiene
isomer 1a is less efficient (52%). The high-energy quadricy-
clane isomer 1b is thermochemically unstable at room tempera-
ture (half-life 31 d at 21 °C in benzene) only if a cyano as well
as an ethynyl substituent are present. No thermal conversion
under ambient conditions was observed for 2 and 3, which are
lacking ethynyl substitution. Further studies will be devoted to
the surface chemistry of these compounds. Norbornadiene 1
forms highly ordered monolayers on Au(111) surfaces with two
different apparent heights. It is not clear if a mixture of norbor-
nadiene 1a and quadricyclane 1b or norbornadiene 1a and
octyl-TATA 6 form these mixed monolayers.

Experimental
For detailed experimental procedures, including NMR,
UV–vis, MS spectra and STM measurements see Supporting
Information File 1, chapters I–IV, and for kinetic studies see
chapter V.

Supporting Information
Supporting Information File 1
Experimental and analytical data.
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Abstract
ortho-Fluoroazobenzenes are a remarkable example of bistable photoswitches, addressable by visible light. Symmetrical, highly
fluorinated azobenzenes bearing an iodine substituent in para-position were shown to be suitable supramolecular building blocks
both in solution and in the solid state in combination with neutral halogen bonding acceptors, such as lutidines. Therefore, we in-
vestigate the photochemistry of a series of azobenzene photoswitches. Upon introduction of iodoethynyl groups, the halogen bond-
ing donor properties are significantly strengthened in solution. However, the bathochromic shift of the π→π* band leads to a partial
overlap with the n→π* band, making it slightly more difficult to address. The introduction of iodine substituents is furthermore
accompanied with a diminishing thermal half-life. A series of three azobenzenes with different halogen bonding donor properties
are discussed in relation to their changing photophysical properties, rationalized by DFT calculations.
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Introduction
The halogen bond is an attractive noncovalent interaction be-
tween a polarized halogen atom (the halogen bond donor) and a
Lewis base (the halogen bond acceptor) [1,2]. A prominent ex-
ample regarding the origin of halogen bonding can be found in
inorganic solid-state chemistry. The structurally diverse group
of polyiodides, with its rich structural chemistry is governed by
halogen bonding, where I− and I3

− are considered the nucleo-

philic (halogen bond acceptor) and I2 the electrophilic (halogen
bond donor) subcomponent [3-7]. Neutral halogen bonds on the
other hand can be generally described by R–X···Y, where R–X
is the halogen bond donor, R is covalently bound to X, and Y is
the Lewis basic halogen bond acceptor [1]. In recent years,
halogen bonding was used to assemble molecules, leading to a
variety of supramolecular architectures [8-19], as well as
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Scheme 1: a) Azobenzenes A1–3 employed in this study. b) U-shaped anthracene halogen bond acceptor bearing two 3,5-lutidines in 1 and 8 posi-
tions.

discrete supermolecules [20-24]. Huber and co-workers demon-
strated the activation of a carbonyl group by halogen bonding,
and successfully applied this concept to catalysts for Michael
addition reactions [25] and also employed neutral [26], and
hypervalent iodolium derivatives as activators in a halide
abstraction reaction and as organocatalysts in Diels–Alder reac-
tions [27]. The group of Metrangolo also reported halogen
bonding-promoted catalysis in water by exploiting a halogen
bonding amino acid, which combines excellent donor proper-
ties with good water solubility [28], in addition to their seminal
contributions in the field of crystal engineering [1]. Only few
supramolecular capsules were reported so far [29], including the
resorcin[4]arene capsules of Diederich and co-workers [21,23],
triangular macrocycles assembled by self-complemented
halogen bonding [20] and halogen bond templated, polyfluori-
nated stilbene squares used for topochemical polymerization
[22]. Additionally, halonium ions [N···I+···N] were reported to
form several charged, discrete supramolecular capsules [30-33]
and helicates [34]. In the same line, we have demonstrated
recently that both E-4,4’-di(iodo)perfluoroazobenzene (A2) and
E-4,4’-di(iodoethynyl)perfluoroazobenzene (A3) halogen bond
donors can be combined with rigid u-shaped anthracene build-
ing blocks, bearing two 3,5-lutidine acceptors in 1 and 8 posi-
tions, to form self-assembled boxes of 25–30 Å length in solu-
tion and in the solid state [35].

We chose azobenzene because azobenzene is one of the
simplest molecules that can undergo photoinduced isomerisa-
tion of its N=N central double bond. The photoisomerisation
reaction in n→π and π →π* excited states has been studied with
experimental [36-38] and theoretical approaches [39-44]. By
substituting azobenzenes in the ortho-positions to the N=N
bond with electron-withdrawing fluorine substituents [45,46],
the red-shifting of the n→π* transitions enables selective
addressing of both the E- and Z-isomer using visible light.
Stabilization of the n-orbitals in the Z-isomers leads to a very

high thermal stability of the Z-isomer, now exhibiting thermal
half-lives up to two years at room temperature [36]. Most im-
portant for application in supramolecular systems, it should be
possible to study both states of the system on a laboratory
timescale, a key aspect in the design of our halogen bonded
boxes [35]. Therefore, we herein present a comprehensive in-
vestigation of the photochemistry of highly fluorinated azoben-
zenes. Our efforts are supported by theoretical calculations,
showing that these azobenzenes are suitable for the use as
building blocks in supramolecular architectures.

Results and Discussion
Three different azobenzenes A1–3 were studied with regard to
halogen bonding and photochemical properties (Scheme 1).

In our experiments, tetrafluorinated A1 does not form halogen
bonded boxes with acceptor U1, neither in solution, nor in the
solid state. Octafluorinated A2 forms [2 + 2] boxes in the solid
state and possibly in solution, whereas tetrafluoroiodoethynyl
A3 is as donor strong enough to reliably permit the characteri-
zation of the boxes formed in solution and in the solid state
[35]. Electrostatic interaction plays a dominant role in halogen
bonding [1,12,13]. Therefore, we calculated the molecular elec-
trostatic potentials of the halogen bond donors A1–3 to visu-
alize their capabilities to form halogen bonded architectures
(Figure 1).

Looking at the electrostatic surface potentials of the halogen
bond donors, one can see that A3 shows a maximum value on
the iodine atom that is most positive compared to that of A2 and
A1. The evolution of the iodine potential follows our experi-
mental observation with iodoethynylazobenzene A3 being the
strongest halogen bond donor and A1 being the weakest, within
this series [48]. For potential, reversible photochemical control
of supramolecular assemblies, the halogen donors need to bind
both in the E- and Z-state. This is the case according to our
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Figure 1: Electrostatic potential map at different isodensity values (B3LYP/ def2/TZVP/DGZVP optimized geometries) with a) ρ = 0.0001, and
b) ρ = 0.001. For visualization, the MoleCoolQt software was used [47].

computations, as isodensity values remain almost identical upon
switching (Figure S14 in Supporting Information File 1). We
therefore turned our attention to elucidate the change of photo-
chemical properties upon introducing the heavy iodine to the
azobenzene building block, as well as the effect of the ethynyl
group in case of A3 (Figure 2). Vertical electronic absorption
spectra of the different azobenzenes were calculated at the
TD-B3LYP/def2-TZVP level of theory including Grimme D3
dispersion correction, using the Gaussian 16 program package
(see Supporting Information File 1). The azobenzenes were em-
bedded in a continuum using the polarizable continuum model
(PCM) for the solvent MeCN. The DGZVP all electron basis
was used for iodine. Vertical excitation energies for the π→π*
and n→π* transitions of E and Z-isomers are listed in the Table
S9 (Supporting Information File 1).

The computational absorption spectra are in fair agreement with
the experimental ones (Table 1) and trends are reproduced ac-
cordingly (measured and calculated absorption spectra of A1

can be found in the Supporting Information File 1, Figures S1
and S12). By introduction of fluorine atoms ortho to the azo
bond, the two n→π* of E- and Z-state become sufficiently sepa-
rated to address them individually using visible light sources.
Along with averting UV light for the photochemical reaction,
high PSS ratios can be observed, which is very desirable for ap-
plication in supramolecular systems [12,13,35]. Tetra- and octa-
fluorinated A1 and A2 show clear spectral separation of the
n→π* bands, whereas the extended π-system of iodoethynyl A3
lead to a bathochromic shift of the π→π* band by 24 nm, now
partially overlapping with the, also broadened, n→π* band of
Z-A3. Apart from the photoisomerisation using light, azoben-
zenes A1–3 also undergo thermal back reaction, which we
studied experimentally and theoretically. To gain insight into
the effect of the iodine atoms on the thermal stability we inves-
tigated A1, A2 and A3 in MeCN at elevated temperature
(60 °C), following the works of Hecht and co-workers [45,46].
The data is presented in Table 2. Additionally, we studied A3 in
a wide range of temperatures in MeCN.
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Figure 2: Top: Vertical electronic absorption spectra of a) A2 and b) A3, calculated using TD-B3LYP/def2-TZVP level of theory with Grimme D3
dispersion corrections and implicit MeCN solvent. Pink line: Z-isomer, purple line: E-isomer. Bottom: E-state of c) A2 and d) A3 (from left to right,
purple) and photostationary state (PSS, pink) after photoirradiation with λirr = 565 nm, monitored by UV–vis (MeCN, c = 10.5 and 9.3 μmol/L, respec-
tively). The inlets of c) and d) were smoothed using the Savitzky–Golay filter implemented in OriginPro to facilitate readability.

Table 1: Spectroscopic properties in MeCN for E-state and PSS after photoirradiation with λirr = 565 nm. Maxima were determined using the “Peak
Analyzer” implemented in OriginPro. Kinetic measurements were performed in MeCN at 60 °C (Supporting Information File 1).

λmax(E)
[nm]

εmax(E)
[M−1 cm−1]

λmax(PSSZ)
[nm]

εmax(PSSZ)
[M−1 cm−1]

τ1/2
[h]

A1 335 3.48 × 104 241 1.68 × 104 44.92
A2 340 2.84 × 104 239 1.38 × 104 17.17
A3 364 4.41 × 104 359 2.38 × 104 0.92

The half-lives decrease from A1 to A3, an effect that correlates
with the increase in dipole moment of the transition state (TS,
see Supporting Information File 1, Table S8). In the B3LYP
computations this value is larger than for the corresponding
Z-isomer and leads to a stabilization of the TS in polar solvents
[46].

The bistable character is obviously weakened upon improving
the halogen bonding properties. However, most importantly, the
azobenzenes still can be conveniently handled at room tempera-
ture with a half-life of at least a working day, allowing for
studying both states of the systems without needs for in situ ir-
radiation (the thermal half-life of A3 at room temperature is
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Table 2: Activation process parameters for the E→Z isomerisation in MeCN at 60 °C, B3LYP, def-TZVP basis for C, H, N, F, DGZVP all electron
basis for iodine. Grimme D3 dispersion correction was applied. Values were computed using the KistHelp program [49] employing classical transition
state theory and including the effects of Wigner-tunnelling (Supporting Information File 1).

ΔU
[kJ mol−1]

ΔG
[kJ mol−1]

ΔH
[kJ mol−1]

ΔS
[J mol−1]

kZ-E
[s−1]

τ1/2
[h]

τ1/2 exp.
[h]

A1 124.10 114.32 119.06 14.22 9.46 × 10−6 20.35 44.92
A2 118.86 108.73 114.49 17.28 7.06 × 10−6 2.73 17.17
A3 113.13 99.89 108.69 26.42 1.70 × 10−6 0.11 0.92

Figure 3: a) Space-filling model of U1···A2. The kinked alignment of both the lutidine units of U1 and the azobenzenes A2 can be seen. b) Part of the
X-ray crystal structure showing the halogen bonding azobenzene A2 in detail. Selected bond lengths: N3–I1 2.7810(2), I2–N4 2.816(2) Å.

14.98 hours in MeCN, see the Supporting Information File 1,
Figures S6–S8).

In addition to that, slow evaporation of an equimolar solution of
U1 and A2 in benzene furnished red-orange single crystals suit-
able for X-ray analysis of a [2 + 2] halogen-bonded box,
U1···A2, over the course of a few days in quantitative yield.
Single-crystal analysis confirms the formation of a U1···A2 box
in the solid state (Figure 3).

The U1···A2 box has a principal length of approximately 25 Å
(anthracene–anthrance distance) and a height of 5 Å (distance
between the ipso-carbons of the lutidines). The lutidine acceptor
units are curved inwards (with N···I–C angles of 165 and 172°)
and show N···I distances of 2.78 and 2.82 Å to the azobenzene
donors. As observed for the other boxes assembled by halogen
bonding reported by us [35], parts containing fluorinated
azobenzenes A2 are segregated from the perhydrogenated

anthracene U1 units, connected by C–H···F contacts. The
azobenzenes A2 interact by lamellar 2D π-stacking, anthracene
U1 interact predominantly by C–H···π interactions as both the
solubilizing mesitylene group and the two perpendicular luti-
dine acceptors effectively prevent stacking of the anthracenes
body (Supporting Information File 1, Figure S17). This was
also the key to being able to lower the temperature to charac-
terize formation in the 1H NMR, where the solubility of the
assemblies in benzene was improved by adding a solubilizing
mesitylene group to the halogen bonding acceptor U1 to avoid
precipitation of box A2···U1 during previous titration experi-
ments [35].

Conclusion
The performed calculations show that both E- and Z-isomer are
equally able to undergo halogen bonding. By improving the
strength of halogen bonding going from tetrafluorinated A1 to
octafluorinated A2 to A3, especially by introducing the
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iodoethynyl group, as trade-off, photophysical properties are
changing. The bathochromic shift of the π→π* band leads to an
overlap with the n→π* excitation, making it more difficult to
address, together with a diminishing thermal half-life. Both
effects can be qualitatively reproduced and understood with the
help of quantum mechanical calculations involving a combina-
tion of low-cost implicit solvation models and hybrid density
functionals when including dispersion corrections.

Supporting Information
Supporting Information File 1
General experimental information, synthetic procedures,
UV–vis photochemistry and kinetic studies, computational
methods, and X-ray crystallographic details.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-197-S1.pdf]
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Abstract
Three new diarylethenes were synthesized from 1,2-bis(5-methyl-2-(4-substituted-phenyl)thiazol-4-yl)ethyne and benzyl azide
through Ru(I)-catalyzed Huisgen cyclization reactions. The 4,5-bisthiazolyl-1,2,3-triazoles thus prepared, which belong to the
terarylene family, showed thermally reversible photochromism. The absorption maximum wavelengths of the closed forms are
longer than other terarylenes reported so far. The thermal back reactions are much faster when the substituents on the terminal phe-
nyl groups are electron-withdrawing cyano groups than when they are electron-donating methoxy groups.
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Introduction
Diarylethenes are one of the most widely investigated among
the photochromic families [1-3]. They are known to show ther-
mally irreversible photochromism. However, some of them are
thermally reversible [4]: (1) when the aromatic stabilization
energy of the aromatic rings is large [5]; (2) when the substitu-
ent groups on the ring-closing carbon atoms are large [6];
(3) when the substituent groups on the ring-closing carbon
atoms are strongly electron-withdrawing [7]; or (4) when the
dialkylamino group on the side chain [8] or a carbon atom of
the conjugation system in a strained closed form [9] are proto-
nated.

Terarylenes [10,11], one of the closely related families of
diarylethenes, are largely thermally reversible [10,12] although
some are irreversible when the aromatic stabilization energy of
the aromatic rings is small [11]. Their syntheses are usually
carried out by the sequential construction of the central
aromatic ring at the final stage [10] or the introduction of two
aromatic rings to the central aromatic ring [11]. If the construc-
tion of three contiguous aromatic-ring arrays can be easily
achieved, a new and facile synthesis method for the photochro-
mic family which undergoes 6π-electrocyclization can be real-
ized [13].

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yokoyama-yasushi-wp@ynu.ac.jp
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Scheme 1: Reaction mechanisms of Huisgen cyclization catalyzed by Cu(I) and Ru(I).

Scheme 2: Synthesis and photochromism of bisthiazolyltriazoles.

Early in the 21st century, Sharpless and co-workers proposed
the concept of “click chemistry” [14], which stands for the
secure, quick, selective, general and facile reaction between two
organic functional groups. In click chemistry, the Huisgen
cyclization, which occurs between an organic azide and a termi-
nal alkyne catalyzed by a Cu(I) ion, was regarded as the repre-
sentative reaction [15,16]. This reaction occurs even in aqueous
media, the chemical yield is always high, and the regiochem-
ical structure of the product is always 1,4-disubstituted triazole.

Cu(I)-catalyzed Huisgen cyclization proceeds by the formation
of copper acetylide as the intermediate [15,17], resulting in the
formation of 1,4-disubstituted triazoles. In contrast, when Ru(I)
complexes are employed as the catalyst, the reaction mecha-
nism is different from the case of Cu(I), and the major products
are 1,5-disubstituted triazoles. Another more important differ-
ence is that Ru(I) catalysts work on the disubstituted alkynes to
give 1,4,5-trisubstituted triazoles (Scheme 1) [18,19]. When
both substituents of an internal alkyne are aromatic groups, the
triazoles thus formed include the hexatriene motif in the struc-
ture.

Although a number of photochromic diarylethenes containing
triazole groups have been reported [20-31], all of them use the
triazole ring as the linker of the second functional molecule

with the diarylethene core. To the best of our knowledge, no
diarylethenes or terarylenes possessing the triazole ring as one
of the components of the hexatriene moiety has been reported to
date.

Accordingly, we decided to employ a Ru(I) catalyst to synthe-
size 4,5-diaryl-1-substituted-1,2,3-triazoles 1o–3o as possible
photochromic compounds (Scheme 2).

Results and Discussion
Molecular design and synthesis
As the organic azide we used commercially available benzyl
azide. Since 1,2-bis(5-methyl-2-phenylthiazol-4-yl)ethyne was
used in our previous research [32-34], we employed bisthia-
zolylethynes as the foundation for the skeleton of the target
compounds. In order to examine the substituent effects of the
terminal phenyl groups on the photochromic properties, com-
pounds with methoxy groups or cyano groups at the para-posi-
tion of the phenyl groups were also synthesized. To avoid the
generation of isomers with a substitution pattern by Huisgen
cyclization, the same substituents were introduced to both phe-
nyl groups.

The Ru(I)-catalyzed Huisgen cyclization reaction proceeded
rather smoothly to give 1o, 2o and 3o in moderate chemical
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Figure 1: Absorption spectral change of triazoles 1o–3o upon irradiation of 313 nm light in MeCN at 28 °C. Light intensity: 1.8 mW cm−2. (a) 1o.
4.44 × 10−5 mol dm−3. (b) 2o. 4.38 × 10−5 mol dm−3. (c) 3o. 4.73 × 10−5 mol dm−3.

yields of 36%, 53% and 20%, respectively. Since the reported
chemical yield of the reaction of tolan, the simplest bisaryleth-
yne, and 2-phenylethyl azide was 63% [19], it could be consid-
ered reasonable that the reactions of the sterically more
congested ethynes and benzyl azide gave triazoles with less
chemical yields. Details of the synthesis are described in Sup-
porting Information File 1.

Photochromic reactions
Photochemical cyclizations
Triazoles were dissolved in ethanol (EtOH), acetonitrile
(MeCN), ethyl acetate (AcOEt) and toluene, and each solution
was irradiated with 313 nm light. The changes in the absorp-
tion spectra during UV light irradiation in MeCN are shown in
Figure 1 (spectra of the compounds in the other solvents are
shown in Figures S1–S9 in Supporting Information File 1). The
absorption spectral properties are summarized in Table 1
together with their predicted absorption maxima obtained by
TD DFT calculations in vacuum [35]. Although 1o and 2o
showed substantial coloration, 3o showed only a slight
coloration at room temperature.

The solvent effects on the absorption maximum wavelengths of
the closed forms were not remarkable. The tendency observed
was of the absorption maximum wavelength being a few nano-
meters longer in less polar toluene than for the other solvents.

When the substituents on the terminal phenyl rings are electron-
withdrawing cyano groups, the measured absorption maximum
of the closed form was about 40 nm longer than the others in
any solvent. The substituent effect observed here is different
from the small substituent effect on the closed forms of the rep-
resentative bisthienylhexafluorocyclopentenes 4c (R = H,
562 nm), 5c (R = OMe, 570 nm) and 6c (R = CN, 570 nm) in
hexane (Scheme 3) [36]. In triazoles, while the introduction of
electron-donating methoxy groups had little effect on the
absorption maximum wavelengths, the introduction of electron-
withdrawing cyano groups induced a large bathochromic shift.
This observation was well-reproduced by TD DFT calculations
(Table 1 and chapter SI-4 in Supporting Information File 1).

When the absorption maximum wavelength of 1c, whose
central ethene moiety is triazole, is compared with those of the
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Table 1: Wavelengths of absorption maxima of the closed forms of photochromic triazoles.

Solvent and calculation method EtOH MeCN AcOEt toluene TD DFTa

er 
b

ET
N c

24.55
0.654

35.94
0.460

6.02
0.228

2.38
0.099

in vacuum

λmax/nm

1c (R = H) 692 695 693 698 704
2c (R = OMe) 697 696 693 699 699
3c (R = CN) 737 739 737 739 759

aIn vacuum [35]. bRelative dielectric constant. cNormalized ET(30) value.

Scheme 3: Wavelengths of absorption maxima of the closed forms of
bisthienyletenes in hexane [36].

closely related 7c (cyclopentene) [37], 8c (hexafluorocyclopen-
tene) [38], 9c (thiazole) [39], and 10c (imidazole) [40] in non-
polar solvents, 1c has a much longer absorption maximum in
toluene (Scheme 4, Table 2). It should also be noted that the
absorption maximum wavelength is longer when the central
ethene moiety is part of the aromatic ring than when it is an iso-
lated ethene in their open-form structures.

Table 2: Absorption spectral data of triazoles and other related photo-
chromic compounds.

λmax/nm
In solution TD DFTa

1c 698b 704
7c 500c [37] 537
8c 525d [38] 541
9c 587d [39] 636
10c 654d [40] 668

aIn vacuum [35]. bIn toluene. cIn cyclohexane. dIn hexane.

Thermal back reactions
As expected, all closed forms of triazoles showed thermal back
reactions since the photochemical cyclization results in the loss
of the aromatic stabilization energy [41] of the three contiguous

aromatic rings. The changes in the absorption spectra of ther-
mal decoloration in MeCN at room temperature are shown in
Figure 2.

In order to clarify the nature of the thermal back reaction of tri-
azoles, 1o, 2o and 3o were irradiated with 313 nm light in four
different solvents, and the decrease in the absorbance of the
absorption maximum wavelengths in the visible region was ob-
served at three different temperatures. The first order reaction
rate constants of the thermal back reactions at different temper-
atures were then determined. Arrhenius plots of ln k against 1/T
gave pre-exponential factors (A) and Arrhenius activation
energy Ea of these thermally reversible photochromic triazoles
(Figures S10–S13 in Supporting Information File 1). The
kinetic data of the thermal back reactions of 1c–3c in toluene
are shown in Table 3 together with the literature data of related
compounds 9c [39] and 10c [40] shown in Scheme 4.

As shown in Table 3, the thermal back reaction is fast when the
aromatic stabilization energy of the central aromatic ring is
large. Although Ea of 10 is smaller than that of 1 and 2, the pre-
exponential factors (A) of 1 and 2 are about 104 times and
103 times larger, respectively, than that of 10.

When the thermal kinetic data of 1, 2 and 3 are compared, the
thermal back reaction rate of 3 is extremely faster than the
others, although the central aromatic ring is common to these
compounds.

As shown in Table 4, neither electronic charge distribution on
the carbon atoms (natural charge [42]) comprising the ther-
mally breaking C–C bond, its bond length nor its bond order,
which were obtained by DFT calculations of these compounds,
did not give a clear explanation for the difference in the reac-
tion rate. Possible evidence of the fast back reaction of 3c may
be found in the bond lengths and Mulliken bond orders be-
tween the atoms constructing the conjugation system around the
central cyclohexadiene moiety (Scheme 5).
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Figure 2: Absorption spectral change of triazoles 1c–3c during the thermal back reaction after 313-nm light irradiation to 1o–3o in MeCN at 28 °C.
Concentration of compounds are the same as in Figure 1. (a) 1c. (b) 2c. (c) 3c.

Scheme 4: Photochromism of closely related compounds.

Table 3: Kinetic data of thermal back reactions and aromatic stabilization energy of 1c–3c, 9c and 10c.

A/s−1 Ea/kJ mol−1 k (293K)/s−1 t1/2 (293 K)a ASEb/kJ mol−1

9cc 7.1 × 1011 112 6.7 × 10−9d 3.3 years 72.9
10cc 1.3 × 109 85 8.7 × 10−7d 9.2 days 78.6
1ce 1.21 × 1013 87.8 2.80 × 10−3 248 s 102.0
2ce 2.79 × 1012 87.9 6.14 × 10−4 1130 s 102.0
3ce 1.26 × 1013 81.4 3.92 × 10−2 17.7 s 102.0

at1/2 (293 K): Half-life at 293 K. bASE: Aromatic stabilization energy of the central aromatic rings when unsubstituted. Data taken from ref. [41]. cIn tol-
uene. Data taken from ref. [39] for 9 and ref. [40] for 10. dCalculated from t1/2 at 293 K.eIn toluene.
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Scheme 5: Bond length (a) (in Å) and Mulliken bond order (b) of 1c–3c obtained by DFT calculations. Top number of each set: 1c. Second number:
2c. Bottom number: 3c. Red numbers of 3c: indicates stronger double bond character. Green numbers of 3c: indicates stronger single bond char-
acter. Blue numbers of 3c: indicates weaker bond character. Italic numbers around the central conjugation systems: no significant difference between
the three compounds.

Table 4: Natural charge, bond length and bond order of the bond-
breaking carbon atoms of triazoles 1c – 3c in the thermal back reac-
tions obtained by DFT calculations.

Natural chargea Bond length/Å Mulliken bond order
C1 C2 C1–C2 C1–C2

1c −0.198 −0.204 1.547 0.933
2c −0.195 −0.204 1.546 0.933
3c −0.198 −0.204 1.546 0.933

aCalculated by DFT calculations as the number of positive charges
[42].

In Scheme 5a, the single bonds of 3c written in red are shorter
than in the other two compounds, implying that they have a
stronger double bond character. Similarly, the double bonds of
3c written in green are longer, showing the stronger single bond
character. This suggests a stronger bond alteration tendency in
3c than in 1c and 2c, and this distinctive character of 3c can be
seen more clearly in Scheme 5b.

In addition, since the bond order of the N–Bn bond in blue of 3c
is the smallest, it can be reasonably assumed that the lone pair
on this nitrogen atom participates in the conjugation in the mo-
lecular core more strongly than in 1c and 2c. This distinctive
character of 3c originates from the electron-withdrawing cyano
groups in the molecule.

Data on the terminal phenyl rings in Scheme 5 do not give any
convergent tendency of the substituents due to the electron-do-



Beilstein J. Org. Chem. 2019, 15, 2161–2169.

2167

Scheme 6: Possible reaction mechanism of thermal ring opening of the closed forms.

nating character of the methoxy groups in 2c and the electron-
withdrawing character of the cyano groups in 3c. However, it is
safe to say the cyano groups in 3c are pulling the electrons and
this effect reaches the nitrogen atom bearing the benzyl group
through the conjugation.

Then how does this effect accelerate the thermal back reaction
in 3c? We propose the conventional reaction mechanism shown
in Scheme 6. When the delocalized lone pair on the nitrogen
atom moves back from the resonance structures A and B, it may
break the central C–C single bond to give the open form, as
shown with the arrows. The resonance structures are stabilized
more strongly when R is a cyano group so that the C–C bond
scission occurs easily. Thus, it is possible to control the rate of
the thermal back reaction by: (1) changing the aromatic ring at
the ethene moiety, and (2) changing the substituents on the phe-
nyl rings at the peripheral of the molecule.

Finally, we would like to discuss the solvent effects on the ther-
mal back reactions of 1c, 2c, and 3c. As can be seen in Figure
S13, the solvents are classified into two categories: (1) polar
solvents (EtOH and MeCN) and (2) less polar solvents (AcOEt
and toluene). Although the gradient of the lines (Ea) for the
same compound in Figure S13a–c are quite similar, the inter-
cepts (A) are clearly different for the two solvent groups of 1c
and 2c. As for 3c, although its categorization is not as clear as
1c and 2c, differences can still be observed. In general, the ther-
mal back reactions are faster in the more polar solvents, and

faster in MeCN than in EtOH among these two solvents. How-
ever, for 2c, it is faster in EtOH than in MeCN. This may have
originated from the hydrogen-bond formation between EtOH
molecules and the methoxy groups in 2c, which reduces the
electrostatic repulsion between the methoxy groups and the
negatively charged phenyl groups in the intermediate reso-
nance structures A and B shown in Scheme 6.

In less polar solvents, the thermal back reactions of 1c and 2c
are faster in toluene than in AcOEt. However, the reaction of 3c
is the opposite. This could be explained by the strong electron-
withdrawing power of the cyano groups in 3c, which enhanced
the charge-separation character in the intermediate resonance
structures A and B. These structures are stabilized more
strongly in more polar AcOEt than in toluene, and the thermal
back reaction rate in AcOEt was increased.

Conclusion
We have synthesized three novel thermally reversible 4,4'-(1-
benzyl-1H-1,2,3-triazole-4,5-diyl)bis(5-methyl-2-(4-substi-
tuted-phenyl)thiazole)s 1o–3o by Ru(I)-catalysed Huisgen
cyclization, which is a type of “click” reaction. They showed
thermally reversible photochromism in various solvents. The
absorption maximum wavelengths of 1c (with unsubstituted
peripheral phenyl groups) and 2c (with methoxy groups on the
phenyl groups) are close to 700 nm, while that of 3c (with
cyano groups on the phenyl groups) was about 740 nm. The
thermal back reactions of these compounds proved that 3c with
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the electron-withdrawing cyano groups is the fastest while 2c
with electron-donating methoxy groups was the slowest. DFT
and TD DFT calculations supported these experimental results.

The Cu(I)-catalyzed Huisgen reaction has been used many
times to connect two functional molecules. When the Ru(I)-cat-
alyzed Huisgen reaction is employed to connect two functional
molecules, the linker itself possesses the thermally reversible
photochromic property. Thus, this work can open the door to
the creation of promising new materials with highly integrated
functions.

Supporting Information
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Abstract
The use of light as an external trigger to change ligand shape and as a result its bioactivity, allows the probing of pharmacological-
ly relevant systems with spatiotemporal resolution. A hetero-stilbene lead resulting from the screening of a compound that was
originally designed as kinase inhibitor served as a starting point for the design of photoswitchable sirtuin inhibitors. Because the
original stilbenoid structure exerted unfavourable photochemical characteristics it was remodelled to its heteroarylic diazeno ana-
logue. By this intramolecular azologization, the shape of the molecule was left unaltered, whereas the photoswitching ability was
improved. As anticipated, the highly analogous compound showed similar activity in its thermodynamically stable stretched-out
(E)-form. Irradiation of this isomer triggers isomerisation to the long-lived (Z)-configuration with a bent geometry causing a
considerably shorter end‐to‐end distance. The resulting affinity shifts are intended to enable real‐time photomodulation of sirtuins
in vitro.
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Introduction
Sirtuins are protein deacylases that cleave off not only acetyl,
but also other acyl groups from the ε-amino group of lysines in
histones and many other substrate proteins. This class of lysine
deacetylases (KDACs) is distinguished from others by their de-
pendence on the cosubstrate NAD+. In mammals, seven sirtuin

isoforms have been identified to date [1]. These can be grouped
into five classes (I, II, III, IV and V) according to their phyloge-
netic relationship [2]. The isoforms Sirt1, Sirt2 and Sirt3 origi-
nate from the same phylogenetic branch (class I), but differ in
their subcellular localization. Although Sirt1 and Sirt2 were
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shown to shuttle between nucleus and cytoplasm in a cell-type
and cell-cycle dependent manner, Sirt1 is mainly found in the
nucleoplasm and Sirt2 in the cytoplasm [3-7]. Sirt3 primarily
resides in the mitochondrion [8]. Facing the multitude of
diseases that are associated with a dysregulation of sirtuin activ-
ity, they represent a promising target for pharmaceutical inter-
vention. For example, selisistat (EX-527, 1), a nanomolar and
selective Sirt1 inhibitor, passed phase II clinical trials as a
disease-modifying therapeutic for Huntington’s disease (HD)
and was acquainted by AOP Orphan Pharmaceuticals AG for
phase III trials in 2017 [9,10]. Its structure comprises a carbox-
amide moiety, which mimics the amide group of the endoge-
nous pan-sirtuin inhibitor nicotinamide (Figure 1). Likewise
Sirt2 inhibition was shown to have beneficial effects in animal
and cell models of neurodegenerative diseases like HD and
Parkinson’s disease [11,12]. Sirt3 activity recently was found to
play an important role in cardiovascular diseases and extended
ageing in humans [13-16]. Regarding tumorigenesis, the know-
ledge on the influence of sirtuins is inconsistent. Sirt1, Sirt2 and
Sirt3 all have been reported to act either as tumor suppressors or
promotors, depending on the particular cell type [1,17].

Figure 1: Selisistat (1) and hit compound GW435821X (2a).

The ability to externally control the biological activity of small
molecules in vitro or in vivo comprises numerous opportunities
for example in the elucidation of biochemical pathways or the
reduction of systemic side effects in drug therapy. Molecular
photoswitches, i.e., compounds that undergo changes in their
geometry and physicochemical properties upon irradiation with
light, represent one major approach to this. One of the most
common light-driven transformations exploited in molecular
photoswitches is the E–Z isomerization of double bonds [18]. In
this context, the photochemistry of stilbenes and the closely
related azobenzenes has been studied intensely in the past [19-
23]. Due to the multifaceted photoreactivity of unsubstituted
stilbenes, an appropriate modification of the stilbene core is
necessary to prevent unwanted irreversible side reactions
[24,25]. On the contrary, the photochemical properties of
azobenzenes are more convenient as already proven by their use
as photoswitches in countless biological applications [26-30].
However, their heteroaromatic counterparts still seem underrep-

resented [31]. The approach to new chemotypes for sirtuin inhi-
bition via known adenosine mimicking kinase inhibitors has
already been fruitful in the past [32,33]. Therefore, a focused
kinase inhibitor library from GlaxoSmithKline was screened for
biological activity on human sirtuin isoforms Sirt1–Sirt3. Aza-
stilbene derivative GW435821X (2a, Figure 1), initially
published as c-RAF kinase inhibitor, was identified as a moder-
ately active Sirt2 inhibitor with low selectivity [34,35]. In this
work, the photoresponsiveness of the hetero-stilbene core struc-
ture is examined. Furthermore, an intramolecular azologization
approach is performed in order to obtain photoswitchable
sirtuin inhibitors, which could be useful tools in the further in-
vestigation of the biochemistry and pharmacology of sirtuins.

Results
Chemistry of azastilbenes
All azastilbene derivatives were synthesised by palladium-cata-
lysed cross-coupling reactions using either commercially avail-
able 5-bromonicotinamide (3a) or methyl 5-bromonicotinate
(3b). If 3b was used, transformation to the nicotinamide was
accomplished almost quantitatively by addition of a saturated
solution of ammonia in anhydrous methanol and stirring in a
closed vessel at 40 °C. Compounds 4a and b could easily be ob-
tained through Suzuki coupling with commercially available
naphthalene-2-ylboronic acid or (3,4-dihydronaphthalen-2-
yl)boronic acid (Scheme 1). The latter was synthesized accord-
ing to a literature procedure [36].

Scheme 1: Reagents and conditions: a) appropriate boronic acid,
Pd(PPh3)4, Na2CO3, DMF, H2O, microwave, 15 min, 150 °C, 43–64%.

Formation of compounds 2b–h was accomplished through Heck
coupling of aryl bromides with the appropriate styrenes
(Scheme 2) [37].

Compounds 2b and 2e were obtained in moderate yield using
3a as the aryl halide in the Heck reaction. The use of 3b in the
Heck reaction resulted in a substantial improvement of yield in
the synthesis of 2g but not for 2c. Interchanging the roles by
using 5-vinylnicotinamide (5a) or methyl 5-vinylnicotinate (5b)
as alkene component had detrimental effects on the yields in the
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Scheme 2: Reagents and conditions: a) Pd2(dba)3 or Pd(OAc)2, P(o-tol)3, TEA, DMF, 120–140 °C, 0.7–24 h, 11–75%; b) potassium vinyltrifluorobo-
rate, Cs2CO3, PdCl2(PPh3)2, ACN, H2O, 1.5 h, 120 °C, 78% c) tributylvinyltin, Pd(PPh3)4; toluene, reflux, 3 h, 76%; d) NH3, MeOH, 40 °C, 3 d,
87–95%.

Table 1: Sirt1–3 inhibition for compounds 2a–h, 4a/4b and 8a.

Compound Sirt1 inhibitiona Sirt2 inhibitiona Sirt3 inhibitiona

2a 27% @ 50 µM 24.6 ± 2.8 µMb 41.7 ± 2.0 µMb

2b 71% @ 10 µM 8.7 ± 0.2 µMb 89% @ 50 µM
2c 51% @ 100 µM 6.6 ± 0.5 µMb 7.5 ± 0.9 µMb

2d 51% @ 10 µM 64% @ 10 µM 90% @ 50 µM
2e 61% @ 50 µM 69% @ 50 µM 60% @ 50 µM
2f 26% @ 10 µM 21% @ 10 µM 79% @ 50 µM
2g 52% @ 50 µM 62% @ 50 µM 87% @ 50 µM
2h n.i. 9% @ 10 µM n.i.
4a n.i. 48% @ 10 µM 38% @ 10 µM
4b n.i. 45% @ 10 µM 38% @ 10 µM
8a n.i. n.i. n.i.

aPercent inhibition relative to controls at the indicated concentration, n.i. = no inhibition detected. bIC50 values (μM) with statistical limits; values are
the mean ± SD of duplicate experiments.

synthesis of 2d, 2f and 2h. Intermediates 5a and 5b were acces-
sible from 3a and 3b via Suzuki–Miyaura or Stille coupling
[34].

Biology
The influence on deacetylase activity of three human sirtuin
isoforms (Sirt1–3) was determined in a fluorescence-based
assay, using Z-Lys(acetyl)-AMC (ZMAL) as a substrate [38].

Compared to the lead structure 2a, all compounds except 2e–h
show increased inhibitory activity against Sirt2 (Table 1). Com-
pound 2c represents the most potent inhibitior with an IC50
value of about 7 µM. Moreover, a slight increase in selectivity
for Sirt2 and Sirt3 over Sirt1 could be observed for 2c, 4a and
4b. While none of the modifications provided complete
isoenzyme specificity, 2c preferentially inhibited Sirt2
(IC50 6.6 ± 0.5) and Sirt3 (IC50 7.5 ± 0.9 µM) compared to



Beilstein J. Org. Chem. 2019, 15, 2170–2183.

2173

Figure 2: (Left) UV–vis spectrum of 2b 50 µM in 5% DMSO (v/v) in assay buffer after varying durations of irradiation with 254 nm and 365 nm, re-
spectively. (Right) UV–vis spectrum of 2f 50 µM in 5% DMSO (v/v) in assay buffer after varying durations of UV radiation.

Sirt1 (51% inhibition at 100 µM). Though not photoswitchable,
compounds 4a and 4b were synthesized to test the influence of
a rigid conformation around the C=C double bond on sirtuin
inhibition. Interestingly, this increased rigidity provokes a com-
plete loss of activity against Sirt1. Despite the fact, that all
mammalian sirtuins possess profound similarity in their catalyt-
ic core domains, many isotype selective inhibitors have been
developed in recent years [39-45]. In the case of Sirt2 it was
shown that appropriate ligand binding can induce conformation-
al changes of the enzyme, revealing a so-called selectivity
pocket, which allows for isotype-specific interactions [46]. A
recently developed fluorescence polarization (FP)-based assay
enables mapping of ligand binding to this specific binding site
[35]. For 2a an interaction with the selectivity pocket was
already implied in the same work. Additionally performed
docking studies proposed a binding mode in which 2a mimics
the nicotinamide residue of NAD+, whereas aromatic amino
acid residues of the selectivity pocket stabilize the dimethyl-
phenol ring [35]. As photoisomerization in stilbenes and azo
dyes is accompanied by a perpendicular twist of the phenyl ring
towards the former molecular plane, we assumed that this con-
formational change should provoke a differential binding situa-
tion at least for the dimethylphenol residue in 2a. Unfortu-
nately, binding of 2b and c could not be localised in the vicinity
of the selectivity pocket of Sirt2, so that the binding pose
remains unclear.

Photochemistry of azastilbenes
The photochemical behaviour of stilbenes has been subject to
intense investigation in the past. It is reported that unsubsti-
tuted stilbene undergoes E→Z photoisomerization [47], as well
as photocyclization to dihydrophenanthrene upon UV irradia-
tion, which is oxidized to phenantrene in the presence of
oxygen [48]. In high concentrations, (E)-stilbene furthermore
undergoes photocyclodimerization to cyclobutane derivatives
[49]. Photoisomerization and photocyclization are also reported

for 3-styrylpyridines, forming two regioisomeric dihydroaza-
phenanthrenes that are oxidized to 2- and 4-azaphenantrene (not
shown), respectively [50].

Photochemistry of compounds 2b and 2f was investigated via
UV–vis spectroscopy, LC–HRMS and NMR spectroscopy.
Compound 2b represents the core structure of the azastilbenes
investigated, whereas in 2f the influence of ortho methylation
was intended to be examined. For UV–vis spectroscopy 50 µM
solutions in 5% DMSO (v/v) in enzyme assay buffer were used,
as this reflects the enzyme assay conditions. However, for
LC-HRMS and NMR analysis, a higher concentration of
10 mM in methanol was necessary to receive reliable chro-
matograms and spectra.

Upon exposure of 2b to radiation of 365 nm, changes in the
UV–vis spectra proceeded slowly, due to the low absorbance of
2b in this wavelength region. However, shorter wavelengths,
i.e. 254 nm, revealed fast and dramatic changes (Figure 2).
After an initial decline and blue shift of the absorption
maximum, the UV–vis spectrum of 2b developed a more com-
plex structure with further illumination. The initial spectrum did
not restore, neither thermally by standing in the dark nor photo-
chemically when exposed to daylight. Regarding 2f, 254 nm ra-
diation was obligatory to obtain changes in the UV–vis spec-
trum. However even long-term radiation did not lead to a com-
plex spectrum as with 2b, yet no stationary state was reached in
the examined time. As in the case of 2b, the spectrum of 2f was
not altered by daylight, nor by standing several days in the dark
at room temperature.

LC–HRMS analysis provided deeper insights and clarified the
differential behaviour observed in the UV–vis spectra of 2b and
2f after UV irradiation. As anticipated, UV irradiation lead to
E→Z isomerization of the C=C double bond in both com-
pounds. The (Z)-isomers were found to be slightly more polar



Beilstein J. Org. Chem. 2019, 15, 2170–2183.

2174

Figure 3: (Left) LC chromatogram of the LC–HRMS analysis of 2b after varying durations of irradiation with 254 nm. Identity of 8a was assigned by
the reference compound synthesized and allowed differentiation of the two fractions containing photocyclized compounds, as indicated by mass spec-
tra. (Right) LC chromatogram of the LC–HRMS analysis of 2f after varying durations of irradiation with 254 nm.

Scheme 3: Photocyclization and oxidation reaction of 2b upon UV irradiation.

than the respective (E)-isomers and their absorption maxima
appeared blue shifted as demonstrated by the UV–vis spectra
extracted from the LC runs. Unfortunately, the amount of pho-
toisomerization was only moderate, since after 100 minutes of
continuous irradiation still substantial amounts of the (E)-
isomers were present in the mixtures (Figure 3). Proton NMR
analysis implied photostationary states comprising a relative
percentage of 45% (Z)-2b and 57% (Z)-2f, respectively after
100 minutes of 254 nm irradiation. The NMR spectra can be
found in Supporting Information File 1.

The degree of photoisomerization could not be enhanced by ex-
tended illumination. Instead, for 2b prolonged irradiation
resulted in the formation of several side products, so that after
10 hours the fractions containing (E)-2b and (Z)-2b had
declined significantly. This decrease was primarily accompa-
nied by an increase of the fractions containing the benzoquino-
line carboxamide isomers 8a and b formed by photocyclization
and successive oxidation (Scheme 3). Furthermore, small
amounts of cycloaddition products in two fractions were found,
probably due to the high concentration of 2b in the irradiated
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Figure 4: Calculated and experimental absorption spectra of compounds (E)-2b-B (A), (Z)-2b-A (B), and products 8a (C) and 8b (D). Oscillator
strengths (green sticks) correspond to the ADC(2)/COSMO calculation.

solution. In contrast, 2f was remarkably stable to long-term UV
radiation. Even though the ratio of the double bond isomers was
left unaffected, only small traces of the cycloaddition product
and some unidentified compounds were registered. No forma-
tion of benzoquinoline carboxamides was registered as in the
case of 2b. Hence, due to the sterically blocking ortho methyl
groups in 2f, intramolecular photocyclization could be
prevented.

To verify the hypothetical structures derived from irradiation of
2b, we carried out quantum chemical calculations of the double
bond isomers (E)-2b and (Z)-2b as well as the oxidized com-
pounds 8a and 8b. We used density functional theory (DFT) to
optimize the ground state equilibrium structures of (E)-2b, (Z)-
2b, 8a and 8b, and used time-dependent DFT (TDDFT) and
high-level correlated methods to obtain UV–vis absorption
energies and oscillator strengths. To obtain the simulated
absorption spectrum and λmax values, oscillator strengths were
converted into molar decadic extinction coefficients using a
Gaussian line shape with a full-width-at-half-maximum of
0.3 eV. The correlated methods used were second-order approx-
imated coupled cluster singles and doubles (CC2) and its
approximation, algebraic diagrammatic construction to second-

order (ADC(2)) [51-53]. ADC2 calculations have also been
carried out with the implicit solvent continuum model COSMO
using a dielectricity constant and refractive index of a methanol/
water mixture, which was used as solvent in the experimental
UV–vis measurements of the LC-HRMS fractions [54,55].
Geometries for reactants (E)-2b and (Z)-2b were optimized for
two different rotational isomers ((E)-2b-A and (E)-2b-B;
(Z)-2b-A and (Z)-2b-B), defined in Supporting Information
File 1. In the following, we report only the results for (E)-2b-B
and (Z)-2b-A, since they possess lower ground state energies
and therefore are expected to be the dominant species at room
temperature. Energy differences of the ground state structures
of two pairs of isomers, however, are less than 0.6 kcal/mol,
and computed spectra differ only slightly. Extensive results of
all structures and all applied computational methods are sum-
marized in the Supporting Information. While TDDFT system-
atically underestimates the λmax values of the lowest absorption
of all compounds by 0.1–0.75 eV, CC2 and ADC(2) agree with
the λmax values of the lowest absorption bands with a maximum
deviation of 0.15 eV, similar to the previously determined accu-
racy [56]. We notice a good agreement between ADC(2) gas
phase calculations with CC2 gas phase calculations, which
justifies the usage of the approximate ADC(2) method.
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Scheme 4: Reagents and conditions: a) 4-fluoroaniline, oxone, HAc, 60 °C, 14 d, 42%; b) NH3, MeOH, rt, 3 d, 98%.

Comparing the calculated absorption spectra for (E)-2b-B and
(Z)-2b-A to the experimental spectra obtained from LC-HRMS
(Figure 4A,B), we see that all calculations consistently confirm
the experimentally found blue shift of about 15 nm (0.22 eV)
for the λmax value of the lowest absorption band. Blue shifts
predicted by CC2, ADC(2), ADC(2)/COSMO are 14, 16, and
20 nm, respectively. Consistent with the experimental spectra,
all theoretical methods predict the maximum extinction of the
lowest absorption band of (Z)-2b to approximately one half of
the one of (E)-2b. Since the maximum error of the methods
(0.15 eV) is smaller than the observed blue shift (0.22 eV), we
conclude that the computed λmax values are meaningful and
clearly support the successful formation of the Z-isomer.
Regarding the spectra of the photocyclization and oxidation
products 8a and 8b (Figure 4C,D), theoretical methods predict
the λmax value of the lowest absorption bands within 8 nm
(≈0.15 eV) of the value of the experimental spectrum of the
LC–HRMS, clearly confirming the experimentally found blue
shift of 0.75 eV and 0.54 eV compared to compounds (E)-2b
and (Z)-2b, respectively. Also here, we conclude that the calcu-
lations clearly support the formation of compounds 8a and/or
8b. However, due to the similarity of the spectra of 8a and 8b,
calculations do not allow to predict which of the two isomers
was present in the respective fraction analysed.

Regarding the high similarity between 8a/8b and selisistat, it
was likely that these cyclized compounds could possess biologi-
cal activity against sirtuins, too. On the other hand they
resemble a fixed (Z)-configuration of the stilbene double bond.
Therefore, comparison with 2b could provide information con-
cerning differential biological activity of the two photoisomers.
By applying Mallory reaction conditions to a solution of 2b in
methanol utilizing oxygen and iodine as oxidants we were able
to isolate a preparative amount of 8a and tested it for its biolog-
ical activity against Sirt1, Sirt2 and Sirt3. Surprisingly, 8a
showed complete inactivity towards all sirtuins tested (Table 1).
Hence it can be assumed that E→Z photoisomerization in simi-
lar compounds lowers inhibitory strength accordingly.

Table 2: Percentage of E/Z-isomers of 11 at the thermal equilibrium
(∆), and photostationary states (PSS) after 365 nm and 452 nm irradi-
ation.

∆ PSS 5 min 365 nm PSS 1 min 452 nm

(E)-11/(Z)-11 99:1 16:84 75:25

Synthesis and photochemistry of
photoswitchable diazeno analogue
Even though the photochemical properties of ortho methylated
azastilbenes like 2f could be improved by preventing photocy-
clization, they were still unsuitable for the use as photoswitch-
able sirtuin inhibitors in the enzyme assay. The long irradiation
periods that were necessary to obtain significant amounts of the
(Z)-isomers did not permit switching of the inhibitors in the en-
zyme assay mixture, as the fluorescent substrate and the en-
zyme would be harmed by long-term UV radiation. We envi-
sioned to replace the stilbene motive of selected stilbene 2c by a
diazeno group, because photoisomerization of azo dyes was an-
ticipated to proceed fast and reversible by application of UV ir-
radiation and visible light, respectively in this analogue.

5-Diazenylnicotinamide 11 was synthetically accessible in two
steps through conversion of commercially available methyl
5-aminonicotinate (9) and 4-fluoroaniline to 10 under Mill’s
reaction conditions and subsequent ammonolysis of the methyl
ester 10 to amide 11 (Scheme 4).

Photoswitching of (E)-11 to a long-lived PSS (t½ = 300 h) con-
taining 84% of (Z)-11 was possible by short term UV irradia-
tion of 365 nm. The photoisomerization could be reversed by
exposure to visible light, i.e. 452 nm, albeit the PSS at 452 nm
still comprised about 25% of (Z)-11 as determined by HPLC
analysis using UV–vis detection at the isosbestic points
(Table 2). Light of 500 nm could also reverse photoisomeriza-
tion, but was not as effective as 452 nm radiation. 630 nm irra-
diation, in contrast, did not lead to an altered PSS composition
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Figure 5: (Left) UV–vis spectrum of 11, 50 µM in 5% DMSO (v/v), in assay buffer at the thermal equilibrium and the photostationary states (PSS) after
365 nm or 452 nm radiation. (Right) Fatigue resistance of 11, 50 µM in 5% DMSO (v/v), in assay buffer over 10 cycles of alternating 365 nm and
452 nm radiation.

obtained by UV irradiation of 365 nm. Switching between the
two PSS could be repeated several times without any observ-
able fatigue of the compound (Figure 5).

The photoswitchable diazeno compound 11 was subjected to bi-
ological evaluation to test the effect of photoisomerization on
the inhibitory activity. The enzyme assay mixture containing 11
was exposed to 5 minutes of 365 nm radiation and compared
with the results of a non-irradiated measurement. The applied
radiation did not perturb the proper enzyme functioning as
proved by an unaltered enzyme activity in the blank tests.
Unfortunately, 365 nm radiation turned out to have only minor
effects on the IC50 values of 11 (Table 3).

Table 3: Sirt1-3 inhibition for compound 11 at the thermal equilibrium
(∆) and the photostationary state (PSS) after 5 minutes of 365 nm irra-
diation.

Entry Sirt1 inhibitiona Sirt2 inhibitiona Sirt3 inhibitiona

∆ 35% @ 100 µM 18.9 ± 1.38 µM 27.5 ± 3.42 µM
PSS 19% @ 100 µM 24.1 ± 1.69 µM 29.9 ± 2.11 µM

aPercent inhibition relative to controls at the indicated concentration,
n.i. = no inhibition detected.

Discussion
In recent years, photopharmacology has become a reputable
strategy to optically control biochemical processes in the field
of enzyme and ion channel modulation and recently 7TM-re-
ceptors also called GPCRs. Whereas in most approaches
towards photoswitchable ligands the structure of the lead has to
be changed considerable in order to incorporate a photoswitch-
able structural element, this was not the case with azastilbene-
based lead structure 2a. Unfortunately, due to several disadvan-
tages the azastilbene moiety itself was unsuitable as photo-

switchable element in this application. Even though competing
azaphenantrene formation could be prevented by implementa-
tion of blocking ortho methyl groups in 2f, the degree of photo-
isomerization in the two compounds observed was only moder-
ate and required UV radiation over an extended period of time.
Furthermore, the irreversibility of photoisomerization remained
a major drawback and made an exchange with a diazeno group
mandatory. Typically, it is not clear from the beginning, if the
remodelling of the bioactive compounds will lead to an active
diazeno derivative or not. The so-called azologization approach,
moulded by Trauner et al., features a rational strategy for the
design of photoswitchable compounds from established drug
molecules through replacing certain core motives with an bio-
isosteric azobenzene moiety [57-59]. Recent examples have
proven successful for receptor ligands by exchange of a linear
alkinyl spacer for the zigzag shaped (E)-diazeno group [60,61].
In that instance, the geometry of the lead had to be changed
considerably but careful design led to useful photoswitches. In
the case of lead 2a no such alteration of geometry was neces-
sary and thus it seemed highly likely, that biological activity
could be maintained. Indeed, this hypothesis could be proven.
Exchange of the azastilbene double-bond with a diazeno bridge
caused only a slight decrease in inhibitory potency against Sirt2
and Sirt3, and the selectivity profile of diazeno compound 11
equals the profile of its direct stilbene analogue 2c. Concerning
photoswitchability, 11 was superior to the stilbenoid structures,
as it could be toggled reversibly between two states comprising
high amounts of (E)-11 and (Z)-11, respectively. The other part
of the hypothesis was, that by this photoinduced isomerization a
considerable drop of activity would occur due to the conforma-
tional change and the resulting changed geometry and polarity.
However, this part of our hypothesis turned out to be wrong.
The over-all conformational changes upon photoisomerization
were too small or did not lead to a hindered binding, as antici-
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pated. This result is disappointing, because the photoswitchable
sirtuin inhibitor 11 cannot be switched between active and inac-
tive state, as envisioned. Possible reasons could be assigned to
substituent effects as demonstrated by Simeth et al. [62]. As
recently reported by Schehr et al., reducing agents like DTT,
used to prevent enzyme oxidation in crystallization mixtures or
in vitro assays, can reduce azo dyes to hydrazine derivatives
very fast and thus disable photoisomerization [63]. However, in
our enzyme assay no such reducing agents were present, which
is why we assume that the photoswitchable diazeno group
should still be intact in the enzyme assay mixture. Even if the
change in space orientation does not alter binding after irradia-
tion, we would have predicted, that at least the significant
difference in polarity of (E)-11 and (Z)-11 should lead to
marked differences of sirtuin engagement in vitro. However,
recent results from a carefully designed azologization study per-
formed by Rustler et al. led to comparable difficulties [64].

Conclusion
Based on lead structure GW435821X (2a) a small library of
analogous azastilbene compounds was designed, synthesized
and tested for their inhibitory activity against the human sirtuin
isoforms Sirt1, Sirt2 and Sirt3. Compared to the lead structure
the inhibitory potency could be increased to single digit µM po-
tency for some compounds, while isoenzyme selectivity still
remains an issue. The photochemistry of azastilbene com-
pounds 2b and 2f was studied. For 2b, besides photoisomeriza-
tion, formation of benzoquinoline carboxamides by photocy-
clization and oxidation was indicated by high accuracy mass
spectroscopy. Formation of 4-azaphenantrene derivative 8a
could be proven by isolation and characterization of a prepara-
tive sample. Theoretical UV–vis spectra for (E)-2b, (Z)-2b and
two isomeric benzoquinoline carboxamides reproduced the ex-
perimental data. Compound 2f was unsusceptible to photocy-
clization due to sterically blocking ortho methyl groups but
could not be toggled between (E)- and (Z)-configuration. This
lead to the synthesis of a first diazenyl derivative of the lead
structure 2a with promising photochemical characteristics for a
new class of photoswitchable sirtuin inhibitors, but the activity
difference for the (E)- and (Z)-isomers needs dramatic improve-
ment before a useful molecular probe can be obtained by this
approach.

Experimental
General remarks
All solvents and reagents were obtained from commercial
suppliers and were used without purification. Anhydrous sol-
vents were purchased from Acros Organics. Thin-layer chroma-
tography (TLC) was executed on silica gel 60 F254 aluminium
plates purchased from Merck. Visualization of the compounds
was accomplished by UV-light (254 nm and 366 nm) and by

staining with iodine, DNPH/H2SO4 (2 g 2,4-dinitrophenylhy-
drazine and 5 mL H2SO4 in 50 mL EtOH and 16 mL water) or
vanillin/sulfuric acid (3.0 g vanillin and 0.5 mL H2SO4 in
100 mL EtOH) reagent. Synthesis was additionally monitored
using high speed SFC/MS runs performed by a Nexera SFE-
SFC/UHPLC switching system (Shimadzu Corporation, Kyoto,
Japan) consisting of a pumping system (one LC-30ADSF for
liquid CO2 and two LC-20ADXR for modifier and make-up
delivery), an on-line supercritical fluid extraction module (SFE-
30A auto extractor equipped with 0.2 mL extraction vessels) for
reaction monitoring, an autosampler (SIL-30AC) for purified
compounds, a column thermostat (CTO-20AC) equipped with a
Torus DIOL (Waters) or Phenomenex CSP (Lux Amylose-2,
i-Amylose-3, i-Cellulose-5), a degasser (DGU-20A5R), a com-
munications module (CBM-20A), and two back pressure regu-
lators BPR A and B (SFC-30A). UV and MS spectra were re-
corded via photodiode array detection (SPD-M20A) and elec-
trospray ionization single quadrupole MS (LCMS-2020) con-
trolled by Shimadzu LabSolution software (Version 5.91).
Chromatographic purification of products was performed by
flash chromatography on silica gel (20–45 µm, Carl Roth)
applying pressured air up to 0.8 bar. NMR spectra were re-
corded on a Bruker Avance III instrument (1H NMR: 400 MHz,
13C NMR: 100.6 MHz). Chemical shifts were referenced to
tetramethylsilane (TMS) as internal standard in deuterated sol-
vents and reported in parts per million (ppm). Coupling con-
stants (J) are reported in Hz using the abbreviations: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet and combina-
tions thereof, br = broad. Infrared (IR) spectra were recorded on
a Bruker Alpha FT-IR spectrometer equipped with a diamond
ATR unit and are indicated in terms of absorbance frequency
[cm−1]. Microwave synthesis was conducted in a Monowave
300 microwave synthesis reactor from Anton Paar equipped
with appropriate sealed reaction vessels G10 (6 mL) or G30
(20 mL), applying a maximum initial power of 850 W to reach
a given temperature (IR sensor) for a given time with stirring at
600 rpm. Melting points were measured in open capillary tubes
using a Melting Point M-565 apparatus from Büchi and are
uncorrected. High accuracy mass spectra were recorded on a
Shimadzu LCMS-IT-TOF using ESI ionization. Purity of final
compounds was determined by HPLC with DAD (applying the
100% method at 220 nm). Preparative and analytical HPLC
were performed using Shimadzu devices CBM-20A, LC-20A P,
SIL-20A, FRC-10A with SPD 20A UV–vis detector and an
ELSD-LTII. In analytical mode a LiChroCART® (250 × 4 mm)
and in preparative mode a Hibar® RT (250 × 25 mm) column,
both containing LiChrospher® 100 RP-18e (5 µm), were used.
An Elementar Vario MICRO cube was used for the experimen-
tal determination of elemental configurations of final pure prod-
ucts. UV–vis spectra were obtained using a Thermo Scientific
Genesys 10S UV–vis spectrophotometer.
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Synthesis
General procedure for synthesis of nicotinamides from
methyl nicotinates: The respective methyl nicotinate was
treated with a saturated solution of ammonia in anhydrous
MeOH (30 mL) and stirred in a sealed vessel at 40 °C until thin
layer chromatography indicated complete conversion of the
starting material. The solvent was evaporated under reduced
pressure and the residue washed sparingly with cold MeOH.

(E)-5-Styrylnicotinamide (2b): In a microwave reaction vessel
3a (1.01 g, 5.00 mmol, 1.00 equiv) was mixed with styrene
(651 mg, 6.25 mmol, 1.25 equiv), tris(o-tolyl)phosphine
(61 mg, 0.20 mmol, 0.04 equiv), Pd2(dba)3 (92 mg, 0.10 mmol,
0.02 equiv) and NEt3 (863 ΜL, 0.63 g, 6.25 mmol, 1.25 equiv)
and suspended in anhydrous DMF (6 mL). The reaction was
conducted at 120 °C for 40 min in a microwave reactor. After
cooling to room temperature the mixture was taken up in
EtOAc and filtered through a pad of Celite®. The filtrate was
washed with water (3 × 30 mL) and sat. aq. NaCl solution
(30 mL), dried over MgSO4 and concentrated under reduced
pressure. The formed precipitate was collected by filtration and
recrystallized from EtOAc. The product was obtained as colour-
less crystals (0.55 g, 2.45 mmol, 49%): Rf = 0.25 (cyclohexane/
THF 1:1); mp: 196.4 °C; 1H NMR (400 MHz, DMSO-d6) δ
(ppm) 8.93 (d, J = 2.0 Hz, 1H), 8.90 (d, J = 2.1 Hz, 1H), 8.50
(pseudo-t, J = 2.0 Hz, 1H), 8.24 (s, br, 1H), 7.71–7.62 (m, 3H),
7.54–7.28 (m, 5H); 13C NMR, DEPT135, HSQC, HMBC
(75.5 MHz, DMSO-d6) δ (ppm) 166.4, 150.4, 147.3, 136.4,
132.4, 131.4, 131.3, 129.6, 128.7, 128.2, 126.7, 124.2; IR
(ATR) ν (cm−1): 3372, 3168, 1649, 1619, 1492, 1394, 961, 746,
691, 568; HRESIMS: calcd for [C14H12N2O + H]+ 224.0950,
found 224.0939; comp. purity (220 nm): 100 %; anal. calcd for
C14H12N2O: N, 12.49; C, 74.98; H, 5.39; found: N, 12.38; C,
74.81; H, 5.15.

Methyl (E)-5-(4-fluorostyryl)nicotinate: Synthesis was con-
ducted according to the procedure of 2b using 3b (648 mg,
3.00 mmol, 1.00 equiv), 1-fluoro-4-vinylbenzene (550 mg,
4.50 mmol, 1.50 equiv), tris(o-tolyl)phosphine (183 mg,
0.60 mmol, 0.20 equiv), Pd2(dba)3 (67 mg, 0.30 mmol,
0.10 equiv) and NEt3 (1.25 mL, 9.00 mmol, 3.00 equiv) in an-
hydrous DMF (4 mL). The reaction was conducted at 140 °C
for 1.5 h. The raw product was purified by silica gel column
chromatography (n-hexane/EtOAc 2:1) yielding a colourless
solid (97 mg, 0.38 mmol, 13%): Rf = 0.50 (n-hexane/EtOAc
2:1); mp: 108.2 °C; 1H NMR, H,H-COSY (400 MHz, CDCl3) δ
(ppm) 9.09 (d, J = 1.8 Hz, 1H), 8.90 (d, J = 2.1 Hz, 1H), 8.52
(pseudo-t, J = 2.0 Hz, 1H), 7.57–7.49 (m, 2H), 7.26 (d, J =
16.4 Hz, 1H), 7.13–7.06 (m, 2H), 7.03 (d, J = 16.4 Hz, 1H);
4.00 (s, 3H, H-8); 13C NMR, DEPT135, HSQC, HMBC
(75.5 MHz, CDCl3) δ (ppm) 165.3, 163.2 (d, J = 249.4 Hz),

150.1, 147.7, 135.0, 134.0, 135.7, 132.4 (d, J = 3.4 Hz), 132.2,
128.8 (d, J = 8.2 Hz), 126.9, 122.9 (d, J = 2.3 Hz), 116.2 (d, J =
21.8 Hz), 52.9; IR (ATR) ν (cm−1): 2957, 1718, 1508, 1433,
1299, 1230, 986, 821, 763; HRESIMS: calcd for [C15H12NO2F
+ H]+ 257.0852, found 257.0850.

(E)-5-(4-Fluorostyryl)nicotinamide (2c): Synthesis was con-
ducted following the general procedure of nicotinamides from
methyl nicotinates, using methyl (E)-5-(4-fluorostyryl)nicoti-
nate (75 mg, 0.31 mmol, 1.00 equiv). The product was ob-
tained as colourless solid (65 mg, 0.27 mmol, 87%): Rf = 0.48
(EtOAc/MeOH 95:5); mp: 205.6 °C; 1H NMR, H,H-COSY
(400 MHz, DMSO-d6) δ (ppm) 8.91 (d, J = 1.9 Hz, 1H), 8.88
(d, J = 2.0 Hz, 1H), 8.47 (pseudo-t, J = 2.0 Hz, 1H), 8.22 (s,
1H), 7.76–7.68 (m, 2H), 7.49 (d, J = 16.6 Hz, 1H), 7.31 (d,
J = 16.6 Hz, 1H), 7.29–7.22 (m, 2H); 13C NMR, DEPT135,
HSQC, HMBC (75.5 MHz, DMSO-d6) δ (ppm) 166.4, 161.9,
150.3, 147.3, 133.1 (d, J = 3.2 Hz), 132.3, 131.4, 130.1, 129.7,
128.6 (d, J = 8.2 Hz), 124.1 (d, J = 2.2 Hz), 115.7 (d,
J = 21.6 Hz); IR (ATR) ν (cm–1): 3364, 3172, 1650, 1620,
1507, 1397, 1212, 968, 857, 601; HRESIMS: calcd for
[C14H11N2OF + H]+ 242.0855, found 242.0844; comp. purity
(220 nm): 100%; anal. calcd for C14H11N2OF: N, 11.56; C,
69.41; H, 4.58; found: N, 11.53; C, 69.89; H, 4.51.

Methyl 5-[(4-fluorophenyl)diazenyl]nicotinate (10):
4-Fluoroaniline (444 mg, 4.00 mmol, 1.00 equiv) was dis-
solved in DCM (15 mL) and treated with a solution of oxone
(4.92 g, 8.00 mmol, 2.00 equiv) in water (50 mL). The biphasic
mixture was vigorously stirred until thin layer chromatography
indicated complete consumption of the starting material. The
watery phase was discarded and the organic phase washed with
an aq. HCl-solution (1 M, 3 × 10 mL) and water (3 × 10 mL),
then dried over MgSO4. The solution was concentrated to a
volume of 5 mL under reduced pressure and added to a solu-
tion of 9 (609 mg, 4.00 mmol, 1.00 equiv) in acetic acid
(20 mL). The reaction mixture was stirred at 60 °C for two
weeks, cooled to room temperature, poured onto ice cooled sat.
aq. NaHCO3-solution and extracted with EtOAc (3 × 50 mL).
The combined organic extracts were washed with water
(3 × 50 mL), sat. aq. NaCl solution (30 mL) and dired over
MgSO4. The solvent was evaporated under reduced pressure
and the residue purified by silica gel column chromatography
(cyclohexane/EtOAc 3:1). The product was obtained as orange
solid (431 mg, 1.67 mmol, 42%): Rf = 0.52 (cyclohexane/
EtOAc 3:1); mp: 103.6 °C; 1H NMR, H,H-COSY (400 MHz,
DMSO-d6) δ (ppm) 9.34 (d, J = 2.3 Hz, 1H), 9.22 (d,
J = 2.0 Hz, 1H), 8.50 (pseudo-t, J = 2.2 Hz, 1H), 8.09–8.01 (m,
2H), 7.52–7.44 (m, 2H), 3.95 (s, 3H); 13C NMR, DEPT135,
HSQC, HMBC (75.5 MHz, DMSO-d6) δ (ppm) 164.5, 164.4 (d,
J = 251.8 Hz), 151.8, 150.3, 148.5 (d, J = 2.8 Hz), 146.7, 126.4
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(d, J = 6.7 Hz), 125.4 (d, J = 9.5 Hz), 116.6 (d, J = 23.2 Hz),
52.7; IR (ATR) ν (cm−1): 3081, 1713, 1583, 1496, 1286, 1222,
1092, 1000, 843, 498.

5-[(4-Fluorophenyl)diazenyl]nicotinamide (11): Synthesis
was conducted following the general procedure of nicoti-
namides from methyl nicotinates, using 10 (160 mg, 0.62 mmol,
1.00 equiv). The product was obtained as orange solid (149 mg,
0.61 mmol, 98%): Rf = 0.65 (EtOAc/MeOH 95:5); mp:
212.3 °C; 1H NMR, H,H-COSY (400 MHz, DMSO-d6) δ (ppm)
9.24 (d, J = 2.3 Hz, 1H), 9.20 (d, J = 2.0 Hz, 1H), 8.58 (pseudo-
t, J = 2.2 Hz, 1H), 8.38 (s, br, 1H), 8.08–8.02 (m, 2H), 7.80 (s,
br, 1H), 7.53–7.45 (m, 2H); 13C NMR, DEPT135, HSQC,
HMBC (75.5 MHz, DMSO-d6) δ (ppm) 165.6, 164.3 (d,
J = 251.4 Hz), 150.7, 148.6 (d, J = 2.8 Hz), 148.2, 146.7, 130.5,
125.7, 125.3 (d, J = 9.4 Hz), 116.6 (d, J = 23.2 Hz); IR (ATR) ν
(cm−1): 3359, 3125, 1669, 1628, 1496, 1398, 1136, 838, 808,
692; HRESIMS: calcd for [C12H9N4OF + H]+ 224.0760, found
224.0753; comp. purity (220 nm): 100%; anal. calcd for
C12H9N4OF: N, 22.94; C, 59.02; H, 3.71; found: N, 22.95; C,
59.46; H, 3.92.

Cloning, expression and purification of recombinant pro-
teins: Expression and purification of Sirt1133-747, Sirt256−356,
and Sirt3118−395 was carried out as described previously. Iden-
tity and purity were verified by SDS-PAGE [65]. Protein con-
centration was determined by the Bradford assay [66]. Deacy-
lase activity of sirtuin isotypes could be inhibited with nicoti-
namide and was shown to be NAD+-dependent.

Bioassay: The inhibitory effect of compounds 2a–h, 4a/b, 8a
and 11 on Sirt1–3 was detected via a previously reported
fluorescence based assay [38]. The synthetic substrate
Z-Lys(acetyl)-AMC (ZMAL) is deacetylated by sirtuins, fol-
lowed by tryptic digestion and thereby release of 7-amino-
methylcoumarin, leading to a fluorescent readout. Inhibition
was determined by comparing percentage substrate conversion
to a DMSO control after subtraction of the blank fluorescence
signal. All compounds were tested at 100 µM, 50 µM and
10 µM, respectively. For compounds that showed more than
50% inhibition at 10 µM an IC50 value was determined. IC50
values were calculated with OriginPro 9.0 G using a non-linear
regression to fit the dose response curve. An enzyme-free blank
control and a 100% conversion control using AMC instead of
ZMAL were measured as well. Inhibition measurements were
performed in biological duplicates for all compounds.

Photochemistry: All photoisomerization experiments were
conducted under ruby light of 630 nm. Illumination was
executed using a Bio-Link 254 Crosslinker from Vilber-
Lourmat equipped with six Vilber-Lourmat T8-C lamps (8 W,

254 nm) or six Vilber-Lourmat T8-L lamps (8W, 365 nm), re-
spectively. Visible light radiation of 630 nm (red), 500 nm
(green) and 452 nm (blue) was derived from a Paulmann
FlexLED 3D strip. All compounds were irradiated in solution,
using spectrophotometric grade solvents. Photoisomerization
and UV–vis spectra measurement was conducted in quartz
cuvettes at room temperature.

Computational details: All calculations were carried out using
the TURBOMOLE version 7.2 quantum chemistry package
[67]. Geometry optimizations of all compounds in different
conformers were carried out using DFT with PBE approxima-
tion to the exchange-correlation (XC) functional and employ-
ing the SV(P) basis set [68,69]. The 10 lowest excitation ener-
gies and their oscillator strengths were computed using the
SV(P) basis and the larger def2-TZVP basis set [69]. This was
done using TDDFT with the hybrid approximation to the XC
functional PBE0, CC2, and ADC(2) [51-53,70-72]. ADC(2) and
CC2 calculations make use of the resolution-of-identity approx-
imation [73]. ADC(2) calculations were also done using the
continuum solvent model COSMO as previously described
[54,55,74-76]. A dielectric constant of 62.14 and a refractive
index of 1.3379 were used, which corresponds to a solvent of a
6/4-mixture of methanol/water, as experimentally determined
[77,78]. Broadened absorption spectra were simulated by
converting oscillator strengths to decadic extinction coeffi-
cients using a Gaussian line shape with a full-width-at-half-
maximum of 0.3 eV [79-82].

Supporting Information
The Supporting Information features experimental and
analytical data for the synthesis of intermediates and
compounds 4a, 4b, 2c–2h and 8a and 1H and 13C NMR
spectra for all synthesized compounds. Procedures of
photochemical experiments and their analysis are
described. Detailed summaries of electronic structure
calculations for two conformers (A and B) of each double
bond isomer ((E)-2b and (Z)-2b), photocyclization and
oxidation products 8a and 8b are given.

Supporting Information File 1
Experimental procedures, analytical data and quantum
chemical calulations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-214-S1.pdf]
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Abstract
Background: Diarylethenes are well-known photochromic compounds, which undergo cyclization and cycloreversion reactions
between open- and closed-ring isomers. Recently, diarylethene derivatives with photoswitchable fluorescent properties were pre-
pared. They are applicable for fluorescence imaging including bio-imaging. On the other hand, a new system called “excited state
intramolecular proton transfer (ESIPT)” is reported. In the system, absorption and emission bands are largely separated due to the
proton transfer, hence it showed strong fluorescence even in the crystalline state. We aimed to construct the photochromic system
incorporating the ESIPT mechanism.

Results: A diarylethene incorporating a fluorescent moiety that exhibit ESIPT behavior was prepared. The ESIPT is one of the ex-
amples which express the mechanisms of aggregation-induced emission (AIE). This compound emits orange fluorescence with a
large Stokes shift derived from ESIPT in aprotic solvents such as THF or hexane, while it exhibits only a photochromic reaction in
protic solvents such as methanol. In addition, it shows turn-off type fluorescence switching in an aprotic solvent and in crystals.
The fluorescence is quenched as the content of closed-ring isomers increases upon UV light irradiation.

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Conclusions: A diarylethene containing an ESIPT functional group was prepared. It showed fluorescent turn-off behavior during
photochromism in aprotic solvents as well as in crystalline state upon UV light irradiation. Furthermore, it showed AIE in THF/
water mixtures with blue-shift of the emission.
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Figure 1: Synthetic procedure for a diarylethene (1o).

Introduction
Diarylethenes are well-known photochromic molecules and are
widely applied to molecular switches and systems [1,2].
Recently, the photo-switching of fluorescence signals by using
diarylethene switches has attracted much attention because of
the potential in various optoelectronic applications [3]. For ex-
ample, fluorescence switching for molecular level recording [4],
multiple-fluorescence for logic circuits [5] as well as biological
applications [6] and super-resolution microscopy for bio-
imaging [7,8]. The fluorescence switching in solid state is
attracting much attention from both scientific and technological
points of view, such as sensors, electroluminescent displays,
memory devices [9].

On the other hand, molecular aggregation also affects the inten-
sity of fluorescence [10,11]. Some material shows fluorescence
by aggregation (aggregation-induced emission (AIE)), while the
others decay the fluorescence by aggregation (aggregation-
caused quenching (ACQ)). The luminogenic materials with AIE
have attracted much interest since Tang et al. reported the AIE
concept [12]. The introduction of photo-switching ability in the
system will be interesting for creating new AIE systems. In ad-
dition, organic photochromic crystals are inherently capable of
photo-reversible luminescence switching because the electronic
structures of photochromic molecules reversibly change upon
photoisomerization [13,14]. However, such a fluorescent
system in condensed phase emits fluorescence often absorbed in
adjacent molecules, therefore a large Stokes shift is indispens-
able for such a system.

One of the possible choices to achieve such a large Stokes shift
is to introduce the excited-state intramolecular proton transfer
(ESIPT). The process of ESIPT is a fast process even compa-
rable to the internal conversion [15,16]. This is because the
proton transfer occurs through an intramolecular hydrogen
bond. This is also an origin of a large Stokes shift
(8,000–11,000 cm−1) in the emission from the ESIPT state.
Consequently, yellow luminescence was observed by UV-exci-
tation [17,18]. Mutai et al. reported an ESIPT luminescence of
an imidazo[1,2-a]pyridine derivative, in which remarkable fluo-
rescence was observed and no overlapping from the absorption
band due to the large Stokes shift of the fluorescence [19,20].
Photochromic diarylethene systems with ESIPT moieties are
already reported in some research groups [21-23].

Herein, we prepared a diarylethene incorporating the
imidazo[1,2-a]pyridine moiety with ESIPT ability and reported
the fluorescence switching of the system.

Results and Discussion
The diarylethene 1o having an ESIPT moiety was prepared by a
coupling reaction of asymmetric diarylethene 3 [24] and
6-bromo-2-(2’-methoxyphenyl)imidazo[1,2-a]pyridine 4 [25]
followed by ether cleavage according to Figure 1.

The photochromic reaction and spectral changes are shown in
Figure 2 and Figure 3. The photochromic absorption spectral
changes in THF are shown in Figure 3. Upon UV light irradia-



Beilstein J. Org. Chem. 2019, 15, 2204–2212.

2206

Figure 2: Photochromic reaction of diarylethene 1o having an ESIPT moiety.

Table 1: Photochromic properties of a diarylethene 1 in methanol and THF.

compounds λmax/nm (ε/104 M−1 cm−1) Φo→c
(313 nm)

Φc→o
(577 nm)open-ring isomer closed-ring isomer

1 (in THF) 285 (5.7) 587 (2.1) 0.31 0.0062
1 (in methanol) 283 (5.5) 584 (2.0) 0.34 0.0073

Figure 3: Absorption spectral changes of diarylethene 1o having an
ESIPT moiety in THF (c = 1.3×10-5 M). Black solid line: 1o, blue solid
line: 1c, blue broken line: photostationary state under irradiation with
313 nm light (1o/1c = 4.2: 95.8) (irradiation. for 30 s).

tion of the solution of 1o, the color changed to blue with in-
creasing the absorption band at 587 nm of the closed-ring
isomer 1c, then by visible light irradiation the color disap-
peared and reproducing the absorption spectra at 285 nm of 1o.
The cyclization and cycloreversion reactions of 1 were
measured in THF and methanol. The results were summarized
in Table 1.

The quantum yields of cyclization and cycloreversion reactions
of 1o in THF are obtained to be 0.31 and 6.2 × 10−3, respective-
ly. They are a little bit smaller than those of simple diaryl-
ethene switches having thiophene rings as aryl groups [26]. It
may be due to the connection with an ESIPT moiety. Only

Figure 4: Fluorescent spectra of 1o in several solvents (λex = 370 nm).
Hexane (black line), chloroform (red line), dichloromethane (green
line), THF (blue line), 2-propanol (pale blue line), methanol (pink line),
acetonitrile (orange line). The absorption at the excited wavelength of
each solution was adjusted to 0.05. (emission peaks at 740 nm is attri-
buted to the 2nd order diffracted excitation light.)

slight changes were observed in absorption spectra as well as
photochromic quantum yields in two solvents.

In the protic solvents including methanol, 1o and 1c did not
emit fluorescence, while only 1o emitted in aprotic solvent, i.e.,
in hexane, orange fluorescence with a fluorescence quantum
yield (Φf) of 0.027. The fluorescent emission spectra of 1o in
several solvents were shown in Figure 4, and λmax of the emis-
sion spectra and the fluorescence quantum yields in the sol-
vents are summarized in Table 2. These emission spectra of 1o
were largely red-shifted, indicating the ESIPT property. Gener-
ally, the fluorescence quantum yields decreased with increasing
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Table 2: Emission maxima of the fluorescence spectra and the relative fluorescence quantum yields Φf in several solvents.

solution λmax
a / nm Φf

a permittivity / F m−1 refractive index [27]

hexane 625 0.027 2.0 1.3727
chloroform 635 0.013 4.8 1.4459
THF 670 0.002 7.5 1.4050
dichloromethane 650 0.006 9.1 1.4242
2-propanol 623 0.004 18 1.3776
methanol – – 33 1.3288
acetonitrile – – 37 1.3442

aλex = 370 nm.

Figure 5: (a) The energy diagram of the ESIPT process of 1. (b) ESIPT fluorescence quenching upon UV light (λ = 313 nm) irradiation of 1o in THF
solution. The fluorescence is quenched by photo-generated closed-ring isomer 1c.

the permittivity of the solvents. No fluorescence was observed
for methanol and acetonitrile solutions, indicating the suppres-
sion of ESIPT, because the solvents were used without dehydra-
tion.

The intensity of the fluorescence decreased gradually upon UV
light irradiation accompanied with the formation of 1c, because

of excitation energy transfer from the ESIPT moiety to the
closed-ring isomer (Figure 5) [4].

The wavelengths of absorption (Table 3) and fluorescence
(Table 4) were obtained computationally by using density func-
tional theory (DFT) and time-dependent DFT (TDDFT). The
excitation wavelengths as well as the emission wavelength
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Figure 6: (a) Fluorescence photographs of solutions/suspensions of 1o (1.2×10-4 M) in THF/water mixtures with different water contents under UV
light (λ = 365 nm) irradiation. (b) The fluorescence spectra of 1o solutions (λex = 370 nm). (c) The fluorescence quenching of THF 100 vol % (water
0 vol %) solution at 670 nm (broken line) and that of THF/water = 10:90 (v/v) at 585 nm (solid line) upon UV irradiation.

Table 3: Excitation energies for 1o and 1c in THF.

excited
state

excitation energies (λ) oscillator strength

1o 1 3.38 eV (366 nm) 0.2108
2 3.48 eV (356 nm) 0.2089

1c 1 1.97 eV (630 nm) 0.6744
2 2.53 eV (490 nm) 0.0308

Table 4: Emission energies for 1o and 1c in THF.

excited
state

emission energies (λ) oscillator strength

1o 1 1.69 eV (735 nm) 0.0027
2 2.31 eV (538 nm) 0.3004

1c 1 1.40 eV (887 nm) 0.5519
2 2.23 eV (555 nm) 0.0471

qualitatively agrees with the experimental results. Since com-
pound 1 consists of a diarylethene moiety and an imidazo[1,2-
a]pyridine moiety, the characteristic of 1 has the combination of
these two moieties. As it is expected, the stable structure of the
ESIPT is found computationally only in the excited state.
(Hereafter, we denote 1o-NH (1c-NH) as the ESIPT state of 1o
(1c) and 1o-OH (1c-OH) as the original structure shown in
Figure 2 to emphasize the structural difference.) Unexpectedly,
however, the optimized structure at the first excited state,
1o-NH is stable, but 1c-NH is not (the energy difference be-
tween 1c-OH and 1c-NH is 11.1 kcal/mol). This is because the
first excited state of 1c is mainly localized on the diarylethene
moiety. The HOMO orbital of 1o is localized on the imidazo-
[1,2-a]pyridine moiety whereas the LUMO orbital is manly
localized on the diarylethene moiety. Thus, the proton-transfer
in the excited state is favorable at the first excited state of 1o.

To the THF solution of 1o, water was gradually added, and the
intensities and color changes of the fluorescence were moni-
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Figure 7: (a) Crystals of 1o before UV light irradiation, (b) Green fluorescence of 1o observed under UV light (λ = 365 nm) irradiation, (c) Cyclization
proceeded to form 1c with suppression of the fluorescence, (d) Fluorescence spectra of 1o in the crystalline state (λex = 370 nm, λmax = 537 nm),
(e) The fluorescence quenching of 1o in the crystalline state (λex = 370 nm, λem = 537 nm) upon UV irradiation.

tored. By adding 10 vol % water the fluorescence was dramati-
cally reduced. However, by the addition of 80 vol %, color of
fluorescence changed to orange and the intensity increased
(Figure 6a). In the mixture of 90 vol % water and 10 vol % THF
the fluorescence band was blue-shifted, and the color changed
to yellow, and the intensity was enhanced (Figure 6b). Such a
blue shift of ESIPT fluorescence was already reported and it is
ascribed to suppression of the stabilization of the excited zwitte-
rionic species through solvent rearrangement and/or further
conformational changes of the substrate [19].

The X-ray analysis data of a single crystal of 1o is shown in
Figure S1 and Table S1 in Supporting Information File 1. The
distance between two reactive carbon atoms in the thiophene
rings was obtained to be 3.534 Å, which is less than 4.2 Å. It in-
dicates the molecule is photoreactive in the crystalline state
[28].

In the crystalline state, 1o emitted green fluorescence
(Φf = 0.031) as shown in Figure 7b. The color is more
blue-shifted color compared with the mixed solution
(THF/water = 10:90 (v/v)). The fluorescence is also quenched
with the formation of 1c upon UV light irradiation, indicating
turn-off type fluorescent switch (Figure 6c and Figure 7e)
[29,30]. The emission from the aggregates quenched much

faster than the solution (Figure 6c) (Supporting Information
File 2, Movie 1). This is due to a “giant amplification of fluo-
rescence photoswitching” ascribed by a very efficient intermo-
lecular Förster Resonance Energy Transfer (FRET) process be-
tween the fluorescent units and the photochromic moieties in
their closed form within the aggregated state [29]. The crystal
did not show any vapochromism, while a dramatic fluorescent
color change from green to pink was observed when chloro-
form was dropped to the UV light irradiated crystal 1o (Sup-
porting Information File 3, Movie 2).

The rate of fluorescence quenching (τ1/2 is less than 0.2 s) in the
crystalline state is much faster than those observed in solutions.
This is attributed to the degree of condensation which is much
higher in the crystalline state. The mechanism of the fast
quenching is expected to be related to the amplification of
photo-switching of a photochromic organic nanoparticle system
as well as the crystalline system reported by Fukaminato and
co-workers [29,30]. A detailed study of the amplification will
be carried out in the future.

Conclusion
In summary, we prepared a new diarylethene derivative having
an ESIPT functional moiety. It shows the pink fluorescence
upon UV light irradiation. Prolonged irradiation with UV light,
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resulted in the suppressed emission accompanied with a
proceeding photocyclization reaction. This is turn-off type fluo-
rescence. The fluorescence was also suppressed in protic and
polar solvents because of prohibition of the ESIPT. In the THF/
water mixed solvents, when the content of water was increased
to 10–60 vol %, the fluorescence was quenched; however,
strong fluorescence and blue-shift of emission band was ob-
served above 80 vol % of water content. This is attributable to
the AIE effect. The effect was much more remarkable in crys-
talline state. The emission can be switchable by diarylethene
moiety. The effect was also observed in the crystal. The crystal
of 1o emits green fluorescence, and the emission was also
suppressed by forming the closed-ring isomer. The crystal
shows pink fluorescence once chloroform droplets were
dropped on the crystal. The system will be useful for sensors
and color indicators.

Experimental
General: Starting materials were commercially available and
were used without further purification. Melting points were de-
termined on a Yanaco MP-500D melting point apparatus and
are uncorrected. 1H (400 MHz), 13C (100 MHz) and 19F NMR
(376 MHz) spectra were recorded on a JEOL JNM-400 spec-
trometer at ambient temperature. The splitting patterns are
designated as follows: s (singlet); d (doublet); dd (double
doublet); t (triplet); q (quartet); m (multiplet) and br (broad).
Chemical shifts are denoted in δ (ppm) referenced to the
residual protic solvent peaks. Coupling constants J are denoted
in Hz. Mass spectra were recorded on a MALDI-Spiral-TOF-
MS mass spectrometer with DCTB (10 mg/mL in CHCl3) as a
matrix. Absorption and emission spectra were monitored on
Hitachi U-4150 spectrophotometer and Hitachi F-7100 fluores-
cence spectrophotometer, respectively. Fluorescence quantum
yields in several solvents were obtained as comparison with that
of 9,10-bis(phenylethynyl)anthracene in hexane (Φf = 1.0) [31].
The luminescence quantum yields of crystalline solids were
measured using a JASCO ILF-533 integral sphere attached to a
JASCO FP-6600 spectrofluorophotometer. The mixture of
microcrystalline compounds (2 mg) and powdered sodium chlo-
ride (1 g) were put into a 5 mm quartz cell, which was then
placed in the integral sphere. The quantum yield was calculated
using an installed software. The solid-state absorption spectrum
was obtained by Kubelka–Munk conversion of a diffractive re-
flectance spectrum of the above mixture measured on a JASCO
FP-6600 spectrofluorophotometer equipped with ILF-533 inte-
gral sphere. KEYENCE VHX-500, VH-S30, VH-Z20 were
used to monitor the crystals. For the UV light irradiation,
KEYENCE UV-400, UV-50H (λ = 365 nm), Spectronics
Corporation Westbury, New York, USA Spectro Line Highest
Ultraviolet Intensity Guaranteed (100 V, 40 A, λ = 313 nm) and
AS ONE Handy UV Lamp SLUV-4 (λ = 365 nm) were used.

For visible light irradiation, a 500W USHIO SX-UI501XQ
Xenon lamp attached with Toshiba color filters (Y-48, Y-44,
and UV-29) was used.

The Gaussian09 program package [32] was used for geometry
optimizations with DFT for ground states and subsequent
TDDFT calculations. For the calculation of the fluorescence,
the geometry optimizations were performed for the first excited
state obtained by TDDFT. The hybrid B3LYP functional [33-
35] was adopted to exchange-correlation term of DFT. The
gaussian 6-31G(d,p) basis set was adopted to all calculations.
As for the solvent effect, polarizable continuum model (PCM)
[36] was employed for THF.

X-ray crystallographic analysis for crystal of 1o was carried out
at BL40XU beamline of SPring-8. Si(111) channel cut mono-
chromator was used and the wavelength and the size of X-ray
beam were 0.81106 Å and 150 × 150 μm (square), respectively.
The diffraction data was collected by oscillation method using
EIGER detector at 173 K. The data were corrected for
absorption effects by multi-scan method with ABSCOR
[37]. The structure was solved by the direct method and
refined by the full-matrix least-squares method using the
SHELX-2014/7 program. The positions of all hydrogen
atoms were calculated geometrically and refined by the riding
model. The crystallographic data can be obtained free
of charge from The Cambridge Crystallographic Data Center
via http://www.ccdc.cam.ac.uk/data_request/cif (CCDC
1920569).

Synthesis
Diarylethene (2)
To a 50 mL three neck flask containing 1.15 g (2.40 mmol,
1.0 equiv) of 1-(2-methyl-5-phenylthien-3-yl)-2-(5-chloro-2-
methylthien-3-yl)perfluorocyclopentene (3) [24] and 15 mL of
anhydrous diethyl ether, 2.20 mL (3.52 mmol, 1.5 equiv) of
1.6 N n-BuLi in hexane solution was added followed by stir-
ring for 1 h at −10 °C on ice-salt bath under argon gas atmo-
sphere. Then, 0.96 mL (3.58 mmol, 1.5 equiv) of B(OBu)3 was
added and the temperature of the mixture was allowed to warm
to room temperature and stirred for 1 h. After ascertaining the
formation of boronic acid by TLC, 5 mL of H2O was added,
and solvent was removed in vacuo. To a 200 mL three necked
flask, the boronic acid, 0.90 g (6.51 mmol, 2.7 equiv) of
K2CO3, 0.72 g (2.37 mmol, 1.0 equiv) of 6-bromo-2-(2’-
methoxyphenyl)imidazo[1,2-a]pyridine (4) [25], 0.11 g
(0.09 mmol, 0.04 equiv) of Pd(PPh3)4(0), and 80 mL of mix-
ture of 1,4-dioxane/H2O (3:1) were added, and refluxed for
16 h. After the reaction was finished, the mixture was cooled
down to room temperature. Then the mixture was extracted
with 40 mL of diethyl ether for four times. The combined

http://www.ccdc.cam.ac.uk/data_request/cif


Beilstein J. Org. Chem. 2019, 15, 2204–2212.

2211

organic layer was washed with 400 mL of water twice and dried
over anhydrous sodium sulfate. After filtration, the solvents
were removed in vacuo. The residue was purified by silica gel
chromatography (eluent: hexane and followed by a mixture of
hexane and ethyl acetate (98:2)) to obtain 0.42 g of 2 as a pale-
blue oil in 26% yield. The oil was purified with GPC followed
by silica gel chromatography (eluent: hexane and followed by a
mixture of hexane/diethyl ether (7:3) to obtain 0.31 g
(0.47 mmol) of 2 as bluish viscous solid in 19% yield. 1H NMR
(400 MHz, CDCl3, ppm) δ 8.40 (dd, J = 7.7, 1.7 Hz, 1H), 8.32
(s, 1H), 8.23 (s, 1H), 7.64 (d, J = 9.3 Hz, 1H), 7.54 (d,
J  = 7.8 Hz, 2H), 7.41–7.28 (m, 6H), 7.24 (s,  1H),
7.11 (ddd, J = 7.6, 7.4, 1.0 Hz, 1H), 7.02 (d, J = 8.2 Hz, 1H),
4.01 (s, 3H), 2.00 (s, 6H); 13C NMR (100 MHz, CDCl3, ppm) δ
156.9, 143.7, 142.6, 142.2, 141.5, 141.4, 138.4, 133.4, 129.2,
129.2, 129.2, 129.1, 129.0, 128.9, 128.1, 126.1, 125.9, 125.7,
125.6, 123.9, 123.0, 122.5, 122.2, 121.7, 121.2, 119.4, 117.5,
113.2, 111.0, 55.5, 14.7, 14.77; 19F NMR (376 MHz, CDCl3,
ppm) δ −113.1 (s, 2F), −113.3 (s, 2F), −135.0 (s, 2F); HRMS
(MALDI–TOF) m/z: calcd for C35H24F6N2OS2, 666.1234;
found, 666.1229.

Diarylethene (1o)
To 5 mL of dichloromethane anhydrous solution containing
0.21 g (0.31 mmol, 1.0 equiv) of diarylethene 2, 1.5 mL
(1.5 mmol, 5.0 equiv) of 1.0 M BBr3 dichloromethane solution
was added on dry-ice/methanol bath (−78 °C) under argon gas
atmosphere, and stirred overnight at room temperature. After
the reaction was finished, saturated sodium bicarbonate aqueous
solution was added to stop the reaction. To the mixture, 70 mL
of water was added and the mixture was extracted with 30 mL
of chloroform for four times. The combined organic layer was
washed with saturated sodium bicarbonate aqueous solution and
water, successively, then dried over sodium sulfate anhydrous.
After the filtration, solvents were removed in vacuo. The
residue was purified by silica gel chromatography (eluent:
chloroform) to obtain 0.08 g (0.12 mmol) of 1 as colorless
prism shaped crystals in 41% yield. mp 215.0–215.8 °C;
1H NMR (400 MHz, CDCl3, ppm) δ 12.5 (s, 1H), 8.33 (s, 1H),
7.89 (s, 1H), 7.62 (d, J = 9.3 Hz, 1H), 7.59 (dd, J = 7.7, 1.5, Hz,
1H), 7.55 (d, J = 7.4 Hz, 2H), 7.42 (dd, J = 9.3, 1.7, Hz, 1H),
7.40 (t ,  J  = 7.4 Hz, 2H), 7.33-7.23 (m, 4H), 7.05
(d, J = 7.7 Hz, 1H), 6.90 (t, J = 7.7 Hz, 1H), 2.02
(s, 3H), 2.00 (s, 3H); 13C NMR (100 MHz, CDCl3 ,
ppm) δ 157.4, 146.3, 142.8, 142.6, 142.1, 141.4, 137.7, 133.4, 1
30.1, 129.2, 129.2, 128.2, 126.3, 125.9, 125.9, 125.8, 125.8,
124.6, 123.7, 122.5, 121.5, 120.7, 119.2, 117.9, 117.0, 116.1,
107.3, 14.7, 14.7; 19F NMR (376 MHz, CDCl3, ppm)
δ −113.1 (s, 2F), −113.3 (s, 2F), −135.0 (s, 2F); HRMS
(MALDI–TOF) m/z: calcd for C34H22F6N2OS2, 652.1078;
found, 652.1072.

Supporting Information
Supporting Information File 1
X-ray analysis data of a single crystal of 1o.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-217-S1.pdf]

Supporting Information File 2
Movie 1, quenching rate dependence on the environmental
conditions.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-217-S2.mp4]

Supporting Information File 3
Movie 2, fluorescent color change of 1o.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-217-S3.mp4]
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Abstract
Visible-light sensitized photoswitches have been paid particular attention in the fields of life sciences and materials science because
long-wavelength light reduces photodegradation, transmits deep inside of matters, and achieves the selective excitation in
condensed systems. Among various photoswitch molecules, the phenoxyl-imidazolyl radical complex (PIC) is a recently de-
veloped thermally reversible photochromic molecule whose thermal back reaction can be tuned from tens of nanoseconds to tens of
seconds by rational design of the molecular structure. While the wide range of tunability of the switching speed of PIC opened up
various potential applications, no photosensitivity to visible light limits its applications. In this study, we synthesized a visible-light
sensitized PIC derivative conjugated with a benzil unit. Femtosecond transient absorption spectroscopy revealed that the benzil unit
acts as a singlet photosensitizer for PIC by the Dexter-type energy transfer. Visible-light sensitized photochromic reactions of PIC
are important for expanding the versatility of potential applications to life sciences and materials science.
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Introduction
Photochromism, which is defined as the reversible transformat-
ion of a chemical species between two structural isomers by
light, has been extensively studied over decades [1-4]. Recently,
visible-light sensitized photochromic materials have been paid

particular attention in the fields of life sciences and materials
science because long-wavelength light reduces photodegrada-
tion, transmits deep inside of matters, and achieves the selec-
tive excitation in condensed systems [5-12]. General strategies
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Scheme 1: Photochromic reaction schemes of (a) PIC and (b) Benzil-PIC.

for the sensitization of the photochromic reactions to visible
light are to extend the π-conjugation and to utilize photosensi-
tizers. Especially, triplet photosensitizers, which form the triplet
state of a molecule by the triplet–triplet energy transfer, have
been frequently used in photoresists, photodynamic therapy,
and photocatalysts because the lowest triplet excited (T1) state
can be formed by light whose energy is smaller than that of the
optically active transition [13-16]. However, photochromic
reactions of some systems do not proceed via the T1 state. For
example, it was reported that the photochromic reaction of
hexaarylbiimidazole (HABI), which is a well-known radical-
dissociation-type photochromic molecule [17-20], is not sensi-
tized by triplet photosensitizers [21-23]. On the other hand, it
was reported that singlet photosensitizers effectively sensitize
the photochromic reaction of HABI to the visible light [21,23].
While the S0–S1 transition of HABI is located at the visible-
light region, the transition is optically forbidden. Therefore, the
photochromic reaction of HABI without singlet photosensi-
tizers occurs via the S0–Sn transition, which is located at the

UV region. On the other hand, singlet photosensitizers effi-
ciently transfer the visible-light energy to the optically inactive
S1 state of HABI, and thus the photochromic reaction of HABI
proceeds with visible light.

The phenoxyl-imidazolyl radical complex (PIC, Scheme 1) is
one of the recently developed rate-tunable T-type photochro-
mic compounds which reversibly generate an imidazolyl radical
and a phenoxyl radical (biradical form) in a molecule upon UV
light irradiation [24]. The great advantage of PIC is the
tunability of the thermal back reaction from tens of nanosec-
onds to tens of seconds by simple and rational molecular design
[25]. The wide ranges of thermal back reactions of photo-
switches expand the potential applications of photochromic ma-
terials such as to dynamic holographic display [26-28], switch-
able fluorescent markers [29-31], and anticounterfeit inks.
However, PIC is photosensitive only in the UV region, which
limits the application fields. It was reported that the S0–S1 tran-
sition of PIC is optically forbidden and is located at the visible-
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light region as similar to that of HABI [32]. It is expected that
the photochromic reaction of PIC occurs via the optically
forbidden S1 state as similar to other radical dissociation-type
photochromic molecules such as HABI and pentaarylbiimida-
zole (PABI) [33-35]. Therefore, if we could substitute a singlet
photosensitizer unit to PIC, the visible-light sensitivity could be
achieved by singlet–singlet energy transfer. The visible-light
sensitization of PIC expands the versatility of the rate-tunable
photoswitches of PIC systems.

In this study, we synthesized a novel PIC derivative conjugated
with a visible-light photosensitizer (Benzil-PIC, Scheme 1) and
investigated the excited state dynamics. We used a benzil
framework as a photosensitizer unit because aryl ketones have
been widely used as visible-light photosensitizers [36]. While
most of aryl ketones were used as triplet photosensitizers, the
benzil unit in the present study acts as a singlet photosensitizer.
The detail of the sensitization processes was investigated by
wide ranges of time-resolved spectroscopies.

Results and Discussion
Steady-state absorption spectra
The synthetic procedure of Benzil-PIC is described in the Ex-
perimental part. Benzil-PIC has two structural isomers (isomer
A and isomer B) as shown in Scheme 1. These isomers were
separated by high-performance liquid chromatography (HPLC),
and each isomer was characterized by steady-state absorption
spectra and time-dependent density functional theory (TDDFT)
calculations as shown below. Figure 1 shows the steady-state
absorption spectra of the two isomers of Benzil-PIC and PIC in
benzene at 298 K.

Figure 1: Absorption spectra of PIC, benzil, and the two isomers of
Benzil-PIC in benzene at 298 K. The inset shows the magnified
absorption spectrum of benzil in benzene. The calculated spectra
(MPW1PW91/6-31+G(d,p)//M05-2X/6-31+G(d,p) level of the theory) of
two isomers of Benzil-PIC are shown as the vertical lines.

While the absorption of PIC appears only at wavelength shorter
than 350 nm, those of the two isomers of Benzil-PIC are ex-
tended to the visible-light region. The simulated absorption
spectra by TDDFT calculations (MPW1PW91/6-31+G(d,p)//
M05-2X/6-31+G(d,p) level of the theory) are also shown as the
vertical lines in Figure 1. The simulated absorption spectra well
explain the experimental absorption spectra of the two isomers.
Therefore, the absorption spectra of isomers A and B were
assigned as shown in Figure 1. The absorption band at 357 nm
of isomer A is assigned to the electronic transition from the mo-
lecular orbital distributed around the triphenylimidazole unit
(highest occupied molecular orbital: HOMO) to that around the
benzil unit (the second lowest unoccupied molecular orbital:
LUMO+1) (Figure S14, Supporting Information File 1). On the
other hand, the absorption band at 375 nm of isomer B is
assigned to the electronic transition from the molecular orbital
distributed around the triphenylimidazole unit (HOMO) to that
around the benzil unit and the phenoxyl unit (mainly the lowest
unoccupied molecular orbital: LUMO and LUMO+1, Figure
S15, Supporting Information File 1). While the HOMOs of
isomer A and isomer B are very similar, the LUMO and
LUMO+1 of isomer B are more delocalized than the LUMO+1
of isomer A, suggesting that the LUMO and LUMO+1 levels of
isomer B are lower than those of isomer A. This would be the
most plausible reason why isomer B has an absorption band at
the longer wavelength than isomer A.

PIC generates the biradical species upon UV-light irradiation
and shows the broad transient absorption spectrum over the
visible- to near infrared-light regions. The half-life of the ther-
mal back reaction of the biradical in benzene is 250 ns (the life-
time is 360 ns) at 298 K. To investigate the difference in the
photochromic properties between two isomers of Benzil-PIC,
we measured the absorption spectra and nanosecond-to-
microsecond transient absorption dynamics of isomer A in
benzene upon repeated irradiation of 355 nm nanosecond laser
pulses (355 nm, 7 mJ pulse−1, Figure S8a, Supporting Informa-
tion File 1). The absorption band at 357 nm of isomer A gradu-
ally decreases upon irradiation of the nanosecond laser pulses
and the absorption edge alternatively shifts to the longer wave-
length. It indicates that the irradiation of the UV pulse induces
the photochromic reactions (breaking of the C–N bond) and
interconverts between isomer A and isomer B. The system
reaches the photostationary state (PPS) within 696 shots of the
laser pulses. The ratio of isomer A and isomer B is estimated to
be 22:78 by the curve fitting of the absorption spectrum at the
PPS with those of pure isomer A and isomer B (Figure S9, Sup-
porting Information File 1). Figure S8b (Supporting Informa-
tion File 1) shows the nanosecond-to-microsecond transient
absorption dynamics of isomer A probed at 650 nm under
repeated irradiation with the 355 nm nanosecond laser pulses at
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Figure 2: Nanosecond-to-microsecond transient absorption spectra of Benzil-PIC in benzene under (a) argon and (b) air at room temperature excited
with a 355 nm picosecond laser pulse (30 μJ pulse−1). Decay profiles of the transient species of Benzil-PIC in benzene probed at 590 nm under
(c) argon and (d) air at the same conditions.

298 K. While the transient absorption dynamics of isomer A
accumulated by 8 shots are slightly fluctuated most probably
because of the low signal-to-noise ratio, the decay kinetics do
not change by repeated irradiation with UV-light pulses. It
shows that both isomers generate the same biradical form by
UV-light irradiation as shown in Scheme 1, indicating that the
excited state dynamics of the two isomers of Benzil-PIC after
the bond breaking are identical. Therefore, the mixture solution
of the two isomers was used for further time-resolved spectros-
copic measurements.

Nanosecond-to-microsecond transient
absorption spectra
To investigate the photochromic properties of Benzil-PIC, the
nanosecond-to-microsecond transient absorption measurements
were conducted by the randomly interleaved pulse train (RIPT)
method [37]. Figure 2a shows the transient absorption spectra
of Benzil-PIC in benzene (2.9 × 10−4 M) under argon atmo-
sphere at room temperature excited with a 355 nm picosecond
laser pulse (pulse duration = 25 ps, intensity = 30 μJ pulse−1).

At 0.5 ns after the excitation, two broad transient absorption
bands are observed at 660 and <450 nm. The spectral shape is
more or less similar to that of the biradical form of PIC [24], in-
dicating Benzil-PIC generates the biradical by 355 nm light ir-
radiation. The transient absorption spectra gradually decay with
a time scale of hundreds of nanoseconds and another absorp-
tion band at 580 nm remains after 900 ns. The transient absorp-
tion dynamics at 590 nm was fitted with a biexponential decay
function and the lifetimes are estimated to be 260 and 820 ns
(Figure 2c). On the other hand, while the transient absorption
spectra of Benzil-PIC in benzene under air show the same tran-
sient absorption spectrum as under argon at 0.5 ns, the transient
absorption band at 580 nm is not observed in the time scale of
microseconds. The transient absorption dynamics at 590 nm can
be fitted with a single exponential decay function and the life-
time is 220 ns (Figure 2d), which is almost identical to that of
the fast decay component under argon atmosphere. Because the
transient absorption spectrum at 0.5 ns is similar to that of PIC
and because the fast decay component does not depend on the
molecular oxygen, the fast and slow decay components can be
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Figure 3: Femtosecond-to-nanosecond transient absorption spectra of (a) benzil and (b) Benzil-PIC (right) in benzene at room temperature excited at
400 nm (100 nJ pulse−1, ≈100 fs laser pulse). The evolution associated spectra (EAS) of (c) benzil and (d) Benzil-PIC in benzene at the same experi-
mental conditions. The signal around 800 nm of Benzil-PIC was omitted because of the second-order diffraction of the excitation pulse.

assigned to the biradical form generated by the C–N bond
breaking and the T1 state of Benzil-PIC, respectively. It is
worth mentioning that the T1 state of Benzil-PIC would be
formed by some portions of the S1 of the benzil unit where the
energy transfer did not occur to the PIC unit (discussed below).

Femtosecond-to-nanosecond transient
absorption spectra
To investigate the sensitization process by the benzil unit of
Benzil-PIC in detail, we performed femtosecond transient
absorption measurements using a 400 nm excitation pulse. The
instrumental response function is ≈170 fs. It is noted that the
excitation wavelength for femtosecond transient absorption
spectroscopy (400 nm) is slightly different from that for
nanosecond transient absorption spectroscopy (355 nm). The

difference may affect the ratio of isomer A and isomer B at the
photostationary state (PSS) and initial relaxation kinetics at sub-
picosecond time scales. Benzil was used for a reference sample.
Figure 3a shows the time evolution of the transient absorption
spectra of benzil in benzene (6.8 × 10−2 M).

At 0.3 ps after the excitation, a transient absorption band is ob-
served at 546 nm. The transient absorption band continuously
shifts to 531 nm and a shoulder is observed at 500 nm. It was
reported that the spectral shift of the transient absorption spec-
tra of benzil at the sub-picosecond time scale was assigned to
the structural change from the skewed structure to the planar
structure [38]. Solvent and vibrational relaxations would also
take place in this time scale. After the rapid spectral shift, the
transient absorption spectra are preserved until 100 ps. This
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signal can be assigned to the excited state absorption from the
lowest vibrational level of the S1 state. The transient absorption
band at 531 nm gradually decreases with a time scale of
nanoseconds and another transient absorption band appears at
485 nm. The transient absorption band at 485 nm was assigned
to the T1 state according to previous studies [39-41]. The quan-
tum yield of the formation of the triplet excited state was re-
ported as 92% [42], indicating that most of the S1 state is con-
verted to the T1 state in benzil.

Figure 3b shows the transient absorption spectra of Benzil-PIC
in benzene (2.2 × 10−3 M) excited at 400 nm with a femto-
second laser pulse. The signal around 800 nm was omitted
because it was perturbed by the second order diffraction of the
excitation pulse around 400 nm. At 0.3 ps after the excitation,
two transient absorption bands are observed at 520 and 563 nm,
which are most probably assigned to the transient absorption of
the benzil unit of Benzil-PIC. The absorption is slightly shifted
to the red as compared to those of benzil probably due to the ex-
tended π-conjugation of the benzil unit connected to the PIC
unit. The two peaks continuously shift to the shorter wave-
length (503 and 543 nm, respectively) with a time scale of pico-
seconds as similar to that of benzil, which supports that these
bands are originated from the benzil unit. In addition to the two
bands, a broad absorption band over the visible-light region is
also observed at 0.3 ps. Because the spectral band shape of this
absorption band is similar to that observed in Figure 2, this
absorption band is ascribable to the biradical form of PIC,
which was directly excited at 400 nm and underwent the rapid
radical formation in the sub-picosecond time range. The instan-
taneous formation of the biradical form under these excitation
conditions suggests that a peak at ≈430 nm at 0.3 ps would be
most probably assigned to the S1 state of the PIC unit. In addi-
tion to this rapid appearance of the biradical form, the gradual
increase of the absorption due to the biradical is observed in
picoseconds to tens of picoseconds region, together with the
decay of the S1 state of the benzil unit. This slow process of the
biradical formation indicates the energy transfer from the benzil
unit to the PIC unit. The amplitude of the increased biradical
form with a time scale of tens of picoseconds is larger than the
instantaneously generated biradical form at the early time scale,
indicating that the energy transfer process is dominant for the
photochromic reaction of Benzil-PIC under the excitation with
400 nm. In the nanoseconds time region, the absorption around
580 nm slightly increases with a time scale of nanoseconds.

To elucidate the details of the reaction dynamics, we performed
global analyses with singular value decomposition (SVD) with
the Glotaran program (http://glotaran.org) [43]. We tentatively
used the three-state sequential kinetic model for benzil (Equa-
tion 1) and the five-state sequential kinetic model for Benzil-

PIC (Equation 2) convolved with Gaussian pulse. The detail of
the SVD analyses are shown in Supporting Information File 1.

(1)

(2)

The evolution associated spectra (EAS) thus obtained indicate
the resolved transient absorption spectra into each component
of the kinetic models. Because the time window of our mea-
surements was limited to 2 ns, it was difficult to determine the
time constant of nanosecond time scale exactly. Therefore, the
lifetimes of the intersystem crossing (ISC) of benzil and the
benzil unit of Benzil-PIC were fixed to a reported value of
benzil (2.5 ns) [44]. The lifetime of the T1 state of benzil was
fixed to 2.0 μs according to the nanosecond-to-microsecond
transient absorption spectroscopy. In the benzil system, time
constants of three EAS are revealed to be 420 fs, 2.5 ns (fixed),
and 2.0 μs (fixed), respectively (Figure 3c). Each EAS species
(A to E in the Equation 1 and Equation 2) is denoted as EAS1
to EAS5 in the order of the time constants as shown in
Figure 3c and Figure 3d. The fastest time constant of benzil
reflects the structural change from the skewed structure to the
planar structure and solvent and vibrational relaxations. Howev-
er, it should be noted that the lifetime of 420 fs is the apparent
lifetime because the conformational change from the skewed to
the planar structure at sub-picosecond time scale induces the
continuous spectral shift. Because the present SVD global
analyses do not consider the continuous spectral shift, it is diffi-
cult to extract the exact time constant at the early stage of the
transient absorption spectra. The EAS with time constants of
2.5 ns and 2.0 μs are safely assigned to the absorption spectra of
the S1 and the T1 states, respectively, because of the similarity
of the spectra to those reported previously [39,40].

In the Benzil-PIC system, the time constants of five EAS were
obtained to be 160 fs, 1.4 ps, 38 ps, 2.5 ns (fixed), and 240 ns
(fixed), respectively (Figure 3d). EAS1 has 4 peaks located at
430, 520, 582, ≈710 nm, respectively. The absorption bands at
430 and ≈710 nm are ascribable to the S1 state of the PIC unit
and the biradical generated instantaneously, respectively. It in-
dicates that the biradical was also formed by the direct excita-
tion of the PIC unit with 400 nm light. The spectral evolution
from EAS1 (160 fs, grey line in Figure 3d) to EAS2 (1.4 ps, red
line in Figure 3d) shows the C–N bond cleavage of the PIC unit
and the spectral shift due to the benzil unit (from 582 nm to
556 nm). In PABI, which is a similar photochromic molecule to
PIC, it was reported that the C–N bond fission occurs with the
time constant of 140 fs and the broad absorption assigned to the

http://glotaran.org
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biradical form was formed with a time constant of ≈2 ps [45].
The similarity of the time constant of the bond breaking to that
of EAS1 supports that the C–N bond is cleaved by the direct ex-
citation of the PIC unit. The spectral evolution from EAS2
(1.4 ps) to EAS3 (38 ps, green in Figure 3d) shows the continu-
ous spectral shift due to the benzil unit and the increase in the
absorption due to the biradical form (660 nm). Because the con-
tinuous spectral shift due to the benzil unit is still observed in
EAS2 (1.4 ps), it is suggested that the structural change of the
benzil unit of Benzil-PIC is somehow slightly decelerated as
compared to that of benzil (420 fs). However, it should be
mentioned that it was difficult to resolve the structural change
of the benzil unit and the formation process of the PIC unit by
the present SVD analysis.

The spectral evolution from EAS3 (38 ps) to EAS4 (2.5 ns,
fixed, blue line in Figure 3d) shows the decay of the S1 state of
the benzil unit and the alternative increase in the biradical form
of the PIC unit. This result clearly shows that the energy of the
S1 state of the benzil unit is used for the photochromic reaction
of the PIC unit. It is important to note that the S0–S1 transition
energy of PIC, which is optically forbidden, was reported to be
2.8 eV (≈440 nm) [32]. These results suggest that the energy
transfer occurs from the S1 state of the benzil unit to the ground
state of the PIC unit with the time constant of 38 ps. Since the
bond-breaking process from the S1 state of the PIC unit would
be much faster than this time scale (hundreds of femtoseconds),
the time constant of 38 ps reflects the singlet–singlet energy
transfer process from the benzil unit to the PIC unit. It should
be noted that the fluorescence quantum yield of benzil was
quite low (<0.001) [43] and the PIC unit has no absorption in
the emission wavelength of the benzil. Accordingly, the effec-
tive energy transfer by the Förster mechanism is not plausible.
The energy transfer of the 38 ps time constant is probably due
to the Dexter mechanism at weak or very weak coupling
regimes owing to the overlap of the wave functions of the
benzil and the PIC units in the excited state.

The spectral evolution from EAS4 (2.5 ns, fixed) to EAS5
(240 ns, fixed, purple line in Figure 3d) shows the increase in
the absorption around 580 nm. Although both lifetimes of
EAS4 and EAS5 are longer than the measured time window
(≈2 ns), the spectral difference around 580 nm at 10–100 ps and
that at nanosecond time scales enable to resolve these spectra.
The increased absorption band is similar to the transient absorp-
tion band assigned to the T1 state of Benzil-PIC (Figure 2a). It
indicates that the spectral evolution over nanosecond time scale
is ascribable to ISC of the benzil unit. It should be noted, how-
ever, that this slow rise of the T1 state of the benzil unit by ISC
indicates that some portions of the benzil unit do not undergo
the effective energy transfer to the PIC unit because the S1 state

of the benzil was deactivated with the time constant of 38 ps.
Although the clear mechanism is not yet elucidated at the
present stage of the investigation, the reason for the two relaxa-
tion pathways (energy transfer and ISC) from the S1 state of the
benzil unit of Benzil-PIC might be due to the difference in the
mutual orientation of benzil and PIC units including the struc-
tural isomers (isomer A and isomer B). As was discussed
above, the energy transfer is due to the overlap of the wave
function of the both units, of which mechanism might be sensi-
tive to the difference in the mutual orientation.

Effect of triplet–triplet energy transfer
Ultrafast spectroscopy revealed that the benzil unit acts as a
singlet photosensitizer for Benzil-PIC by the Dexter-type
energy transfer. It was reported that benzil was often used as a
triplet photosensitizer because the quantum yield for the T1
state formation is 92% [42]. To investigate the possibility for
the triplet–triplet energy transfer process in Benzil-PIC, we per-
formed two experiments. Firstly, we measured the phosphores-
cence spectra of benzil and PIC in EPA (diethyl ether/isopen-
tane/ethanol 5:5:2) at low temperature to estimate the energy
levels of the T1 states of benzil and PIC. In the conventional
emission measurement setups at low temperature, both fluores-
cence and phosphorescence are observed upon irradiation of ex-
citation light. To extract the phosphorescence spectra, the exci-
tation light (continuous wave laser, 355 nm, 1 mW) was
chopped at 1 Hz and the afterglow emission under blocking the
beam was accumulated as the phosphorescence spectra.
Figure 4 shows the phosphorescence spectra of benzil in EPA at
77 and 100 K.

Figure 4: Phosphorescence spectra of benzil at 77 K and 100 K and
that of PIC at 77 K in EPA. A blue solid line on the phosphorescence
spectra of PIC is the Gaussian fitting line.

While the phosphorescence spectrum of benzil at 77 K is broad
and observed at 500 nm, that at 100 K becomes sharper and the
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peak is shifted to 567 nm with a vibrational fine structure at
625 nm. The spectral shift with the increase in temperature is
most probably due to the rigidity of the environment of mole-
cules. At 77 K, it is expected that the solvent is too rigid for
benzil to change the conformation in the excited state, namely,
the conformation of benzil is fixed to the skewed conformation.
On the other hand, it is expected that the increase in the temper-
ature to 100 K softens the rigid matrix and allows the benzil to
form the planar conformation at the T1 state. The energy level
of the T1 state of benzil was estimated from the phosphores-
cence at 100 K because the T1 state of benzil in solution forms
the planar conformation. The energy level of the T1 state was
determined by an edge of the high energy side of the phospho-
rescence, where a tangent line crosses the x-axis. The energy
level of the T1 state of benzil is estimated to be 53 kcal mol−1,
which is consistent with a reported value (53.7 kcal mol−1) [38].
On the other hand, the phosphorescence of PIC was only ob-
served at 77 K and the signal is very weak. Because the confor-
mation of PIC is relatively rigid, we tentatively estimated the T1
state energy level from the phosphorescence at 77 K. The T1
state energy level of PIC is estimated to be 63 kcal mol−1. It
suggests that the T1 state energy level of benzil is slightly lower
than that of PIC.

Moreover, the triplet photosensitization was examined by the
microsecond transient absorption measurements of the mixture
solution of benzil and PIC in benzene (3.7 × 10−3 M and
2.8 × 10−5 M for benzil and PIC, respectively). A 450 nm exci-
tation pulse was used to selectively excite benzil. The transient
absorption dynamics of the mixture solution of benzil and PIC
probed at 500 nm is identical to that of benzil, which is assigned
to the T1 state (Figure S13, Supporting Information File 1). It
indicates that the triplet–triplet energy transfer is negligible be-
tween the benzil and PIC units. The plausible reason for the
negligible triplet–triplet energy transfer is the lower energy
level of the T1 state of the benzil unit than that of the PIC unit.

Conclusion
Figure 5 describes the energy diagram for the photochromic
reaction of Benzil-PIC.

While PIC absorbs light of wavelength only shorter than
350 nm, the introduction of the benzil unit extends the photo-
sensitivity of the photochromic reaction to the visible-light
region. When Benzil-PIC absorbs visible light, the conforma-
tion of the benzil unit, which is the skewed structure in the
ground state, quickly changes to the planar structure with a time
scale of picoseconds and the S1 state of the benzil is formed.
While the photochromic reaction partly proceeds via the direct
excitation of the PIC unit, most of the photochromic reaction is
induced via the Dexter-type singlet–singlet energy transfer from

Figure 5: Energy diagram of the visible-light sensitized photochromic
reaction of Benzil-PIC.

the benzil to the PIC units with the time constant of 38 ps. The
triplet photosensitization does not occur in Benzil-PIC most
probably because the triplet energy level of the PIC unit is
higher than that of the benzil unit. The clarification of the
visible-light sensitization mechanism of PIC is important for
expanding the versatility of potential applications of PIC in life
and materials sciences.

Experimental
Synthetic procedures
All reactions were monitored by thin-layer chromatography
carried out on 0.2 mm E. Merck silica gel plates (60F-254).
Column chromatography was performed on silica gel (Silica
Gel 60N (spherical, neutral), 40–50 μm, Kanto Chemical Co.,
Inc.). 1H NMR spectra were recorded at 400 MHz on a Bruker
AVANCE III 400 NanoBay. DMSO-d6 and CDCl3 were used
as deuterated solvents. Mass spectra (ESI-TOF-MS) were
measured by using a Bruker micrOTOFII-AGA1. All reagents
were purchased from TCI, Wako Co. Ltd., Aldrich Chemical
Company, Inc. and Kanto Chemical Co., Inc., and were used
without further purification.

The synthetic procedure of Benzil-PIC is shown in Scheme 2.
The synthetic procedure is analogous to that of PIC [24].

4'-Hydroxy-[1,1'-biphenyl]-2-carbaldehyde (1)
Compound 1 was prepared according to a literature procedure
[24].

1-(4-(2-(4'-Hydroxy-[1,1'-biphenyl]-2-yl)-4-phenyl-
1H-imidazol-5-yl)phenyl)-2-phenylethane-1,2-dione
(2)
4’-Hydroxy-[1,1’-biphenyl]-2-carbaldehyde (1, 0.088 g,
0.44 mmol), 1,4-bisbenzil (0.176 g, 0.51 mmol) and ammoni-
um acetate (0.240 g, 3.12 mmol) were stirred at 110 °C in acetic
acid (2.7 mL) for 6 h. The reaction mixture was cooled and neu-
tralized by aqueous NH3. The precipitate was filtered and
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Scheme 2: Synthetic procedure of Benzil-PIC (analogous to synthesis of PIC in [24]).

washed with water. The crude product was purified by silica gel
column chromatography (CH2Cl2/AcOEt 20:1 to 3:1), to give
the desired product as a mixture of two structural isomers as a
yellow solid, 0.0674 g (0.130 mmol, 29%). 1H NMR (DMSO-
d6, 400 MHz) δ 12.21 (s, 1H, one structural isomer), 12.11 (s,
1H, one structural isomer), 9.42 (s, 1H, one structural isomer),
9.40 (s, 1H, one structural isomer), 7.92–7.90 (m, 4H, two
structural isomers), 7.81–7.79 (m, 6H, two structural isomers),
7.72–7.69 (m, 5H, two structural isomers), 7.65–7.61 (m, 4H,
two structural isomers), 7.53–7.50 (m, 3H, two structural
isomers), 7.45–7.37 (m, 10H, two structural isomers), 7.33–7.30
(m, 4H, two structural isomers), 7.07–7.04 (m, 4H, two struc-
tural isomers), 6.73–6.69 (m, 4H, two structural isomers); ESI-
TOF MS m/z: [M + H]+ calcd for C35H24N2O3: 521.1859691;
found, 521.1836034.

Benzil-PIC
A solution of potassium ferricyanide (0.968 g, 2.94 mmol) and
KOH (0.741 g, 13.2 mmol) in water (3.3 mL) was added to a
suspension of 2 (70 mg, 0.14 mmol) in benzene (7.3 mL). After
stirring for 3 h at room temperature, the resultant mixture was
then extracted with benzene and the organic extract was washed
with water and brine. After removal of solvents, the crude prod-
uct was purified by silica gel column chromatography (AcOEt/
hexane 2:3) to give the desired product as a yellow powder,
42 mg (0.081 mmol, 58%). Two structural isomers were sepa-
rated by HPLC (eluent: CH3CN/H2O 7:3). 1H NMR (CDCl3,

400 MHz) (isomer A) δ 8.01 (d, J = 7.5 Hz, 1H), 7.97–7.94 (m,
2H), 7.84 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H),
7.66–7.48 (m, 5H), 7.39 (t, J = 7.0 Hz, 2H), 7.35–7.29 (m, 3H),
7.16 (d, J = 7.7 Hz, 1H), 6.57 (d, J = 10.0 Hz, 2H), 6.27 (d,
J = 10.0 Hz, 2H), (isomer B) δ 7.98–8.02 (m, 3H), 7.89 (d,
J = 8.4 Hz, 2H), 7.69 (t, J = 6.2 Hz, 1H), 7.57–7.48 (m, 8H),
7.40 (t, J = 7.6 Hz, 1H), 7.31–7.29 (m, 2H), 7.16 (d, J = 7.7 Hz,
1H), 6.64 (d, J = 10.0 Hz, 2H), 6.36 (d, J = 10.0 Hz, 2H); ESI-
TOF MS m/z: [M + H]+ calcd for C35H22N2O3, 519.1703190;
found, 519.1696883.

Experimental setups
Steady-state measurements
Steady-state absorption spectra were measured with an
UV-3600 Plus (SHIMADZU) at room temperature with 1 cm
quartz cuvette. Phosphorescence spectra were measured by
home-build millisecond time-resolved emission spectrometer at
77 K with nitrogen cryostat (OptistatDN2, Oxford instruments).
Briefly, the cooled samples in EPA (diethyl ether/isopentane/
ethanol 5:5:2) under argon atmosphere were excited with a
355-nm continuous wave (CW) laser (Genesis CX355 100SLM
AO, Coherent) and the emission was detected by EMCCD
(Newton DU920P-OE, Andor Technology). The excitation light
was blocked with 1 Hz by an optical shutter (76992 and 6995,
ORIEL) and the time evolution of the emission spectra was
measured to separate the fluorescence and phosphorescence.
The shutter was controlled by LabVIEW.
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Nanosecond transient absorption measurements
The laser flash photolysis experiments were carried out with a
TSP-2000 time resolved spectrophotometer system (Unisoku
Co., Ltd.). A 10 Hz Q-switched Nd:YAG laser (Continuum
Minilite II) with the third harmonic at 355 nm (pulse width,
5 ns) was employed for the excitation light and the photodiode
array was used for a detector. Transient absorption measure-
ments on the nanosecond to microsecond time scale were con-
ducted by the randomly interleaved pulse train (RIPT) method
[37]. A picosecond laser, PL2210A (EKSPLA, 1 kHz, 25 ps,
30 μJ pulse−1 for 355 nm), and a supercontinuum (SC) radia-
tion source (SC-450, Fianium, 20 MHz, pulse width: 50–100 ps
depending on the wavelength, 450–2000 nm) were employed as
the pump–pulse and probe sources, respectively. A 355 nm
laser pulse was used to excite the samples. The measurements
were performed in a benzene solution placed in a 2 mm quartz
cell under stirring at room temperature. We used the mixture
solution of isomer A and isomer B as was obtained by the syn-
thesis and irradiated a 355 nm pulse laser during the measure-
ments. By considering the duration of the measurements
(usually it takes one hour) and the total photon numbers, the
system probably reaches the PSS. The ratio of isomer A and
isomer B at the PSS upon excitation with the 355 nm pulse is
22:78.

Femtosecond transient absorption measurements
Transient absorption spectra in the visible-light region were
measured using a home-built setup. The overall setup was
driven by a Ti:Sapphire regenerative amplifier (Spitfire, Spec-
tra-Physics, 802 nm, 1 W, 1 kHz, 100 fs) seeded by a
Ti:Sapphire oscillator (Tsunami, Spectra-Physics, 802 nm,
820 mW, 80 MHz, 100 fs). The output of the amplifier was
equally divided into two portions. The first one was frequency-
doubled with a 50 μm β-barium borate (BBO) crystal, and the
generated second harmonics was used for excitation of the sam-
ple. The second portion was introduced into a collinear optical
parametric amplifier (OPA, TOPAS-Prime, Light Conversion)
and converted into the infrared pulse at 1180 nm. This 1180 nm
pulse was focused into a 2 mm CaF2 plate after passing through
a delay stage, so as to generate femtosecond white light contin-
uum for the probe pulse. The probe pulse was divided into
signal and reference pulses. The signal pulse was guided into
the sample and then the both pulses were detected using a pair
of multichannel photodiode array (PMA-10, Hamamatsu). The
chirping of the white light continuum was evaluated by an
optical Kerr effect of carbon tetrachloride and used for the
corrections of the spectra. The FWHM of the cross correlation
between the excitation and probe pulses was ca. 170 fs. The po-
larization of the excitation pulse was set to the magic angle with
respect to that of the probe pulse. The typical excitation power
was 100 nJ pulse−1 at the sample position. During the measure-

ment, the sample solution was circulated with a home-made
rotation cell with 1 mm optical length. Steady-state absorption
spectra were recorded before and after the transient absorption
measurement to examine photodegradation of the sample and
no permanent change in absorbance was observed. We used the
mixture solution of isomer A and isomer B as was obtained by
the synthesis and irradiated a 400 nm pulse laser during the
measurements. By considering the duration of the measure-
ments (usually takes several hours), the system probably
reaches the PSS. Under the irradiation of the 400 nm laser, the
ratio of isomer A and isomer B at the PSS depends on each
absorption coefficients and the efficiency for the bond cleavage.
The absorption coefficients of isomer A and isomer B at
400 nm are 2.1 × 103 M−1 cm−1 and 4.1 × 103 M−1 cm−1, re-
spectively.

Supporting Information
Supporting Information File 1
Details of materials characterizations and analyses.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-229-S1.pdf]
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Targeted photoswitchable imaging of intracellular glutathione
by a photochromic glycosheet sensor
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Abstract
The development of photochromic fluorescence sensors with dynamic and multiple-signaling is beneficial to the improvement of
biosensing/imaging precision. However, elaborate designs with complicated molecular structures are always required to integrate
these functions into one molecule. By taking advantages of both redox-active/high loading features of two-dimensional (2D)
manganese dioxide (MnO2) and dynamic fluorescence photoswitching of photochromic sensors, we here design a hybrid photo-
chromic MnO2 glycosheet (Glyco-DTE@MnO2) to achieve the photoswitchable imaging of intracellular glutathione (GSH). The
photochromic glycosheet manifests significantly turn-on fluorescence and dynamic ON/OFF fluorescence signals in response to
GSH, which makes it favorable for intracellular GSH double-check in targeted human hepatoma cell line (HepG2) through the
recognition between β-D-galactoside and asialoglycoprotein receptor (ASGPr) on cell membranes. The dynamic fluorescence
signals and excellent selectivity for detection and imaging of GSH ensure the precise determination of cell states, promoting its
potential applications in future disease diagnosis and therapy.
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Introduction
Cells are the basic structure and functional unit of biological
organisms. Human diseases and aging are closely related to the
states of cells. Thorough understanding of intracellular signal
transduction and metabolic processes may provide great oppor-
tunities for early disease diagnosis and treatment. To achieve
this goal, cell-imaging with fluorescence sensors becomes a
booming research field since it enables the high-resolution visu-
alization of intracellular activities [1,2]. Nonetheless, conven-
tional fluorescence sensors always encounter background signal
interferences during cell imaging, which are usually generated
from bioluminescence and light scattering in the intracellular
environment [3]. This may lead to the deviation in judging the
morphology and state of the cells, e.g., causing false-positive/
negative results. Generally, strategies like designing ratiometric
[4,5] or near-infrared [6-8] fluorescence sensors are applied to
overcome this obstacle. Recently, a novel category of photo-
chromic probes with light-controlled dynamic fluorescence
signals has been developed, aiming at reducing interferences
and improving sensing precision in complex physiological envi-
ronments [9-17]. This photoresponsive design presents several
advantages over conventional probes: 1) The light-activation
mode endows the probe with light-controllable “ON/OFF”
working states. The OFF-state (one of the photoisomer or
photocaged structure) “masks” the probe before reaching the
target analyte, avoiding unwanted interactions with other abun-
dant species in the “working zone”, or unnecessary consump-
tion with analyte in nontargeted locations during in vivo/intra-
cellular transport [18-20]. 2) A dynamic ON/OFF fluorescence
signal is generated for reversible imaging of a targeted analyte
(termed as “double-check”), which can facilitate a better dis-
crimination of the analyte signal from the background interfer-
ences [9-11]. As a result, more precise outputs can be obtained
for targeted analytes even at low concentrations.

Though promising, common “photochromophore–fluorophore”-
type sensors require elaborate designs to integrate multifunc-
tionality (e.g., photoswitching, fluorescence sensing, target-
ability, water solubility, etc.) into one molecule that could be
accessible to various biosensing scenarios and ensure the
imaging precision. This might cause limitations in further appli-
cations as complicated structures may lead to unpredictable
performances and high cost that are not suitable for future
commercialization. To simplify the sensor design and further
broaden the availability of photoswitchable biosensing, herein
we report a glycosheet hybrid sensor (Glyco-DTE@MnO2)
fabricated by 2D MnO2 nanosheets and dithienylethene fluores-
cence reporter (Glyco-DTE) to achieve cell-targeted photo-
switchable imaging of intracellular GSH. As shown in
Scheme 1, Glyco-DTE@MnO2 glycosheets were formed by
assembling Glyco-DTE onto the surface of 2D MnO2 nano-

sheets, which quench the fluorescence from Glyco-DTE
reporter. Recent studies discovered that 2D MnO2 nanosheets
tend to undergo a facile reduction with GSH, MnO2 + 2GSH +
2H+ → Mn2+ + GSSG + 2H2O [21], and be degraded into Mn2+

that revives initial fluorescence signals. Furthermore, the gener-
ated Mn2+ can also perform as potential trigger for sequential
functions, e.g., DNAzymes [22]. These interesting perfor-
mances promote MnO2 nanosheets as promising candidate for
various physiological applications as biosensing/imaging,
bioactivity modulation, drug delivery, etc [23,24].

In our system, the Glyco-DTE@MnO2 hybrid sensor under-
goes decomposition when encountering the overexpressed intra-
cellular GSH in HepG2 cell lines, following the recovery of the
photoswitchable fluorescence signal regulated by Glyco-DTE.
More importantly, the β-ᴅ-galactoside cell-targeting moiety
linked with Glyco-DTE forms a glyco-array on the MnO2
nanosheets that not only enhances the water solubility but also
the cell targetability of the hybrid system towards HepG2 cell
lines [25,26]. Therefore, by simply incorporating the photochro-
mic fluorescence reporter into GSH-responsive MnO2 nano-
sheets, a highly efficient photoswitchable hybrid biosensor is
successfully presented with the demanded functionality for
precise cell imaging.

Results and Discussion
Synthesis of dithienylethene fluorescence
reporter (Glyco-DTE)
The synthesis of dithienylethene fluorescence reporter Glyco-
DTE is shown in Scheme 2. The dithienylethene derivative 3
was prepared by Suzuki coupling of dithienylethene 1 with
methyl 4-bromobenzoate followed by hydrolysis with lithium
hydroxide. The naphthalimide fluorophore 6 was synthesized
through bromide 4 according to reported methods [27]. Then,
the photochromic fluorophore intermediate 7 was synthesized
by coupling compounds 3 and 6 through amidation. The Glyco-
DTE reporter was prepared by click reaction between com-
pound 7 and acetylated β-ᴅ-galactoside, followed by deacetyl-
ation. Similarly, a control reporter 8o with a PEG chain instead
of the galactoside targeting group was also prepared. The
detailed synthetic procedures and characterizations are given in
Supporting Information File 1.

Photochromic performances of Glyco-DTE
The photoswi tch ing  per formances  of  Glyco-DTE
(1 × 10−5 mol/L) were first measured in PBS buffer at room
temperature. As shown in Figure 1A, a decreased absorption
band at 327 nm and a subsequent appearance of a new band
centered at 550 nm were observed upon irradiation of Glyco-
DTE with UV light, which indicated a photocyclization or ring-
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Scheme 1: The structure (A) of reporter Glyco-DTE and working principle (B) of photochromic glycosheet Glyco-DTE@MnO2 for targeted detection
and imaging of GSH in HepG2 cells.
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Scheme 2: Synthetic route to dithienylethene fluorescence reporters Glyco-DTE and 8o. VcNa: sodium ascorbate.
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Figure 1: Absorption spectral changes (A), absorption fatigue resistance (B), emission spectral changes (C) and emission fatigue resistance (D) of
reporter Glyco-DTE (1 × 10−5 mol/L) in PBS buffer (pH 7.4, 0.25‰ Triton X-100) upon alternating irradiation with UV (254 nm) and visible light
(>500 nm). Emission spectra were produced upon excitation at 448 nm.

closing process to form the ring-closed photoisomer [28]. The
absorption band at 550 nm remained unchanged after 3 min of
irradiation as the photostationary state (PSS) was reached. The
absorption spectra of the ring-opened isomer could be fully
recovered upon visible light irradiation (4 min), suggesting a
photocycloreversion or ring-opening process from the ring-
closed photoisomer to the original ring-opened photoisomer.
The photo fatigue resistance of Glyco-DTE was then examined
at 550 nm via an alternate irradiation with UV and visible light
at room temperature. The ring-closing/opening cycles of Glyco-
DTE could be repeated several times in buffer solution without
obvious degradation (Figure 1B), demonstrating the robustness
of Glyco-DTE.

Figure 1C shows the photoswitching of emission spectra of
Glyco-DTE (1 × 10−5 mol/L) in PBS buffer upon alternating
UV and visible light irradiation at room temperature. Upon ex-
citation with 448 nm light, the fluorescence emission peak of
Glyco-DTE was observed at 535 nm (ΦF = 0.263, Table S1 in
Supporting Information File 1). Owing to the good overlap be-
tween the emission band of the naphthalimide fluorophore and
the absorption band of DTE closed isomer, the fluorescence
was remarkably quenched to ca. 30% (ΦF = 0.085, Table S1 in
Supporting Information File 1) through an efficient intramolec-
ular fluorescence resonance energy transfer (FRET) mecha-
nism [29,30] after the photocyclization of Glyco-DTE. The
fluorescence was fully recovered by irradiation with visible
light and the emission fatigue resistance was also examined and
found to tolerate more than five switching cycles in PBS buffer

(Figure 1D). Similar performances were also observed for
control reporter 8o (Supporting Information File 1, Figure S1).
The characteristic photoswitchable ON/OFF fluorescence
signals as well as the robust fatigue resistance suggest the
reporter designed here has great potential for photoswitchable
fluorescence imaging in biological systems.

Fabrication of Glyco-DTE@MnO2
glycosheets
The fast and simple synthesis of 2D MnO2 nanosheets was per-
formed according to reported procedures [31,32], in which the
freshly prepared MnO2 from MnCl2·4H2O was washed and
sonicated in ultrapure water. As shown in Figure 2A, the ob-
tained MnO2 solution exhibited a wide band in the range of
300–1000 nm with a peak located at 375 nm, which is the char-
acteristic absorption of 2D MnO2 nanosheets [21,33]. The
broad and strong absorption makes the 2D MnO2 nanosheets a
potential energy acceptor for the fluorophores which are
stacked on the nanosheets plane, leading to the fluorescence
quenching through FRET mechanism [32,34]. The transmis-
sion electron microscopy (TEM) image of the prepared product
revealed obvious morphology of nanosheets which presented a
large 2D and ultrathin plane with a diameter of ca. 200 nm
(Figure 2B) [33,34].

By virtue of the expansive surface, 2D MnO2 nanosheets pos-
sess the ability to load dozens of fluorophores. An array of fluo-
rescent reporters thus formed, which facilitate endocytosis and
significantly lower the background signal for intracellular fluo-
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Figure 2: (A) The absorbance spectrum and (B) high resolution TEM image of 2D MnO2 nanosheets (1 × 10−5 g/mL) in ultrapure water; (C) DLS and
Zeta potential characterizations of 2D MnO2 photochromic glycosheet.

rescence imaging [25,26]. Upon the incubation of the
dithienylethene fluorescence reporter Glyco-DTE with 2D
MnO2 nanosheets, the reporter was adsorbed on the surface of
the nanosheets, forming the Glyco-DTE@MnO2 photochro-
mic glycosheet which β-D-galactosides pointing away from the
surface. Dynamic light scattering (DLS) exhibited a size of
198.6 nm for the 2D MnO2 nanosheets (Figure 2C), which was
in accordance with the TEM characterization. The size of the
photochromic Glyco-DTE@MnO2 glycosheet was determined
as 255.4 nm, indicating the successful coating of MnO2 nano-
sheets with the Glyco-DTE reporter [25]. An increasing Zeta
potential was also observed after the assembly, confirming
again the successful fabrication of Glyco-DTE@MnO2 glyco-
sheet (Figure 2D) [26].

GSH sensing and fluorescence photo-
switching of Glyco-DTE@MnO2 glycosheet
The fluorescence emission of Glyco-DTE@MnO2 was effi-
ciently quenched to ca. 15% (ΦF = 0.023, Table S1 in Support-
ing Information File 1) when increasing concentrations of 2D
MnO2 nanosheets were added, and reached saturation around
25 μg/mL (Figure 3A). The quenched fluorescence indicated
the effective FRET between the attached Glyco-DTE and 2D
MnO2, which again suggested the close stacking of Glyco-DTE
to the nanosheet surface. Aggregation-caused quenching might
be another reason for the fluorescence quenching because of the
close distance between fluorescence molecules when absorbed
on the surface of nanosheets. Apart from the quenched fluores-

cence, the photoswitchable emission was also prohibited
(Figure S2, Supporting Information File 1), probably due to the
significantly reduced emission operation window of Glyco-
DTE.

We then investigated the GSH-responsive performance of
Glyco-DTE@MnO2 in PBS buffer. As shown in Figure 3B, the
emission of Glyco-DTE was restored to ca. 90% (ΦF = 0.256,
Table S1 in Supporting Information File 1) with the addition of
1.5 mM GSH. The recovery of emission can be attributed to the
reduction of MnO2 to Mn2+ [21], leading to the decomposition
of MnO2 nanosheets. This result reveals that the photochromic
glycosheet is capable of recognizing GSH, leading to a signifi-
cant turn-on of the quenched fluorescence. The photoswitch-
able fluorescence signal was also activated alongside the
recovery of naphthalimide emission. As shown in Figure 3C,
the fluorescence intensity at 535 nm performed an ON/OFF
switching cycle upon irradiation of UV–vis light with a decent
fatigue resistance (Figure 3D), which is in good accordance
with the results of Glyco-DTE in buffer solution.

The selectivity of Glyco-DTE@MnO2 towards other intracel-
lular species was next tested by fluorescence spectroscopy. As
shown in Figure S3A (Supporting Information File 1), GSH
showed a distinct selectivity over other analytes, suggesting a
specific GSH detection performance of Glyco-DTE@MnO2. A
linear response of the normalized fluorescent intensity I/Imax at
535 nm within 0–0.4 mM GSH concentration range was deter-



Beilstein J. Org. Chem. 2019, 15, 2380–2389.

2386

Figure 3: (A) Emission spectral changes of reporter Glyco-DTE (1 × 10−5 mol/L in PBS buffer, 0.25‰ Triton X-100) upon addition of 0–25 μg/mL
MnO2, (B) emission spectral changes of glycosheet upon addition of 0–1.5 mM GSH, (C) emission spectral changes and (D) fatigue resistance of
reporter Glyco-DTE (after the degradation of MnO2 with GSH) upon irradiation with UV (254 nm) and visible light (>500 nm). Emission spectra were
produced upon excitation at 448 nm.

mined (Supporting Information File 1, Figure S3B), where Imax
represents the emission intensity before the addition of MnO2
and I is the emission intensity after the addition of GSH,
through which the limit of detection (LOD) was calculated to be
0.99 μM. These results demonstrate the high sensitivity of
Glyco-DTE@MnO2 hybrid sensor towards GSH, which
allows the detection of intracellular GSH in the complex physi-
ological environment of cells. The kinetic analysis of Glyco-
DTE@MnO2 in the presence of GSH (Supporting Information
File 1, Figure S3C) suggests a short response time (3 min) with
a reaction constant of k = 2.39 × 10−2 s−1 (Supporting Informa-
tion File 1, Figure S3D), demonstrating a fast response of the
hybrid sensor on GSH sensing.

The investigation above verifies that the photochromic glyco-
sheet we designed can perform as an “activation and photo-
switching” sensor towards GSH, which is illustrated as fluores-
cence turn-on and sequential on-off cycles. Besides, the
quenching of the reporter fluorescence by MnO2 contributes to
a significantly lowered background signal, which makes it an
excellent material for intracellular precision imaging.

Cell-targeted photoswitchable imaging of
intracellular GSH
With the photochromic glycosheet in hand, we then investigat-
ed its applications as a biosensor for targeted intracellular GSH
imaging. The presence of the β-ᴅ-galactoside residue offers a
selective recognition site for ASGPr receptor which is over-

expressed in HepG2 cell lines, endowing our hybrid sensor with
specific cell target ability [35]. The cytoselectivity of the
Glyco-DTE reporter was firstly checked in PBS buffer through
lectin binding experiments. The lectin used here, peanut agglu-
tinin (PNA), can selectively bind with β-ᴅ-galactoside that
mimics the role of ASGPr on HepG2 cell membranes [36,37].
As shown in Figure S4 (Supporting Information File 1), the ad-
dition of PNA to the solution of Glyco-DTE resulted in a fluo-
rescence enhancement with an obvious spectral blue-shift,
while the addition of another lectin, conconavalin A (Con A),
did not cause a substantial variation of the fluorescence spectra.
For control reporter 8o, either the addition of PNA or Con A led
to minute changes in the emission spectra. The phenomena de-
scribed above solidly proved the cell target ability of the β-ᴅ-
galactoside moiety of the Glyco-DTE reporter.

In the next step, HepG2 and HeLa cells were simultaneously in-
cubated with Glyco-DTE and then imaged with an Operetta
high content imaging system. As shown in Figure 4A, a bright
fluorescence signal was detected in HepG2 cells but almost no
fluorescence signal was observed in HeLa cells. This suggested
a good selectivity of Glyco-DTE towards HepG2 cell lines. The
specific interaction between β-ᴅ-galactoside and cell transmem-
brane receptor ASGPr facilitates the selective cell internaliza-
tion [38,39]. On the contrary, HepG2 and HeLa cells incubated
with the control reporter 8o lacking a β-ᴅ-galactoside moiety
presented undiscernible fluorescence signals, confirming again
the selective targeting ability of Glyco-DTE. Next, the intracel-
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Figure 4: (A) Fluorescence imaging of HepG2 cells and HeLa cells after incubated with reporters Glyco-DTE (20 μM) and 8o (20 μM) for 30 min.
(B) The photochromic fluorescence imaging of HepG2 cells after incubated with reporter Glyco-DTE (20 μM) upon alternating irradiation with UV
(254 nm) and visible light (>500 nm). The excitation wavelength is 440 nm and the emission channel is 450–550 nm.

Figure 5: (A) Fluorescence imaging of HepG2 cells and HeLa cells after incubated with Glyco-DTE@MnO2 photochromic glycosheet in the absence
and presence of NEM. (B) The photochromic fluorescence imaging of HepG2 cells after incubated with glycosheet upon irradiation with UV (254 nm)
and visible light (>500 nm). The excitation wavelength is 440 nm and the emission channel is 450–550 nm.

lular photoswitchable imaging experiment of Glyco-DTE in
HepG2 cells was operated. Upon irradiation of alternate UV–vis
light, an evident fluorescence ON/OFF cycle of HepG2 cells
was observed (Figure 4B). In addition to the selective internal-
ization, Glyco-DTE is capable of taking remote light orders for
intracellular photoswitchable imaging. The dynamic ON/OFF

cycle, or photoblinking, of fluorescence from the photochromic
probe guarantees the source of the signal [9]. Compared to the
conventional sensor, which is vulnerable towards the inherent
background signals from the intracellular environment, the pho-
tochromic probe provides a smart strategy of well-discrimina-
tion from physiological interferences.
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Apart from the over-expressed ASGPr receptors on cell mem-
branes, the high intracellular concentration of GSH is another
feature for HepG2 cells. Therefore, amounts of work on HepG2
cell imaging have targeted GSH as the characteristic biomarker
[40,41]. Strategies like reduction of disulfide [42-44] and
Michael addition [45-47] have been utilized to design fluores-
cent sensors for detecting intracellular GSH or discriminative
sensing of GSH with other common biothiols (e.g., Cys and
Hcy) [45,46]. In this work, the highly accessible 2D MnO2
nanosheet is used as the GSH responsive site instead of tradi-
tional functional groups that require elaborate design for high
selectivity and reactivity. Besides, the incorporation of Glyco-
DTE with MnO2 nanosheets quenches the fluorescence and
further suppresses the background signal for intracellular
imaging. To investigate the capability of our Glyco-
DTE@MnO2 hybrid sensor (glycosheet) for targeted photo-
switchable imaging of intracellular GSH, HepG2 and HeLa
cells were incubated with the glycosheet and subsequently
imaged under an optical microscope. As shown in Figure 5A,
HepG2 cells incubated with the glycosheet exhibited a strong
fluorescence signal, indicating a high level of GSH expressed in
HepG2 cells. The addition of NEM (N-ethylmaleimide, a GSH
scavenger) resulted in a significant decrease of fluorescence in-
tensity [40,41,46], suggesting the efficient quenching effect of
MnO2 nanosheets towards Glyco-DTE reporter. In HeLa cells,
as a control experiment, a fluorescence signal is hardly ob-
served no matter treated with NEM or not. These results
strongly support the feasibility of targeted intracellular GSH
imaging with our Glyco-DTE@MnO2 hybrid sensor. Conse-
quently, the intracellular GSH photoswitchable imaging with
the liberated Glyco-DTE in HepG2 cells was operated. Similar
to the above results, an efficient fluorescence ON/OFF cycling
upon UV–vis irradiation of HepG2 cells was performed, which
provides the dynamic fluorescence signal for “double-check” of
intracellular GSH. The ”first check” was the recovery of the
silenced fluorescence in the presence of GSH. The following
“second check” was the blinking ON/OFF fluorescence signal
which ensures the origin of fluorescence signal from the photo-
chromic probe. Hence, the intracellular sensing precision is sig-
nificantly improved.

Conclusion
In summary, photochromic glycosheet Glyco-DTE@MnO2
was developed for cell-targeted and photoswitchable intracel-
lular GSH imaging in human hepatoma cell lines. The hybrid
sensing system presented here provides the MnO2 nanosheets
for GSH detection and Glyco-DTE reporter for dynamic fluo-
rescence signal modulation. Besides, the high affinity of β-ᴅ-
galactoside towards ASGPr receptors on the membrane of
HepG2 cells enables the specific cell-targetability of Glyco-
DTE@MnO2 hybrid sensor. Compared to conventional GSH

biosensors, our strategy offers a simple yet smart design that
circumvents the elaborate molecular design and laborious syn-
thesis for multifunctional sensors, further broadening the avail-
ability of photochromic sensors in various physiological
scenarios. These findings not only enable promising applica-
tions in targeted-cell imaging but also provide a new sensor
platform useful for multiple fluorescence signaling and improv-
ing the detection precision.

Supporting Information
Supporting Information File 1
Experimental procedures and spectral data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-230-S1.pdf]
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Abstract
Arylazopyrazoles represent a new family of molecular photoswitches characterized by a near-quantitative conversion between two
states and long thermal half-lives of the metastable state. Here, we investigated the behavior of a model arylazopyrazole in the pres-
ence of a self-assembled cage based on Pd–imidazole coordination. Owing to its high water solubility, the cage can solubilize the
E isomer of arylazopyrazole, which, by itself, is not soluble in water. NMR spectroscopy and X-ray crystallography have indepen-
dently demonstrated that each cage can encapsulate two molecules of E-arylazopyrazole. UV-induced switching to the Z isomer
was accompanied by the release of one of the two guests from the cage and the formation of a 1:1 cage/Z-arylazopyrazole inclusion
complex. DFT calculations suggest that this process involves a dramatic change in the conformation of the cage. Back-isomeriza-
tion was induced with green light and resulted in the initial 1:2 cage/E-arylazopyrazole complex. This back-isomerization reaction
also proceeded in the dark, with a rate significantly higher than in the absence of the cage.
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Introduction
The importance of confinement for chemical reactivity is
becoming increasingly appreciated. Confining reactive species
to small volumes can greatly increase their effective molarity
and consequently, promote chemical reactions. Such reaction
acceleration has been demonstrated at interfaces [1-3], in self-
assembled cages [4-7], on DNA chains [8], and on the surfaces
of inorganic nanoparticles [9,10]. Additionally, nanosized cages

can induce preorganization of the encapsulated species, thus in-
ducing unusual regioselectivities in various chemical reactions
[11-13]. The limited dimensions of cage cavities can also be
used for arresting the growth of polycondensates at an early
stage, thereby making it possible to isolate labile species.
For example, Fujita and co-workers demonstrated the stabiliza-
tion of cyclic trimers of siloxanes inside small self-assembled
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cages [14] and, using larger cages, the synthesis of 4 nm silica
nanoparticles, which would be difficult to obtain otherwise
[15].

One class of organic compounds that exhibit various intriguing
properties under confinement is photochromic molecules. In a
seminal contribution, unusual switching patterns have been
revealed within densely packed monolayers of azobenzene on
planar gold [16]. In contrast, placing azobenzene inside the
cavity of an octahedral cage renders it photochemically inert,
stabilizing the typically metastable Z isomer [17]. Similarly, a
related cage has recently been shown to induce negative photo-
chromism in the spiropyran switch [18]. Other recent studies of
photochromic systems within macrocyclic and supramolecular
hosts [19] include dihydroazulene switches [20] and red-shifted
azobenzenes [21,22] inside cucurbiturils and cyclodextrins. The
behavior of light-responsive compounds can also be affected by
their confinement to the surfaces of inorganic nanoparticles.
Among other examples, the isomerization kinetics of azoben-
zene could be tuned by a factor of >5000 by the molecules with
which it was co-adsorbed on gold nanoparticles [23], and
donor–acceptor Stenhouse adduct (DASA) switches were found
to be stabilized in their zwitterionic form when confined to iron
oxide nanoparticles [24]. Similarly, the ability of anthracenes to
photodimerize greatly depends on the curvature of their “host”
nanoparticle [25]. Despite these advances, we are still far from
achieving the ease and elegance, with which natural systems
employ confinement effects to control photoisomerization reac-
tions [26].

Recently, much effort has been devoted to developing new
families of heterocyclic azo switches [27-31], largely driven by
the rapid growth of the emerging field of photopharmacology
[32-34]. Among them, arylazopyrazoles have attracted consid-
erable interest because of their synthetic availability and desir-
able photochemical properties, such as the high thermal stability
of the Z isomer and a large band separation between the E and
Z isomers, allowing each to be addressed with a high selec-
tivity [35-40]. Consequently, arylazopyrazoles have been em-
ployed as photoresponsive gelators [41] and adhesives [42] and
for controlling antimicrobial response [43,44], cell adhesion to
surfaces [45], as well as DNA [46] and microtubule [47] self-
assembly using light.

Here, we focused on the prototypical arylazopyrazole 1 [35]
(Scheme 1) and a previously reported [48] metal–organic cage 2
(see Figure 1). We have recently demonstrated that various
azobenzenes formed 2:1 inclusion complexes with 2 [49] and
hypothesized, based on the structural similarity between
azobenzenes and arylazopyrazoles, that 2 would similarly
encapsulate E-1.

Scheme 1: Reversible photoisomerization of phenylazotrimethylpyra-
zole 1.

Results and Discussion
Arylazopyrazole E-1 has a very low solubility in water and its
encapsulation in cage 2 was attempted from the solid state.
Encouragingly, when a colorless aqueous solution of 2 was
stirred with an excess of solid E-1, it turned to intense yellow
within several hours. Figure 1 shows a 1H NMR spectrum of
the resulting solution, where the identity of all the proton reso-
nances was assigned using a combination of two-dimensional
NMR techniques, including 1H-1H homonuclear correlation
spectroscopy (COSY), 1H-1H nuclear Overhauser effect spec-
troscopy (NOESY), 1H-13C heteronuclear single quantum
correlation spectroscopy (HSQC), and 1H-13C heteronuclear
multiple bond correlation spectroscopy (HMBC) (see the Sup-
porting Information File 1, Figures S5–S13). The spectrum
showed the presence of all of E-1’s protons, with the reso-
nances associated with the ortho protons of 1’s phenyl ring, as
well as the protons of all three methyl groups markedly upfield-
shifted compared to free E-1 in CDCl3 (see Figure S14 in Sup-
porting Information File 1). These shifts (by ~1.0–2.2 ppm)
cannot be accounted for by replacing the solvent from CDCl3 to
D2O; rather, they suggest that 1 resides in the hydrophobic
cavity of 2, interacting with its aromatic walls. Integration of
the signals due to 1 and 2 confirmed that each molecule of the
host encapsulates two molecules of the guest.

The presence of a complex is also evident from the NOE spec-
trum, which shows multiple host–guest correlations (see Figure
S6 in Supporting Information File 1 for a full-range spectrum).
For example, E-1’s protons Hd at 6.22 ppm correlate both with
the resonances at 7.78 ppm and at 7.57 ppm, which all origi-
nate from 2’s protons (H2 + H3 and H5 + H7, respectively).
Similarly, the Ha protons are correlated with H1, H3, and H7,
whereas the Hc protons are correlated with H4, H8, and H5 (see
the partial NOE spectrum in Figure 2; see below for further
analysis of this spectrum).

Single crystals of (E-1)2 2 suitable for X-ray diffraction were
obtained by slow water evaporation from an aqueous solution of
the complex. The data were collected immediately after dipping
the crystal in Paratone oil and flash-cooling. We found that
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Figure 1: 1H NMR spectrum of (E-1)2 2 (500 MHz, D2O, 298 K).

Figure 2: Partial 1H-1H NOESY NMR spectrum of (E-1)2 2 showing
NOE correlations between host 2 and guest 1 (500 MHz, D2O, 298 K)
(the corresponding full-range spectrum is shown in Figure S6, Support-
ing Information File 1).

(E-1)2 2 crystallizes in the monoclinic space group P21/c, with
one molecule of 1 and a half-molecule of 2 in the asymmetric
unit. In other words, each cage encapsulated two molecules of

E-1 (in agreement with the NMR spectra), arranged in an
antiparallel fashion (Figure 3). The binding of E-1 within 2 is
driven by a combination of π–π stacking, van der Waals forces,
and C–H···π interactions (vide infra); in addition, the encapsula-
tion is likely facilitated by the release of "high-energy" water
molecules from the cavity of 2 [50,51].

Determining the X-ray structure was challenging; the difficulty
lies in the fact that both the cage and the encapsulated guest
dimer exist in the form of two different conformations. Figure 3
shows (E-1)2 2 that features the main conformations of both
(E-1)2 and 2, amounting to 59% and 93% of the total popula-
tion of the guest and the host component, respectively. The
remaining 41% of (E-1)2 features the same separation distance
between the two guest molecules (d = 3.503 Å vs 3.497 Å in the
major isomer; a distance typical of π–π-stacked moieties), but a
significantly larger offset in the horizontal direction (the dis-
tance between para carbon atoms of the two guests,
d = 11.154 Å vs 10.638 Å for the major isomer; see Figure S15,
Supporting Information File 1). The difference between the
major (93%) and the minor (7%) conformation of the host is
small and is mostly related to the positions of the Pd centers
(Figure S16, Supporting Information File 1).
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Figure 3: Front view (a) and side view (b) of the X-ray crystal struc-
ture of (E-1)2 2 (major conformations of 1 and 2; see also Supporting
Information File 1, Figures S15 and S16). The horizontal plane (pink)
denotes the positions of eight equatorial imidazole groups; four axial
imidazoles are denoted by black arrows. Color codes: C, gray; N, blue;
Pd, orange. Hydrogens, counterions, and solvent molecules are not
shown for clarity.

We were pleased to find that the structural features of (E-1)2 2
resolved by X-ray crystallography were in full agreement with a
detailed analysis of the complex’s NOE spectra (see Figure 2
above). For example, E-1’s Ha protons at 1.07 ppm correlate
with 2’s axial – but not equatorial – acidic imidazole H1 protons
(cyan in Figure 2), which is in agreement with the close
proximity of these two protons in the X-ray structure
(da–1 = 3.68 Å). Conversely, Hc protons only correlate with the
equatorial H4 protons (pink in Figure 2; dc–4 = 3.32 Å). Interest-
ingly, the NOE correlations we found can only be explained by
taking into account the coexistence of both configurations of
(E-1)2, which suggests that they coexist not only in the crys-
talline state, but also in solution. For example, Hc’s correlation
with the resonance at 7.57 ppm (due to cage’s H5 + H7) can be
explained by the close distance between Hc and H5 in the com-
plex’s minor (41%) isomer, dc–5 = 2.88 Å (for the major
isomer, dc–5 = 4.10 Å and dc–7 = 4.13 Å). On the other hand,
only the major isomer is expected to show a correlation be-
tween Ha and Hd (da–d = 3.38 Å; for the minor isomer,
da–d = 4.28 Å). Furthermore, the presence of NOE correlations
between Hd and both Ha and Hc not only confirm the presence
of two molecules of guest E-1 inside host 2, but also their
antiparallel arrangement.

We also note that the mutual arrangement of the two guest mol-
ecules within the X-ray structure is such that the N-bound
methyl group (i.e., Hb protons) of one guest lies directly above
the phenyl ring of the other guest (see Figure S15, Supporting
Information File 1). Specifically, the distance between Hb and
the plane of the phenyl ring was determined as 2.42 Å, which
corresponds to a fairly strong C–H···π interaction. Interestingly,
a signature of this interaction can be found in the 1H NMR

spectrum of (E-1)2 2, where the signal due to Hb was signifi-
cantly broader than those due to Ha and Hc (Figure 1).

Next, we investigated the photoisomerization of encapsulated
E-1. UV irradiation (365 nm light-emitting diode, LED) of the
transparent yellow solution of (E-1)2 2 in water did not result
in any pronounced visual changes. However, UV–vis absorp-
tion spectroscopy showed (Figure 4) a dramatic decrease in the
intensity of E-1’s absorption at 336 nm, along with the concom-
itant appearance of a broader peak at ~430 nm, which can be at-
tributed to the n–π* transition in Z-1. Subsequent exposure to a
520 nm LED (a region with negligible absorption of E-1; see
Figure 4) regenerated the initial spectrum, indicating the nearly
complete reversibility of the process. The presence of a well-
defined isosbestic point (at 391 nm) suggests a clean E ⇌ Z
transformation in both directions. This process appears to be
fully reversible for many cycles (Figure 4, inset).

Figure 4: UV–vis absorption spectrum of an aqueous solution of
(E-1)2 2 (blue) and following exposure of this solution to UV light for
5 min (orange). Inset: Ten cycles of reversible E-1 ⇌ Z-1 photoisomer-
ization. In each cycle, 5 min of UV was applied, followed by 2 min of
green light.

Figure S17 (Supporting Information File 1) shows the 1H NMR
spectrum of (E-1)2 2 exposed to UV light. Notably, all six
resonances of 1’s protons have shifted, indicating a highly effi-
cient photoisomerization to Z-1. The corresponding NOE spec-
tra (Figures S18–S20, Supporting Information File 1) feature
multiple correlations between the host’s and the guest’s protons.
For example, the set of signals at 7.88–7.60 (all of which could
be attributed to 2) correlate strongly with the protons of all three
methyl groups of Z-1 (Ha, Hb, and Hc), in addition to exhibit-
ing weaker NOE correlations with Hd, He, and Hf. Furthermore,
the acidic imidazole protons correlate with most of Z-1’s
protons; the strongest correlations were found between Ha and
H1 and between Hc and H4 (Figure S20, Supporting Informa-
tion File 1; note that the opposite was found for the E isomer,
cf. Figure 2).
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Despite repeated efforts, we did not succeed in preparing crys-
tals of the (Z-1) 2 inclusion complex suitable for X-ray
diffraction. To obtain hints about the packing of Z-1 within 2,
we therefore performed density functional theory (DFT) calcu-
lations. Compared with the complex before photoisomerization,
the cage in (Z-1) 2 is severely distorted (Figure 5; see also
Supporting Information File 3), assuming a bowl-like shape (in
contrast, the conformation of the bound guest is very similar to
that of free Z-1). The optimized model of (Z-1) 2 features
strong interactions between the host and the guest. In particular,
Z-1’s methyl groups Ha and Hc reside in close proximity to 2’s
acidic imidazole protons (H1 and H4, respectively), in agree-
ment with the NMR findings (see Section 4 in the Supporting
Information File 1). The apparent desymmetrization of 2 is not
manifested by multiplication of signals due to H1 and H4, which
can be attributed to the dynamic fluctuations of the cage in solu-
tion.

Figure 5: Top view (a) and side view (b) of the energy-optimized struc-
ture of (Z-1) 2. Color codes: C, gray; N, blue; Pd, orange. Hydrogens
and counterions are not shown for clarity.

We have previously noted that 1:1 complexes of 2 with the
Z isomers of various azobenzenes are notoriously difficult to
crystallize [18]. We believe that the insights by DFT calcula-
tions reported here for (Z-1) 2 can be extended to the com-
plexes of 2 with other Z-azo guests as well.

To gain further insight into the photoisomerization reaction, we
investigated it by NMR spectroscopy under in-situ irradiation
(with an optical fiber inserted into the NMR spectrometer).
Figure 6 shows a series of spectra recorded after increasing UV
irradiation times. We found that whereas the position of 2’s H4
signal did not change (9.26 ppm), the signal due to H1 shifted
upfield by 0.20 ppm. This behavior is analogous to our previous
findings, which showed that shifts of H1 protons are indicative
of switching of the bound guest and/or (de)encapsulation
[18,49]. Integrating the signals due to E-1’s Hc protons (cyan in
Figure 6) allowed us to estimate the yield of photoisomeriza-
tion as >98%. This result, combined with the UV–vis absorp-

tion data in Figure 4, inset, indicates that the switching between
E- and Z-1 is near-quantitative in both directions.

Figure 6: A series of 1H NMR spectra of (E-1)2 2 (500 MHz, D2O,
298 K) before (bottom) and after exposure to UV light (λ = 365 nm)
inside the NMR spectrometer (using an optical fiber) for different
periods of time (indicated in purple font) for up to 25 min.

To complete the cycle, we first allowed the system to relax ther-
mally while recording NMR spectra (Figure S21, Supporting
Information File 1). However, only 25% of Z-1 back-isomer-
ized to the E isomer within 3 h in the dark. Subsequent irradia-
tion with green light (20 min) re-generated the initial solution of
(E-1)2 2. Interestingly, the final spectrum, although virtually
free of Z-1, exhibited a residual (≈7%) peak of 2 with a confor-
mation that binds Z-1 (see Figure S22, Supporting Information
File 1, red arrow at 8.97 ppm). This result suggests that the
Z-1 → E-1 back-isomerization is faster than the conformational
change of 2, and that the cage gradually adapts its shape to that
of the bound guest.

Further analysis of the NOE spectra of UV-irradiated solutions
revealed correlations between Z-1’s i) Ha and Hd, ii) Ha and He,
iii) Hc and Hd, and iv) Hc and He (all expected from the
Z isomer alone), but no correlations between i) Hb with any of
the three aromatic protons and ii) Hf with any of the three
methyl groups. Furthermore, we note that the resonance due to
Hb – very broad in complex (E-1)2 2 as a consequence of
dimer formation – becomes as sharp as those of the other
protons after UV irradiation (compare spectra i and ii in Figure
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Figure 7: 1H NMR and 1H DOSY spectra of (E-1)2 2 (500 MHz, D2O, 298 K) before (left) and after (center) UV irradiation and after the addition of
~2.5 equiv of 2 (right). The vertical dashed lines denote the resonances of 1’s protons.

S23, Supporting Information File 1). Taken together, these ob-
servations indicate the absence of Z-1–Z-1 interactions, thereby
confirming that only one molecule of Z-1 occupies the cavity of
the cage. This conclusion is not surprising given the more bulky
nature of the Z isomer – in fact, we have previously reported
that photoirradiation of the 1:2 complex of 2 and tetra-o-fluo-
roazobenzene yields a 1:1 mixture of Z 2 and free Z-azoben-
zene, which is insoluble in water and precipitates from the solu-
tion [49]. The Z isomer of 1, however, has much higher water
solubility and, following expulsion from the cage, can remain
stable in solution. To verify this notion, we prepared pure Z-1
(by evaporating the solvent from a solution of E-1 in aceto-
nitrile under continuous UV irradiation) and i) confirmed its
high solubility in water (see Figure S24 in Supporting Informa-
tion File 1 for an NMR spectrum of Z-1 in D2O) and ii) demon-
strated light-controlled precipitation and re-solubilization of 1
(Figure S25, Supporting Information File 1).

Overall, the reaction taking place in the system can be written
down as (E-1)2 2 → (Z-1) 2 + Z-1. Interestingly, however,
despite the existence of Z-1 as two distinct species (encapsu-
lated and non-encapsulated), the NMR spectrum of the
UV-adapted solution showed the presence of only one set of
guest peaks. This can be attributed to the rapid (on the NMR
time scale) exchange between the free and encapsulated Z-1, re-
sulting in a single peak for each proton, located in between the
two expected peaks. To confirm this hypothesis, we recorded
1H NMR spectra of i) Z-1 in D2O (spectrum i in Figure S27)
and ii) (Z-1) 2 without free Z-1 (ii in Figure S27, Supporting

Information File 1) (the latter was prepared by treating a
UV-irradiated solution of (E-1)2 2 (i.e., a mixture of (Z-1) 2
and Z-1) with an extra ~2.5 equivalents of 2). Indeed, the reso-
nances due to all 1’s protons in (E-1)2 2 exposed to UV light
(Figure S26, Supporting Information File 1, spectrum iii)
appeared at chemical shifts that constituted the averages of
those found in spectra i and ii. As a control experiment, we
added the same excess of 2 to a solution of (E-1)2 2 prior to
UV irradiation and, as expected, did not observe any shifts of
1’s signals.

To further confirm the photoswitching-induced guest expulsion,
we performed detailed diffusion-ordered spectroscopy (DOSY)
measurements. A representative DOSY spectrum of (E-1)2 2
is shown in Figure 7, left. The spectrum indicates the
presence of a single species (the diffusion coefficient
for 1, D1 = 1.91 (±0.01) · 10−10 m2·s−1 (based on averaging
H a  a n d  H d ) ;  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  2 ,
D2 = 1.85 (±0.01) · 10−10 m2·s−1 (based on H4); each diffusion
measurement was repeated three times). In contrast,
DOSY spectra recorded after UV irradiation exhibited two
distinct sets of diffusion coefficients, associated with
resonances of 1 and 2 (red and green shades in Figure 7,
center). The average diffusion coefficients were determined
a s  D 1  =  3 . 4 4  ( ± 0 . 0 4 )  ·  1 0 − 1 0  m 2 · s − 1  a n d
D2 = 1.86 (±0.01) · 10−10 m2·s−1. The greatly increased D1
value confirms that i) 1 was partially expelled from the
cages, which can only accommodate one molecule of Z-1
each, and ii) the free and bound Z-1 are in rapid exchange
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Figure 8: Palladium-accelerated back-isomerization of Z-1. a) Kinetics of the thermal back-isomerization of Z-1 (c = 0.187 mM) in the presence of in-
creasing concentrations of 2 (A∞ denotes the absorbance at λmax before irradiation; A0 – immediately after exposure to UV light; At – after thermal re-
laxation for time t). b) Cage concentration dependence of the pseudo-first-order rate constant kobs. c) The proposed mechanism underlying the Pd2+-
accelerated back-isomerization of Z-1.

with each other. Finally, the addition of enough cages to
re-encapsulate all the expelled Z-1 results in a spectrum
once again featuring a single set of diffusion coefficients
(Figure 7, right; D1 = 2.22 (±0.04) · 10−10 m2·s−1 and
D2 = 2.04 (±0.08) · 10−10 m2·s−1).

Finally, we were interested in how the presence of cage 2
affects the kinetics of the thermal back-isomerization of 1 (i.e.,
Z-1 → E-1 in the dark). This reaction was followed by monitor-
ing the recovery of absorbance at 336 nm, which corresponds to
the maximal absorbance (λmax) of the E isomer. The orange
circles in Figure 8a show the recovery profile of E-1 in the pres-
ence of 0.5 equiv of 2, following the reaction equation,
(Z-1) 2 + Z-1 → (E-1)2 2. The linear profile of the recovery
suggests that the reaction obeys first-order kinetics, with a rate
constant of 0.0975 h−1, corresponding to a thermal half-life of
Z-1, τ1/2 ≈ 7.1 hours. This value of τ1/2 is surprisingly small vis-
à-vis the previously reported [35] τ1/2 ≈ 10 days in acetonitrile.
To verify that this dramatic destabilization of Z-1 does not
reflect the effect of the solvent, we independently studied back-
isomerization in an aqueous solution (Figure 8a, empty circles)
and found that the presence of water does promote the Z→E
reaction (τ1/2 ≈ 27.9 hours), although to a much lesser extent
than does aqueous 2.

These results suggest that cage 2 can catalyze the thermal back-
isomerization of Z-1 to E-1, whose kinetics can be written down
as:

(1)

where the pseudo-first-order rate constant kobs is the product of
k and the concentration of the cage, c2, which remains constant
over time. To validate this model, we studied the kinetics of

Z→E back-isomerization in the presence of various concentra-
tions of the cage (blue, purple, red, and yellow circles in
Figure 8a) and found that kobs indeed scales roughly linearly
with c2 (Figure 8b).

We hypothesized that the acceleration effect may be due to
Pd2+ ions residing at the corners of 2. Although all Pd2+s within
the cage are coordinately saturated, 2 may exist in equilibrium
with a small amount of a species, in which one of three imida-
zole groups of a triimidazole panel is temporarily dissociated
from Pd2+, enabling its interaction with Z-1 (Figure 8c, step i).
Coordination of Pd2+ to the azo moiety, combined with the
strongly electron-donating pyrazole moiety, affords (Figure 8c,
step ii) a system akin to push–pull azobenzenes, whose
Z isomers can back-isomerize rapidly due to a reduced order of
the N=N bond [52-54] (Figure 8c, step iii). The resulting E-1
can be liberated and the Pd2+ center is available to carry out
the cycle on another molecule of Z-1 (Figure 8c, step iv).
This reasoning is supported by the observation that Pd2+ inten-
tionally added to a solution of Z-1  (in the form of
[Pd(NO3)2(tmeda)]; 0.944 mM) also induces a fast back-isom-
erization reaction, with kobs ≈ 0.255 h−1. The fast acceleration
in the presence of 2 – despite low concentrations of the active
Pd species – is likely due to the fast encapsulation of Z-1 in 2,
which greatly increases the local concentration of Pd2+. Indeed,
when Z-1 was mixed with a premade complex of 2 with a
tightly bound guest, tetra-o-fluoroazobenzene [49], no accelera-
tion effect was observed.

Conclusion
In summary, we investigated the encapsulation and switching of
a prototypical arylazopyrazole in the hydrophobic cavity of a
water-soluble metal–organic cage. A host–guest inclusion com-
plex incorporating two molecules of arylazopyrazole was ob-
tained in a quantitative yield. The complex was characterized
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by a series of NMR techniques, which showed that the reso-
nances of the guest protons were upfield-shifted by up to
2.2 ppm. An antiparallel configuration of the guest molecules
inside the cage was demonstrated independently by NMR spec-
troscopy and single-crystal X-ray diffraction. Exposure to UV
light resulted in an E→Z isomerization of the guest, which was
accompanied by the expulsion of one of two guest molecules
from the cage. Different from the previously reported azoben-
zene complex, the photoisomerization was not accompanied by
precipitation of the released Z-arylazopyrazole, which has good
water solubility. The expulsion of the Z isomer was confirmed
by diffusion-ordered NMR spectroscopy, which also showed
that the released and the encapsulated Z-arylazopyrazole were
in rapid exchange with each other. The back-isomerization reac-
tion was achieved by irradiation with green light and it was
accompanied by regeneration of the initial 2:1 complex; the
E ⇌ Z transformation proceeded in a near-quantitative fashion
in both directions. The back-isomerization also proceeded ther-
mally in a reaction that was accelerated by the cage. The accel-
eration could be attributed to the coordination of Pd2+ to the
N=N moiety, as reported previously for azobenzene back-
isomerization in the presence of Cu2+  [55] and for
Z-arylazopyrazoles in the presence of an acid [56]. Overall, the
results reported here strengthen our understanding of the behav-
ior of molecular switches in confined spaces.

Experimental
Synthesis of cage 2: Cage 2 was prepared based on a modified
literature known procedure [18]. Briefly, a solution of
[Pd(NO3)2(tmeda)] (200 mg, 0.577 mmol) in 25 mL of water
was slowly added to 1,3,5-tri(1H-imidazol-1-yl)benzene
(106 mg, 0.384 mmol) and the resulting mixture was stirred for
24 h at room temperature. Then, all the insoluble materials were
removed by centrifugation and the supernatant was concen-
trated in vacuo. Crystalline 2 was obtained by acetone vapor
diffusion to an aqueous solution of 1 (290 mg; yield = 95%).
Cage 2 has an excellent solubility in water and is stable in the
pH range of 4–9. It also exhibits high thermal stability,
remaining stable for prolonged periods at 80 °C.

Synthesis of inclusion complex (E-1)2 2: E-1 was encapsu-
lated by stirring excess solid E-1 with a solution of 2 in water
(H2O/D2O). Encapsulation of E-1 by 2 was followed by
UV–vis absorption spectroscopy; stirring was discontinued
when no further coloration of the solution was observed. Excess
E-1 was removed by filtration. 1H NMR (500 MHz, D2O) δ
9.26 (s, 8H), 9.17 (s, 4H), 7.85 (s, 4H), 7.78 (br, 8H), 7.57 (br,
18H), 7.25 (br, 12H), 6.22 (br, 4H), 3.12 (s, 8H), 3.07 (s, 16H),
2.76 (s, 24H), 2.70 (s, 24H), 2.60 (s, 24H), 2.29 (s, 6H), 1.07 (s,
6H), 0.47 (s, 6H); 13C{1H} NMR (125 MHz, D2O) δ 152.0,
138.8, 138.3, 138.1, 137.1, 133.2, 131.7, 130.5, 130.4, 129.8,

121.6, 120.9, 120.5, 112.9, 111.8, 63.3, 63.2, 51.0, 50.9, 50.7,
34.6, 12.5, 7.3 (the signal assignment is based on COSY,
NOESY, HSQC, and HMBC spectra of the complex, as well as
COSY, NOESY, and HSQC spectra of free E-1 recorded in
CDCl3).

Thermal back-isomerization studies: The Z isomer of 1 was
first prepared by UV irradiation of a solution of E-1 in aceto-
nitrile, followed by solvent evaporation under UV light. Z-1
was dissolved in pure water and a desired amount of an aqueous
solution of cage 2 was added (final concentration of Z-1 =
0.187 mM; c2 = 0.0623 mM (0.33 equiv); 0.0935 mM
(0.5 equiv); 0.150 mM (0.8 equiv), 0.187 mM (1.0 equiv);
0.249 mM (1.33 equiv)). The rate of back-isomerization was
followed by monitoring the increase in absorbance at λmax
(336 nm). In control experiments, we followed the back-isomer-
ization of Z-1 (0.187 mM) in the absence of 2 and in the pres-
ence of [Pd(NO3)2(tmeda)] (0.944 mM) and a 1:2 complex of 2
and tetra-o-fluoroazobenzene [49].

Supporting Information
The Supporting Information features further experimental
details, including synthesis and characterization of
arylazopyrazole 1, characterization of inclusion complexes
(E-1)2 2 and (Z-1) 2, photoisomerization and thermal
relaxation studies, and details on X-ray data collection and
refinement. In addition, X-ray data for inclusion complex
(E-1)2 2 and the energy-optimized structure for inclusion
complex (Z-1) 2 are given.
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[https://www.beilstein-journals.org/bjoc/content/
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Abstract
A series of stiff stilbene macrocycles have been studied to investigate the possible impact of the macrocycle ring size on their
photodynamic properties. The results show that reducing the ring size counteracts the photoisomerization ability of the macro-
cycles. However, even the smallest macrocycle studied (stiff stilbene subunits linked by a six carbon chain) showed some degree of
isomerization when irradiated. DFT calculations of the energy differences between the E- and Z-isomers show the same trend as the
experimental results. Interestingly the DFT study highlights that the energy difference between the E- and Z-isomers of even the
largest macrocycle (linked by a twelve carbon chain) is significantly higher than that of the stiff stilbene unit itself. In general, it is
indicated that addition of even a flexible chain to the stiff stilbene unit may significantly affect its photochemical properties and
increase the photostability of the resulting macrocycle.
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Introduction
The stiff stilbene (SS) molecule has drawn a lot of interest due
to its photodynamic properties [1]. Stiff stilbenes typically
undergo light triggered isomerization from Z to E at 300 nm and
from E to Z at 360 nm (Scheme 1) [2]. The photochemical
mechanism of this reaction is thoroughly described by Quick et
al. [2]. The stiff stilbenes ability to photoisomerize has made it
a useful building block of photodynamic triggers, switches and
machines [3-11]. The interplay between the forces involved in
the switching action and the pull from groups attached to the
stiff stilbene has been investigated, e.g., as molecular force

probes [12-18]. While these do incorporate other isomerizable
units in addition to stiff stilbene, we were interested in the
effect that the length of an n-alkane chain connecting the two
halves of stiff stilbene might have. Similar studies, with stil-
bene and pyrene as the modulating units, have recently been
published [19,20]. Our group has reported a SS-based bis-
metalloporphyrin molecular tweezer that binds ditopically to
guest molecules [21,22]. This kind of complex would behave
like a macrocycle upon photoisomerization, arising the ques-
tion whether it might be possible to predict such photoisomeriz-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:adolf.gogoll@kemi.uu.se
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Scheme 2: Synthetic route to SS-macrocycles. i. (1) Triflic acid (3 equiv), DCM (dry), Ar atmosphere, MW (110 °C, 1 h), (2) H2O (0 °C). ii. (1) AlCl3
(3 equiv), toluene (dry), Δ 1.5 h, (2) H2O. iii. (1) K2CO3 (4 equiv), TBAB (0.2 equiv), DMF (dry), Ar atmosphere, MW (150 °C, 15 min). iv. (1) TiCl4
(3 equiv), Zn powder (6 equiv), THF, Δ, 12 h.

ability and to relate it to the length of a ditopically bound guest
molecule connecting the two metalloporphyrin units.

Scheme 1: The stiff stilbene photoisomerization from Z to E and vice
versa by irradiation at 300 nm and 360 nm, respectively.

To investigate the photoisomerization ability of the stiff stil-
bene as a macrocycle segment a series of model compounds
were chosen (Figure 1). To keep the system as simple as
possible the SS was attached to an aliphatic carbon chain via
ether groups. Four different lengths of carbon chains were used,
with distances between the terminal carbons of 6.4 Å (C6),
8.9 Å (C8), 11.4 Å (C10) and 13.9 Å (C12). The SS-macro-
cycles have been studied both experimentally and by computa-
tional techniques.

Figure 1: The investigated SS-macrocycles (Z)-1a–d.

Results and Discussion
Synthesis
The synthesis of the macrocycles was based on well-estab-
lished reactions (Scheme 2). The indanone is formed by intra-
molecular Friedel–Crafts acylation of 2 under microwave radia-
tion as reported by Oliverio et al. [23]. The second step is the
demethylation of indanone methyl ether 3 by aluminium
trichloride in toluene at reflux [24]. Two indanone units are
then attached to an n-alkanediyl linker using a Williamson ether
synthesis to yield the diethers 6a–d. Finally, the stiff stilbene
unit is formed by an intramolecular McMurry reaction resulting
in 1a–d [25,26]. The Z-isomer is formed in huge excess in these
reactions and any trace amounts of E-isomer are removed
during purification.

Compared to syntheses of other stiff stilbene macrocycles that
typically start from indanone derivatives [15,16], our approach
yields the target compounds in fewer steps from a simpler
starting material, i.e., 3-(4'-methoxyphenyl)propionic acid
(Scheme 2).

Photoisomerization
Photoisomerizing the (Z)-1a–d to the (E)-1a–d isomers requires
to stretch the linker. The isomerization was achieved by irradia-
tion of a degassed solution of (Z)-1a–d in chloroform or deuter-
ated chloroform using either a 280 or 300 nm filter (Scheme 3).
The conversion was followed by UV–vis or 1H NMR spectros-
copy. Compounds were irradiated until an increase in isomeri-
zation yield could no longer be observed (see Supporting Infor-
mation File 1 for details).
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Figure 2: The photoisomerization of the SS-macrocycles shows a clear correlation between the Z/E ratio in the photostable mixture and the linker
length. The non-cyclic SS-diester 7 is included as a reference.

Scheme 3: The photoisomerization of the stiff stilbene macrocycles,
showing the stretching of the linker (grey box).

To set the results of this photoisomerization into perspective a
noncyclic stiff stilbene was used as a reference (Scheme 4). The
photodynamic properties of this compound have been reported
previously [27].

Scheme 4: Noncyclic stiff stilbene diester 7 used as reference in the
photoisomerization study.

The E- and Z-isomers give distinctively separated chemical
shifts for the CH2 protons next to the double bond. This makes
the determination of the Z/E ratio straightforward. The compo-
sition of the photostable mixtures as compared to the noncyclic
reference is presented in Figure 2. As the linker chain gets
shorter the E-isomer becomes less favored. What is particularly
interesting is that even with the longest chain of twelve carbons
a significantly lower amount of E-isomer as compared to the
reference is obtained. Clearly even a loose linking chain has a
considerable effect on the system.

Computations
Relative energies of E- and Z-isomers
The Gibbs free energies of (Z)-1a–d and (E)-1a–d were calcu-
lated at the DFT level using the B3LYP functional with the
6-31G(d,p) basis set and SCRF-SMD solvent model
(chloroform) [28-37]. The photoisomerization of stiff stilbenes
involves a complex potential energy surface with several
excited species in equilibria, eventually reaching the cis or trans
ground state [2]. Macroscopic parameters such as extinction
coefficients and quantum yields also affect the composition of
the photostationary state. Ground state energies might therefore
not be directly related to the isomerization reaction without in-
vestigation of the exited state potential energy surface. Howev-
er, the difference in Gibbs free energy (ΔG, Figure 3) between
the E- and Z-isomers shows a trend reminiscent of the experi-
mental photoisomerization results (Figure 2), i.e., shorter chain
lengths result in larger ΔG as well as in larger Z:E ratios.
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Figure 3: Gibbs free energy differences (ΔG) between Z- and E-isomers of 1a–d and of the reference compound 7 calculated using B3LYP. The
results show a pronounced effect of linker length on the energy difference between Z- and E-isomers.

Figure 4: Ring strain for E and Z-isomers of 1a–d expressed as the Gibbs free energy difference to an acyclic analogue, using an isodesmic reaction
(Figure S47, Supporting Information File 1).

Ring strain
The ring strain energies of compounds (Z)-1a–d and
(E)-1a–d were calculated for an isodesmic reaction [38]

transforming the cyclic diethers into noncyclic diethers (Sup-
porting Information File 1) and the results are visualized in
Figure 4.
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Figure 5: The differences in ring strain between the E- and Z-isomers show an exponential correlation to the linker length.

For (E)-1a–d the ring strain decreases with increased linker
length. For the less strained (Z)-1a–d the ring strain increases
slightly with increased linker length and for the longer linkers
(1c ,d) the ring strains of the E-  and Z-isomers are
similar. The differences in ring strain between the E- and
Z-isomers show an exponential correlation to the linker length
(Figure 5).

Conformational analysis
To obtain further information regarding the reason for the ob-
served photoisomerization properties of the macrocyclic stiff
stilbene diethers, a conformational analysis was undertaken
(Figure 6).

According to X-ray crystallography, in compound (E)-7
(Scheme 4) the aromatic rings of the two indane units are in the
same plane (dihedral angle 180°), whereas in (Z)-7 this angle is
9.1° [21]. In the macrocyclic diethers 1a–d, all Z-isomers have
a dihedral angle of 12–14°, roughly similar to the one in the
crystal structure of (Z)-7. The deviation of this angle from 0° is
due to steric interaction between two aromatic protons in
position 4 (Figure 9). In the E-isomers, an increasing distortion
of the stiff stilbene segment with decreasing ring size is
indicated by the substantial deviation of the dihedral angle
from 180°. Furthermore, the alkyl chains adopt more similar
conformations in the E-isomers with stretched alkyl chains.
In the Z-isomers, the alkyl chains adopt a larger variety of
conformations. This will add an entropy penalty for the
E-isomers.

Figure 6: Conformer ensembles for the macrocyclic stiff stilbene
diethers 1a–d. Dihedral angles between the two aromatic rings are
given in parentheses.
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Figure 7: Distances derived from NOE buildup experiments. Distances between pairs of protons or groups of protons attached to the indicated
carbons are designated as distance 1 through 8. n.d.: NOE cross peak not detectable. – : distance does not exist.

Interatomic distances from NOE buildup rates
Interatomic distances, derived from NOE buildup rates, are
summarized in Figure 7. Signal overlap prevented an analysis
accounting for the presence of an ensemble of conformers such
as NAMFIS [39,40]. For example, each CH2 signal is gener-
ated by four CH2 protons which are chemically equivalent in
the averaged chemical structure (≈ the 2D molecular structure)
but not in individual conformers. They cannot be distinguished
on the NMR timescale. Therefore, the calculated distances rave,
being averages with contributions from all conformers, are
biased for shorter distances, i.e., rave = ⟨1/r6⟩ instead of
rave = 1/⟨r6⟩ [41]. However, they still should allow a compari-
son between the different compounds (Z)-1a–d. Thus, in-
creased conformational flexibility is indicated by increasing dis-
tances from (Z)-1a to 1d for methylene protons further along
the chain, such as distance 4 and distance 5 (Figure 7). An
exception is the slight decrease of distance 7 when comparing
(Z)-1c to (Z)-1d. This might be due to larger mobility of the
alkyl chain.

Conclusion
A series of novel stiff stilbene macrocycles has been synthe-
sised and used to investigate the effect of the ring size on the
photoisomerization of the stiff stilbene unit. Both experimental
photoisomerization and DFT calculations show that the strain of
the linking chain affects the isomerization even for the longest
chains. As stiff stilbene is gaining popularity as a unit in molec-
ular machines and photodynamic systems a clear understanding
of the effect of cyclisation on the photoisomerization is of
general interest.

Experimental
Starting materials, solvents and reagents were commercially
available and used without further purification except dichloro-
methane (DCM), ethyl acetate, pentane, tetrahydrofuran (THF)
and toluene that were distilled before use. N,N-Dimethylform-
amide (DMF) was used as supplied (biotech. grade, ≥99.9%).
Unless stated differently, all reactions were carried out under
atmospheric pressure and with argon atmosphere.

Microwave (MW) heating was carried out in a Biotage+ Initia-
tor microwave using 10–20 mL Biotech MW vials, applying
MW irradiation at 2.45 GHz, with a power setting up to 40 W
and an average pressure of 4–5 bar when DCM was the solvent
and 90 W/1 bar when the solvent was DMF. Analytical TLC
was performed using Merck precoated silica gel 60 F254 plates,
visualized with UV light and Hannessian's stain (5% ammoni-
um molybdate, 1% cerium sulfate and 10% sulfuric acid in
water). Flash chromatography (CC) was performed over Matrex
silica gel (60 Å, 35–70 µm) on a regular column or on a Grace
Reveleris X2 Flash chromatography system.

1H and 13C NMR spectra were recorded on Varian Mercury
Plus (1H at 300.03 MHz), Agilent 400-MR DD2 (1H at
399.98 MHz, 13C at 100.58 MHz), Varian Unity Inova (1H at
499.94 MHz) and Bruker Avance Neo (1H at 500.15 MHz, 13C
at 125.78 MHz) spectrometers at 25 °C. Chemical shifts (δ) are
reported in ppm referenced indirectly to tetramethylsilane via
the residual solvent signal (CDCl3, 1H at 7.26 and 13C at
77.0 ppm). Coupling constants are given in Hz. Signal
assignments were derived from 1H-gCOSY [42,43],
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gTOCSY [44], gHSQC [45], gHMBC [46], and gNOESY [47]
spectra.

Experimental conditions for NOE buildup experiments:
gradient enhanced NOESY spectra were obtained for non-
degassed solutions (16–46 mM) in CDCl3 at 25 °C, 400 MHz,
mixing times = 0.1, 0.2, 0.3, 0.5, 0.7 s. The distance between ar-
omatic ortho protons (H-6 and H-7 in Figure 9) was used as
reference distance rref at 2.51 Å. Volume integrals for NOESY
diagonal and cross peaks were measured for mixing times
during the linear NOE buildup phase. For each signal pair A/B
with a NOESY cross peak an average cross peak volume was
calculated from measured volume integrals as:

(1)

The slope σ from the plot of average volume vs mixing time
was determined and from it the distance rAB calculated
assuming rAB = rref(σref/σAB)1/6.

Mass spectra were obtained on an Advion Expression-L CMS
with APCI+ interface. High-resolution mass spectra were ob-
tained on a Thermo Scientific Q-Exactive instrument in APCI
positive mode. UV–vis spectra were recorded on a Shimadzu
UV-1650PC spectrophotometer using 10 mm quartz cuvettes.
Photoisomerizations were performed using an Oriel 1000 W Xe
ARC light source equipped with a band pass filter 10BPF10-
300 or 10BPF10-280 (Newport).

Computational details
The DFT calculations on the stiff stilbene macrocycles were
performed with the B3LYP functional as implemented in the
Gaussian 16 program package [28-32]. The SCRF solvent
model with the SMD variation was used with chloroform
as solvent [33-36]. Geometries were optimized using the
6-31G(d,p) basis set [37]. Frequency calculations were
performed at the same level to confirm that a minimum
had been reached and to extract free energy corrections, which
were evaluated at 298.15 K. A stability analysis was performed
to ensure that a stable wave-function was attained for all
species.

Conformational analyses of the stiff stilbene macrocycles
were calculated in MacroModel 9.9 with the OPLS3e force
field, CHCl3 as solvent and dielectric constant 9.1 [48,49].
Redundant conformer elimination in MacroModel was
used to reduce the number of conformations to 10–20 struc-
tures [50].

Synthesis
Synthesis of 6-methoxyindan-1-one (3)
Compound 2 (2.523 g, 14.0 mmol) was dissolved in dry DCM
(10 mL) in a flame-dried MW vial and cooled in ice-bath.
TfOH (3.7 mL, 41.9 mmol) was added dropwise. The vial was
sealed, the air was replaced by argon gas, and the reaction mix-
ture was heated in the MW to 110 °C, 5 bar, for 1 h. The reac-
tion mixture was poured on ice. The water phase was extracted
three times with DCM (3 × 100 ml). The combined organic
phases were dried over MgSO4 and the solvent was removed by
rotary evaporation. The crude product was purified by CC
(pentane/EtOAc 1:0 to 1:4). The solvent was evaporated, giving
a light yellow solid, 1.204 g, 53% yield. 1H NMR (CDCl3, 500
MHz) δ 7.37 (m, 1H, Ar-H), 7.20 (m, 1H, Ar-H), 7.18 (m, 1H,
Ar-H), 3.84 (s, 3H, OCH3), 3.07 (m, 2H, CH2CH2CO), 2.72 (m,
2H, CH2CO); 13C NMR (CDCl3, 100.6 MHz) δ 207.0 (CO),
159.4 (C-OCH3), 148.0 (C, Ar), 138.2 (C, Ar), 127.3 (CH, Ar),
124.0 (CH, Ar), 104.9 (CH, Ar), 55.6 (OCH3), 37.0 (CH2CO),
25.1 (CH2CH2CO); APCI–MS m/z: [M + H]+ calcd for
C10H10O2, 163; found, 163. Data in agreement with the litera-
ture [51].

Synthesis of 6-hydroxyindan-1-one (4)
Compound 3 (1.367 g, 8.4 mmol) and AlCl3 (3.483 g,
26.1 mmol) were dissolved in dry toluene (50 mL) and re-
fluxed for 1.5 h. The reaction mixture was cooled to rt. H2O
(70 mL) was added and the organic phase collected. The water
phase was extracted three times with EtOAc (3 × 50 mL). The
combined organic phases were washed with brine two times
(2 × 75 mL) and dried over MgSO4. The solvent was removed
by rotary evaporation. The orange crude product was purified
by CC (pentane/EtOAc 1:0 to 1:4). The solvent was evaporated,
giving a light orange solid, 1.103 g, 81% yield. 1H NMR
(CDCl3, 500 MHz) δ 7.36 (d, J = 8.3 Hz, 1H, Ar-H), 7.22 (d,
J = 2.4 Hz, 1H, Ar-H), 7.16 (dd, J = 2.4, 8.3 Hz, 1H, Ar-H),
5.67 (s, 1H, OH), 3.08 (m, 2H, CH2CH2CO), 2.73 (m, 2H,
CH2CO); 13C NMR (CDCl3, 100.6 MHz) δ 207.4 (CO), 155.4
(C-OH), 147.8 (C, Ar), 138.3 (C, Ar), 127.6 (CH, Ar), 123.4
(CH, Ar), 108.7 (CH, Ar), 37.0 (CH2CO), 25.1 (CH2CH2CO);
APCI–MS m/z: [M + H]+ calcd for C9H8O2, 149; found, 149.
Data in agreement with the literature [52].

General procedure A: Williamson ether
synthesis (assisted by MW)
Compound 4 (2 equiv), dibromoalkane 5 (1 equiv), TBAB
(0.2 equiv) and K2CO3 (4 equiv) were dissolved in dry DMF
(15 mL) in a flame-dried MW vial. The vial was sealed, put
under argon and heated in the MW to 150 °C for 15 min (the
reaction was followed by NMR). The reaction mixture was
cooled to rt and poured on DCM (40 mL), filtered and washed
with water four times (4 × 50 mL) and brine three times
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(3 × 50 mL). The organic phase was dried over MgSO4 and the
solvent removed by rotary evaporation. The product was dried
under high vacuum overnight.

Figure 8: Numbering of carbons in compounds 6a–d, showing 6d as
an example.

Synthesis of 6-[2-(3-oxoindan-5-
yl)oxyhexyloxy]indan-1-one (6a)
The synthesis followed general procedure A with compound 4
(0.201 g, 1.4 mmol) and 1,6-dibromohexane (5a, 0.11 mL,
0.7 mmol) as starting materials, giving a brown solid which was
sufficiently pure for subsequent steps, 0.176 g, 69% yield.
1H NMR (CDCl3, 500 MHz) δ 7.36 (m, 2H, H-7), 7.20–7.16
(m, 4H, H-4 H-6), 4.00 (t, J = 6.6 Hz, 4H, CH2-1’), 3.07 (m,
4H, CH2-1), 2.72 (m, 4H, CH2-2), 1.84 (m, 4H, CH2-2’), 1.54
(m, 4H, CH2-3’); 13C NMR (CDCl3, 100.6 MHz) δ 207.1 (C,
C-3), 158.8 (C, C-5), 147.8 (C, C-3a), 138.2 (C, C-7a), 127.3
(CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.2 (CH2, C-1’),
37.0 (CH2, C-2), 29.0 (CH2, C-2’), 25.8 (CH2, C-3’), 25.1
(CH2, C-1); APCI–MS m/z: [M + H]+ calcd for C24H26O4, 379;
found, 379; UV–vis (CH2Cl2) λmax: 320, 249 nm.

Synthesis of 6-[2-(3-oxoindan-5-
yl)oxyoctyloxy]indan-1-one (6b)
The synthesis followed general procedure A with compound 4
(0.115 g, 0.8 mmol) and 1,8-dibromooctane (5b, 0.07 mL,
0.4 mmol) as starting materials, giving an orange solid which
was sufficiently pure for subsequent steps, 0.121 g, 78% yield.
1H NMR (CDCl3, 500 MHz) δ 7.36 (m, 2H, H-7), 7.20–7.16
(m, 4H, H-4 H-6), 3.98 (t, J = 6.6 Hz, 4H, CH2-1’), 3.06 (m,
4H, CH2-1), 2.71 (m, 4H, CH2-2), 1.80 (dt, J = 6.6, 14.8 Hz,
4H, CH2-2’), 1.47 (m, 4H, CH2-3’), 1.40 (m, 4H, CH2-4’);
13C NMR (CDCl3, 100.6 MHz) δ 207.1 (C, C-3), 158.8 (C,
C-5), 147.8 (C, C-3a), 138.2 (C, C-7a), 127.3 (CH, C-7), 124.4
(CH, C-6), 105.6 (CH, C-4), 68.3 (CH2, C-1’), 37.0 (CH2, C-2),
29.2 (CH2, C-4’), 29.1 (CH2, C-2’), 25.9 (CH2, C-3’), 25.1
(CH2, C-1); APCI–MS m/z: [M + H]+ calcd for C26H30O4, 407;
found, 407; HRMS (CI) m/z: [M + H]+ calcd for C26H30O4,
407.2217; found, 407.2217; UV–vis (CH2Cl2) λmax: 320,
249 nm.

Synthesis of 6-[2-(3-oxoindan-5-
yl)oxydecyloxy]indan-1-one (6c)
The synthesis followed general procedure A with compound 4
(0.397 g, 2.7 mmol) and 1,10-dibromodecane 5c (0.405 g,

1.3 mmol) as starting materials, giving a light brown solid
which was sufficiently pure for subsequent steps, 0.471 g,
80% yield. 1H NMR (CDCl3, 500 MHz) δ 7.34 (m, 2H, H-7),
7.20–7.16 (m, 4H, H-4 H-6), 3.98 (t, J = 6.8 Hz, 4H, CH2-1’),
3.07 (m, 4H, CH2-1), 2.71 (m, 4H, CH2-2), 1.79 (dt, J = 6.8,
15.0 Hz, 4H, CH2-2’), 1.46 (m, 4H, CH2-3’), 1.40–1.30 (m, 8H,
CH2-4’ CH2-5’); 13C NMR (CDCl3, 100.6 MHz) δ 207.1 (C,
C-3), 158.9 (C, C-5), 147.8 (C, C-3a), 138.2 (C, C-7a), 127.3
(CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.4 (CH2, C-1’),
37.0 (CH2, C-2), 29.4 (CH2, C-5’), 29.2 (CH2, C-4’), 29.1
(CH2, C-2’), 26.0 (CH2, C-3’), 25.1 (CH2, C-1); APCI–MS m/z:
[M + H]+ calcd for C28H34O4, 435; found, 435. HRMS (CI)
m/z: [M + H]+ calcd for C28H34O4, 435.2530; found: 435.2527;
UV–vis (CH2Cl2) λmax: 320, 248 nm.

Synthesis of 6-[2-(3-oxoindan-5-yl)oxydo-
decyloxy]indan-1-one (6d)
The synthesis followed General procedure A with compound 4
(0.102 g, 0.7 mmol) and 1,12-dibromododecane 5d (0.112 g,
3.5 × 10−2 mmol) as starting materials, giving a light brown
solid which was sufficiently pure for subsequent steps, 0.112 g,
71% yield. 1H NMR (CDCl3, 500 MHz) δ 7.36 (m, 2H, H-7),
7.20–7.17 (m, 4H, H-4 H-6), 3.98 (t, J = 6.8 Hz, 4H, CH2-1’),
3.07 (m, 4H, CH2-1), 2.71 (m, 4H, CH2-2), 1.79 (dt, J = 6.8,
14.8 Hz, 4H, CH2-2’), 1.45 (m, 4H, CH2-3’), 1.39–1.27 (m,
12H, CH2-4’ CH2-5’ CH2-6’); 13C NMR (CDCl3, 100.6 MHz)
δ 207.1 (C, C-3), 158.9 (C, C-5), 147.7 (C, C-3a), 138.2 (C,
C-7a), 127.3 (CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.4
(CH2, C-1’), 37.0 (CH2, C-2), 29.5 (CH2, 4C, C-5’ C-6’), 29.3
(CH2, C-4’), 29.1 (CH2, C-2’), 26.0 (CH2, C-3’), 25.1 (CH2,
C-1); APCI–MS: m/z: [M + H]+ calcd for C30H38O4, 463;
found, 463; HRMS (CI) m/z: [M + H]+ calcd for C30H38O4,
463.2843; found, 463.2836; UV–vis (CH2Cl2) λmax: 320,
248 nm.

General procedure B: McMurry coupling
Zinc powder previously grinded (12 equiv) was suspended in
dry THF (30 mL). The suspension was cooled to 0 °C in an ice
bath and TiCl4 (6 equiv) added over 10 minutes. The resulting
slurry was refluxed for 1.5 h. A solution of compound 6 in dry
THF (50–100 mL) was added over a 5–7 h period to the
refluxing reaction mixture by syringe pump. The refluxing was
continued for 40 min after the addition was complete. The reac-
tion mixture was cooled to rt and poured on a saturated aqueous
solution of NH4Cl. The water phase was extracted three times
with DCM (3 × 100 mL). The combined organic phases were
washed two times with brine (2 × 100 mL) then dried over
MgSO4 and the solvent was removed by rotary evaporation.
Unless stated differently, the obtained yellow oil was purified
by CC (pentane/DCM 1:0 to 1:1). The obtained product was
dried under high vacuum overnight.
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Figure 9: Numbering of carbons in compounds (Z)-1a–d, showing
(Z)-1d as an example.

Synthesis of macrocyclic stiff stilbene diether (Z)-1a
The synthesis followed general procedure B with compound 6a
(0.279 g, 0.7 mmol) as starting material and gave the pure prod-
uct as a light yellow solid, 0.093 g, 37% yield. 1H NMR
(CDCl3, 500 MHz) δ 7.75 (d, J = 2.3 Hz, 2H, H-4), 7.19 (d,
J = 8.0 Hz, 2H, H-7), 6.80 (dd, J = 2.3, 8.0 Hz, 2H, H-6), 4.07
(t, J = 6.5 Hz, 4H, CH2-1’), 2.94 (m, 4H, CH2-1), 2.82 (m, 4H,
CH2-2), 1.80 (m, 4H, CH2-2’), 1.59 (m, 4H, CH2-3’); 13C NMR
(CDCl3, 100.6 MHz) δ 157.6 (C, C-5), 141.6 (C, C-7a), 141.1
(C, C-3a), 135.2 (C, C-3), 125.5 (CH, C-7), 116.2 (CH, C-6),
111.9 (CH, C-4), 69.7 (CH2, C-1’), 35.0 (CH2, C-2), 30.0 (CH2,
C-1), 28.8 (CH2, C-2’), 24.4 (CH2, C-3’); APCI–MS m/z:
[M + H]+ calcd for C24H26O2, 347; found, 347; HRMS (CI)
m/z: [M + H]+ calcd for C24H26O2, 347.2006; found, 347.1996;
UV–vis (CH2Cl2) λmax: 350, 298, 253 nm.

Synthesis of macrocyclic stiff stilbene diether (Z)-1b
The synthesis followed general procedure B with compound 6b
(0.105 g, 0.3 mmol) as starting material and gave the pure prod-
uct as a light yellow solid, 0.038 g, 39% yield. 1H NMR
(CDCl3, 500 MHz) δ 7.69 (d, J = 2.5 Hz, 2H, H-4), 7.18 (d,
J = 8.2 Hz, 2H, H-7), 6.74 (dd, J = 2.5, 8.2 Hz, 2H, H-6), 3.97
(t, J = 6.1 Hz, 4H, CH2-1’), 2.93 (m, 4H, CH2-1), 2.82 (m, 4H,
CH2-2), 1.82 (dt, J = 6.1, 12.8 Hz, 4H, CH2-2’), 1.56 (m, 4H,
CH2-3’), 1.45 (m, 4H, CH2-4’); 13C NMR (CDCl3, 100.6 MHz)
δ 157.6 (C, C-5), 141.6 (C, C-7a), 140.5 (C, C-3a), 135.4 (C,
C-3), 125.4 (CH, C-7), 113.9 (CH, C-6), 110.0 (CH, C-4), 68.1
(CH2, C-1’), 35.4 (CH2, C-2), 29.8 (CH2, C-1), 28.1 (CH2,
C-2’), 27.6 (CH2, C-4’), 25.3 (CH2, C-3’); APCI–MS m/z:
[M + H]+ calcd for C26H30O2, 375; found, 375; HRMS (CI)
m/z: [M + H]+ calcd for C26H30O2, 375.2319; found, 375.2311;
UV–vis (CH2Cl2) λmax: 361, 349, 300, 253 nm.

Synthesis of macrocyclic stiff stilbene diether (Z)-1c
The synthesis followed general procedure B with compound 6c
(0.350 g, 0.8 mmol) as starting material and gave the pure prod-
uct as a light yellow solid, 0.171g, 53% yield. 1H NMR
(CDCl3, 500 MHz) δ 7.66 (d, J = 2.4 Hz, 2H, H-4), 7.19 (d,
J = 8.3 Hz, 2H, H-7), 6.75 (dd, J = 2.4, 8.3 Hz, 2H, H-6), 3.92
(t, J = 5.9 Hz, 4H, CH2-1’), 2.93 (m, 4H, CH2-1), 2.82 (m, 4H,
CH2-2), 1.79 (dt, J = 5.9, 12.6 Hz, 4H, CH2-2’), 1.55 (dt,

J = 5.9, 12.6 Hz, 4H, CH2-3’), 1.45–1.37 (m, 8H, CH2-4’ CH2-
5’); 13C NMR (CDCl3, 100.6 MHz) δ 157.7 (C, C-5), 141.7 (C,
C-7a), 140.4 (C, C-3a), 135.5 (C, C-3), 125.4 (CH, C-7), 113.6
(CH, C-6), 109.5 (CH, C-4), 67.1 (CH2, C-1’), 35.6 (CH2, C-2),
29.8 (CH2, C-1), 28.4 (CH2, C-2’), 26.9 (CH2, C-4’), 26.4
(CH2, C-5’), 24.8 (CH2, C-3’); APCI–MS m/z: [M + H]+ calcd
for C28H34O2, 403; found, 403; HRMS (CI) m/z: [M + H]+

calcd for C28H34O2, 403.2632; found: 403.2624; UV–vis
(CH2Cl2) λmax: 361, 349, 301, 252 nm.

Synthesis of macrocyclic stiff stilbene diether (Z)-1d
The synthesis followed general procedure B with compound 6d
(0.312 g, 0.7 mmol) as starting material and gave the pure prod-
uct as a light yellow solid, 0.152 g, 52% yield. 1H NMR
(CDCl3, 500 MHz) δ 7.64 (d, J = 2.4 Hz, 2H, H-4), 7.19 (d,
J = 8.3 Hz, 2H, H-7), 6.76 (dd, J = 2.4, 8.3 Hz, 2H, H-6), 3.91
(t, J = 6.3 Hz, 4H, CH2-1’), 2.93 (m, 4H, CH2-1), 2.82 (m, 4H,
CH2-2), 1.76 (dt, J = 6.3, 15.0 Hz, 4H, CH2-2’), 1.49 (m, 4H,
CH2-3’), 1.44–1.26 (m, 12H, CH2-4’ CH2-5’ CH2-6’);
13C NMR (CDCl3, 100.6 MHz) δ 157.8 (C, C-5), 141.6 (C,
C-7a), 140.5 (C, C-3a), 135.4 (C, C-3), 125.4 (CH, C-7), 114.1
(CH, C-6), 109.3 (CH, C-4), 68.4 (CH2, C-1’), 35.5 (CH2, C-2),
29.8 (CH2, C-1), 29.6 (CH2, C-2’), 27.4 (CH2, C-4’), 27.1
(CH2, C-5’), 26.2 (CH2, C-6’), 25.1 (CH2, C-3’); APCI–MS
m/z: [M + H]+ calcd for C30H38O2, 431; found, 431;
HRMS (CI) m/z: [M + H]+ calcd for C30H38O2, 431.2945;
found, 431.2928; UV–vis (CH2Cl2) λmax: 359, 349, 298,
252 nm.

Photoisomerizations (followed by NMR
spectroscopy)
CDCl3 solutions of products (Z)-1d and stiff stilbene were irra-
diated after degassing by argon bubbling for 15 min. As reac-
tion vessels, 5 mm NMR tubes, type 5Hp, 178 mm were used.
The course of isomerization was assessed by 1H NMR spectros-
copy.

Photoisomerizations (followed by UV–vis
spectroscopy)
CHCl3 solutions of products (Z)-1d and stiff stilbene were irra-
diated after degassing by argon bubbling for 15 min. As reac-
tion vessels, 10 mm quartz UV–vis cuvettes were used. The
course of isomerization was assessed by UV–vis spectroscopy.
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Abstract
A new family of photochromic diarylethene-based ligands bearing a 2-(imidazol-2-yl)pyridine coordination unit has been de-
veloped. Four members of the new family have been synthesized. The photoactive ligands feature non-aromatic ethene bridges
(cyclopentene, cyclopentenone, and cyclohexenone), as well as closely spaced photoactive and metal coordination sites aiming a
strong impact of photocyclization on the electronic structure of the coordinated metal ion. The ligands with cyclopentenone and
cyclohexenone bridges show good cycloreversion quantum yields of 0.20–0.32. The thermal stability of closed-ring isomers reveals
half-lives of up to 20 days in solution at room temperature. The ligands were used to explore coordination chemistry with iron(II)
targeting photoswitchable spin-crossover complexes. Unexpectedly, dinuclear and tetranuclear iron(II) complexes were obtained,
which were thoroughly characterized by X-ray crystallography, magnetic measurements, and Mössbauer spectroscopy. The forma-
tion of multinuclear complexes is facilitated by two coordination sites of the diarylethene, acting as a bridging ligand. The bridging
nature of the diarylethene in the complexes prevents photocyclization.
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Introduction
Transition metal complexes with photoactive ligands are of
great interest for advanced photonic applications [1-7]. Revers-
ible change of the electronic structure of diarylethene photo-

chromes [8-10] upon photocyclization is a promising tool to
control the electronic structure of coordinated metal ions and,
consequently, associated properties. Thus, diarylethenes were

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Families of diarylethene-bases ligands with spatial proximity of coordination site (blue) and photoactive framework (red).

integrated into well-known ligand systems, including 1,10-
phenanthroline, 2-(azol-2-yl)pyridine, and related frameworks
to yield photochromic ligands. The latter can be divided into
two groups based on the position of the metal coordination site
relative to the photoactive hexatriene unit of a diarylethene.
Some diarylethene-based ligands with pendant coordination
sites were synthesized, which allowed the remote control of
luminescent, nonlinear optical and magnetic properties of tran-
sition metal complexes to some extent [11-16]. However, a
close arrangement of hexatriene and coordination sites is the
preferred approach for achieving a strong impact of the photo-
chromic reaction on the electronic structure of a coordinated
metal ion.

Previously reported examples of the second group ligands are
collected in Figure 1. Yam et al. developed diarylethenes I [17]
and II [18] and synthesized their rhenium(I) complexes, which
possess prominent luminescent and spectral properties, includ-
ing photocyclization with visible and NIR light. Using the pho-
tochromic ligand I, a spin-crossover (SCO) Fe(II) complex was
developed, which allowed a reversible paramagnetic (high-spin,
S = 2) → diamagnetic (low-spin, S = 0) transition at the iron(II)
ion at room temperature (rt) in solution via ligand photocycliza-
tion [19]. More recently, the remarkable photoswitching be-
tween high-spin and low-spin states at rt in the solid state and
thin films was demonstrated [20-22]. Kawai et al. obtained a
luminescent complex of europium(III) with terarylene III
showing the photomodulation of emission intensity [23]. A

number of diarylethene ligands with a perfluorocyclopentene
bridge were designed. Yu and co-workers reported a series of
2-(thiazol-2-yl)pyridine derivatives [24-26]. Reversible photo-
induced release and trapping of copper(II) ions was achieved
with IV. Diarylethene V and its analogs were used as chemical
sensors for a number of metal ions [27].

Despite of recent advances in this area, the scarcity of reported
examples requires the search and design of novel photoswitch-
able ligands with advanced properties. In this context, it is im-
portant to specify some design principles for such ligands.
Firstly, novel ligands should feature a non-aromatic ethene
bridge to increase the life-time of a photoinduced closed-ring
isomer [28]. Secondly, photoactive hexatriene and metal coordi-
nation sites should be close to each other.

To meet these requirements, a new family of ligands VI based
on the 2-(imidazol-2-yl)pyridine unit as a heteroaryl moiety and
various ethene bridges is presented in this work. Diarylethenes
with the 2-(imidazol-2-yl)pyridine being a part of the ethene
bridge were previously developed [18,29] and their complexes
with rhodium(I) [18], platinum(II) [30], and iridium(III) [31]
were reported. In contrast, in our work, the 2-(imidazol-2-
yl)pyridine unit is used as a heterocyclic moiety of diaryl-
ethenes with cyclopentenone, cyclopentene, and cyclo-
hexenone ethene bridges. The novel ligands have been tested in
the coordination chemistry with iron(II) aiming photoswitch-
able SCO systems.
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Scheme 1: Synthesis of photochromic ligands.

Results and Discussion
Synthesis and structure of photochromic
ligands
Recently, some of us have developed original methods for the
synthesis of various diarylethenes with cyclopentenone,
cyclopentene, and cyclohexenone bridges [32]. These methods
utilize ethyl 4-(2,5-dimethylthiophen-3-yl)-3-oxobutanoate
(Scheme 1) or its analogs as starting materials. To obtain novel
diarylethenes with 2-(imidazol-2-yl)pyridine moiety, here we
have synthesized a previously unknown imidazole derivative 1
by a one-pot condensation [33] of 3-(hydroxyimino)pentane-
2,4-dione, aniline, and 2-pyridinecarboxaldehyde (Scheme 1).

The structure of 1 was confirmed by X-ray crystallography
[34]. The ketone 1 was subsequently used for the synthesis of
desired photochromic ligands with cyclopentenone (3),
cyclopentene (4), and cyclohexenone (6 and 7) bridges via
intermediate bromoketone 2 and chalkone 5. Cyclopentenone 3
was synthesized by adapting a previously reported two-step
protocol [35] starting from ethyl 4-(2,5-dimethylthiophen-3-yl)-
3-oxobutanoate and bromoketone 2. Ionic hydrogenation [36]
of 3 provided diarylethene 4 with a cyclopentene bridge with
51% yield. Robinson-type reaction [37] of ethyl 4-(2,5-
dimethylthiophen-3-yl)-3-oxobutanoate and chalkone 5 resulted
in cyclohexenone derivative 6 (57% yield). The saponification/
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Figure 2: Electronic spectra of diarylethene 6 upon UV irradiation (313 nm, toluene, c = 3.4 × 10−5 M). Inset: fatigue resistance upon multiple subse-
quent irradiation with UV (365 nm) and visible light (green LED) in acetonitrile.

decarboxylation of 6 gave cyclohexenone 7. Thus, the previ-
ously developed methodology was successfully applied for the
synthesis of a new family of photochromic ligands.

The structures of the synthesized diarylethene-based ligands 3,
4, 6, and 7 were confirmed by 1H and 13C NMR spectroscopy
and mass spectrometry. The molecular structure of 6 was addi-
tionally confirmed by X-ray crystallography. In good accor-
dance with previous DFT calculations [37], the molecule shows
exclusively antiparallel conformation [8] of the thiophene and
imidazole groups of the photoactive diarylethene moiety, with
the respective α-methyl groups pointing in different directions.
The thiophene and imidazole rings are rotated out of the cyclo-
hexenone plane by 47.7° and 44.1°, respectively. The distance
between the reactive carbon atoms is 3.6 Å. This value is
shorter than 4.2 Å, which is favorable for photocyclization [38].
The cyclohexenone moiety adopts a distorted half-chair (sofa)
conformation, with the phenyl substituted carbon atom forming
an out-of-plane corner.

Photochemical studies
We have studied spectroscopic and photochemical properties of
the ligands 3, 4, 6, and 7 in nonpolar toluene and polar aceto-
nitrile solvents. All ligands show typical for diarylethenes pho-
tochromic properties: colorless open-ring isomer and the emer-
gence of a new band in visible upon UV light irradiation

(Figure 2) [8]. This color change is due to the reversible photo-
cyclization and formation of a closed-ring isomer (Scheme 2).

Scheme 2: Reversible photocyclization of ligand 6.

The results of photochemical studies are listed in Table 1.
Absorption maxima of the open-ring ligands are in the
310–323 nm range. Interestingly, the carbocycle size and the
presence/absence of carbonyl group are weakly reflected in the
position of absorption maxima of open-ring isomers. For exam-
ple, the reduction of carbonyl group in 3 (compared to 4) leads
to insignificant bathochromic shift of the absorption maximum
from 322 nm to 323 nm in toluene, which is, however, accom-
panied by a large hypochromic shift from 31100 to
20000 M–1cm–1. The expansion from cyclopentenone to cyclo-
hexenone bridge gives a similar effect.
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Table 1: Spectroscopic and photochemical properties of photochromic ligands.

Diarylethene Solvent
λmax

A, nm
(ε, M−1·cm−1)a

λmax
B, nm

(ε, M−1·cm−1)b ΦAB
c ΦBA

d
Conv

at PSSe
τBA

1/2
(days)f

3

toluene 322 (31100) 572 (7000) 0.40 0.32 0.93 19.4

MeCN 319 (31900) 563 (6700) 0.35 0.22 0.91 8.6

4

toluene 323 (20000) 504 (8400) 0.42 0.04 0.89 19.6

MeCN 317 (19900) 490 (7300) 0.39 0.06 0.85 17.0

6

toluene 315 (22200),
346 (sh) 567 (6900) 0.25 0.29 0.89

–g

MeCN 309 (18300),
341 (15500) 560 (5200) 0.26 0.20 0.91

7

toluene 310 (24200) 560 (5600) 0.22 0.28 0.83 14.2

MeCN 310 (18600) 549 (4800) 0.27 0.21 0.70 13.0

aAbsorption maxima (extinction coefficients) of open-ring isomers. bAbsorption maxima (extinction coefficients) of closed-ring isomers. cQuantum
yields of photocyclization under irradiation with 313 nm. dQuantum yields of cycloreversion under irradiation with 480 nm. eConversion at PSS under
irradiation with 313 nm. fThermal stability of the closed-ring isomer – half-life at 25 ºC (days). gAdditional thermal process of photoinduced form was
detected.

Cyclopentene derivative 4 shows an absorption maximum of
the closed-ring isomer at 504 nm in toluene, while a
hypsochromic shift of 14 nm was observed in acetonitrile. This
influence of solvent polarity was detected for all ligands [39].
The carbonyl group in the ethene bridge of 3 causes a signifi-
cant bathochromic shift (68 nm in toluene) of the closed-ring
isomer maximum in comparison with 4. The expansion of the
five-membered carbocyclic bridge to a six-membered ring in 7
leads to a slight hypsochromic shift. The presence of a CO2Et
group in the cyclohexenone bridge in 6 results in further minor
hypsochromic shift. Thus, the absorption maxima of the closed-
ring ligands are located in the wide range 490–563 nm. Photo-

cyclization/cycloreversion of all ligands can be repeated several
times without notable fatigue (see inset of Figure 2).

Extinction coefficients of closed-ring isomers were determined
using 1H NMR and electronic absorption spectroscopy (for rep-
resentative NMR spectra, see section VI in Supporting Informa-
tion File 1). This allowed us to determine the quantum yields of
photochemical reactions. Cyclopentene (4) and cyclopentenone
(3) derivatives show the highest photocyclization quantum
yields up to 0.42 in toluene. In polar acetonitrile the cyclization
quantum yield is lower [40]. The quantum yields for cyclo-
hexenone derivatives 6 and 7 are in the 0.22–0.27 range.
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Similar to some other cyclopentene derivatives [41], diaryl-
ethene 4 possesses low cycloreversion quantum yields at 4–6%.
However, in accordance with previous results on imidazole de-
rivatives [42], 3 with a cyclopentenone bridge shows much
high quantum yields of 0.32 and 0.22 in toluene and aceto-
nitrile, respectively. Cyclohexenone derivatives 6 and 7
show high cycloreversion quantum yields 0.20–0.29, too.
Note, that in comparison with common cyclopentene and per-
fluorocyclopentene derivatives [8], ligands 3, 6, and 7 possess
high cycloreversion quantum yields. Note, that the photosta-
tionary state for the cyclization with λ = 313 nm is character-
ized by a high conversion to the close-ring isomers at
0.70–0.93.

Finally, thermal stability of closed-ring isomers was deter-
mined. Previously, it was demonstrated that imidazole as a
heteroaryl moiety decreases thermal stability [42]. In particular,
a close analogue of 3 with a phenyl instead of a pyridyl group
showed a half-live of the ring-closed isomer as low as 7.3 days.
In accordance to this data, diarylethene 3 showed a half-life of
8.6 days. However, in nonpolar toluene the half-life was much
higher (19.4 days). Cyclopentene and cyclohexenone deriva-
tives 4 and 7 show similar values of thermal stability (19.6 h
and 14.2 h in toluene). Interestingly, we have detected an unex-
pected thermal process for the closed-ring isomer of 6 in the
dark, resulted in the hypsochromic shift of long-wavelength
absorption band, which could be due to keto–enol tautomeriza-
tion in the ethene bridge [43]. Overall, the thermal stabilities of
the new ligands are comparable to those of phenanthroline-
based photochromic ligand I [19].

Synthesis and structure of iron complexes
Previously, ligand I (Figure 1) and its analogs were successful-
ly used in the synthesis of SCO [FeII(H2B(pz)2)2I] complexes
(pz = 1-pyrazolyl) [19-22,44]. We tested the ligands 3, 4, 6, and
7 for the synthesis of analogous complexes aiming at efficient
light-induced SCO at rt. In all cases, the mixing of in situ-pre-
pared “Fe(H2B(pz)2)2“ with the ligands in MeOH resulted in
the formation of red solutions. For ligand 6 bearing a CO2Et
group, almost instant precipitation was observed. In contrast to
6, our attempts to obtain crystalline solids using 3, 4, and 7
were unsuccessful.

Crystals suitable for X-ray structure were obtained in a
fritted U-shape tube by the slow diffusion of methanol
solutions of in situ-prepared “Fe(H2B(pz)2)2“ and diarylethene
6. Unexpectedly, we have found that the structure of the
product depends on the reaction time. Reproducible crystals iso-
lated after growing for 1 month and less – a dinuclear complex
8, and unique crystals after 2-year storage – a tetranuclear
complex 9, have different molecular structures (Figure 3).

Both complexes represent unusual cyclic complexes, com-
prising two diarylethene ligands and two or four iron(II) ions in
8 and 9, respectively. The β-keto ester fragment in the bridge of
6 serves as a second coordination site, which eliminates a
proton under the action of H2B(pz)2

1− as base in both com-
plexes [45].

The complex 8 ([Fe2(H2B(pz)2)2(6-H)2]·4CH3OH) crystallizes
as red blocks in the monoclinic C2/c space group with four
molecules of 8 and 16 molecules of co-crystallized CH3OH in
the unit cell. The compound reveals a crystallographically
symmetrical dimeric structure with two iron centers linked
by two ligands 6. Each iron ion is coordinated equatorially
by the β-keto ester moiety of one molecule 6 and chelated via
the imidazole and pyridine groups of another moelcule 6.
The distorted octahedral coordination sphere is completed
by a  H2B(pz)2

1−  an ion .  Fe–N bond d is tances  of
2 .1602(15)–2 .1615(15)  Å  fo r  t he  py razo le s  and
2.2489(14)–2.2462(14) Å for the imidazole and pyridine
moieties are typical for high-spin (HS) iron(II) complexes
[46,47]. Similarly, Fe–O bond distances of 1.9912(11) and
2.1238(12) Å also provide evidence for HS iron(II) [46,48,49].
The two Fe–O bonds are not equivalent as the ligand appears in
its deprotonated enolate form. Furthermore, a trans-effect due
to the H2B(pz)2

1− anion can further elongate that bond. Two
iron(II) centers are 8.057 Å apart in the dimer. The ligand 6
appears in the open-ring form and the parallel conformation [8],
with the α-methyl groups pointing in similar directions. While
still appearing in a distorted half-chair conformation, the phe-
nyl substituent of the cyclohexenone moiety no longer forms
the out-of-plane corner. Instead, the unsubstituted CH2 position
twists out of the plane towards the thiophene moiety of another
ligand 6.

Long time precipitation of crystalline material resulted in a
tetranuclear species [Fe2(H2B(pz)2)2Fe2(B(OMe)3(pz))2(6-H)2]
(complex 9). Apparently, this product is the result of destruc-
tion of bis(pyrazolyl)borate moieties of complex 8 by methanol.
Species 9 crystallizes as red, block-shaped crystals in the
triclinic P−1 space group with one molecule in the unit cell.
The crystal structure reveals two pairs of differently substituted
iron ions connected by a so far unprecedented trimethoxypyra-
zolylborate bridging group. The periphery Fe ions reveal an oc-
tahedral coordination environment with two H2B(pz)2

1− anions
and two methoxy groups of the bridging moiety. The Fe–N
bond distances ranging from 2.1361(19) to 2.1631(19) Å in 9
appear similar to those in 8, which confirms a HS-Fe(II) ion.
The Fe–O bond lengths vary between 2.1333(15) Å and
2.3110(16) Å. Curiously, the O–B bond distances to the tetra-
hedral boron ion do not differ in length with 1.453(3) and
1.449(3) Å, respectively.
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Figure 3: Molecular structure of complexes 8 (top) and 9 (bottom) at 100 K. The H atoms are omitted for clarity; the thermal ellipsoids are drawn at
the 50% probability level.

Each of the two interior Fe ions is linked to the bridging unit via
its remaining methoxy group and the pyrazole moiety. The oc-
tahedral coordination environment is completed with the β-keto

ester moiety of one ligand 6 and by the imidazole and pyridine
groups of the second ligand 6. The Fe–O and Fe–N bond
lengths to the bridging unit are 2.1687(15) Å and 2.1190(19) Å.
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The pyridine and imidazole Fe–N bond distances are
2.2467(19) Å and 2.1793(18) Å, which are very similar to those
found for the dimer 8. On the contrary, the Fe–O bond dis-
tances to the β-keto ester moiety differ much less with
2.0812(15) Å and 2.0098(15) Å. The iron–donor bond dis-
tances are in good agreement with an iron(II) HS state. The two
iron(II) ions linked by the trimethoxypyrazolylborate group are
5.945 Å apart. The distance between the iron(II) ions connected
by ligand 6 in 9 is elongated by 0.244 Å to 8.301 Å compared
to 8. The ligand 6 appears also in its open-ring form and parallel
conformation.

Electronic structure of complexes 8 and 9
Microcrystalline samples of 8 and 9 were used for magnetic
susceptibility measurements. Complex 8 shows a nearly con-
stant χT product of 7.63 cm3·mol–1·K above 125 K (Figure 4). It
increases gradually upon lowering the temperature, reaching a
maximum of 8.80 cm3·mol–1·K at 13 K, which is indicative of
ferromagnetic coupling between the two iron(II) ions. By
lowering the temperature further, the χT product decreases
sharply due to zero-field splitting (ZFS). The rt value of the χT
product of 7.63 cm3·mol–1·K is slightly higher than expected
spin-only value for two non-interacting HS-Fe(II) ions
(χsoT = 6.00 cm3·mol–1·K) due to orbital contribution. The fit
for S1 = S2 = 2 spin system (see section VII in Supporting Infor-
mation File 1) affords a ferromagnetic coupling constant
J = +0.5 cm−1, axial ZFS D = 5.0 cm−1, and g1 = g2 = 2.24. To
get further insight, field dependent measurements up to 7 T
were conducted. At fields >4 T the (reduced) magnetization
saturates, reaching a plateau at 8 NAµB, which corresponds to
two ferromagnetically coupled HS-Fe(II) ions in the ground
state. Zero-field 57Fe Mössbauer spectrometry confirm
HS-Fe(II) state at 77 K and 297 K.

The χT product of 9 increases to almost constant value of
14.61 cm3·mol−1·K at rt, which is in good agreement with four
uncoupled HS-Fe(II) ions (χsoT = 12.00 cm3·mol–1·K)
(Figure 1). A significant drop of χT observed at temperatures
below 40 K is due to ZFS. The fit for S1 = S2 = S3 = S4 = 2 spin
system yields g = 2.20 and D = 5.9 cm−1. Field-dependent mag-
netic measurements show a more gradual increase of magneti-
zation compared to 8. Although the magnetization does not
saturate even at 7 T, the maximum of 14.17 NAµB points to four
SFe = 2 ions (16 NAµB is expected).

The complex 8 shows a single major absorption band in the low
energy UV region at 346 nm (ε = 6.22 × 104 M−1·cm−1), which
appears bathochromically shifted compared to the free ligand.
No charge transfer (CT) bands are visible in the spectrum.
The low intensity broad shoulder, which spans almost the
entire visible region up to 750 nm, can be attributed to d–d tran-

Figure 4: Variable temperature χT product (blue) and χ (green) of 8
(top) and 9 (bottom) measured at an external magnetic field of 1 T in
the heating mode (see Supporting Information File 1 for fitting parame-
ters).

sitions (for details, see Supporting Information File 1). The
electronic absorption spectrum of 9 shows no CT bands in
the visible region. The absorption maximum at 346 nm
(ε = 2.28 × 104 M−1·cm−1) appears sharper compared to 8. The
broad shoulder presumably due to d–d transitions also appears
contracted, as it disappears at lower wavelengths (<650 nm).

Attempts to induce photocyclization of diarylethenes in com-
plexes 8 and 9 with UV light (λ = 365 nm) in dichloromethane
show no appearance of new bands. Prolonged irradiation results
in slow photodecomposition. Both 8 and 9 share a common
structural motif that prevents photocyclization. Coordination of
the β-keto ester moiety and the imidazole/pyrazole moiety to
two different iron(II) ions puts the ligand under severe strain.
Thus, the structural reorganization necessary to accommodate a
new planar structure formed by the photocyclization reaction is
impossible without breaking Fe–N or Fe–O bonds.

Note, that the obtained complexes 8 and 9 represent cyclic com-
plexes of diarylethenes with Fe(II) ions. In recent years, related
derivatives of photochromic diarylethenes [50,51] became of
great interest for realization of light-triggered guest uptake/
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release [52] and light-controlled interconversion between
distinct supramolecular assemblies [53]. Ligand 6 featuring two
coordination sites in the heteroaryl moiety and bridge provides
unique opportunities to construct novel macrocyclic systems.
Our future efforts will be concentrated on the synthesis of
photoactive complexes based on ligand 6.

Conclusion
A new class of photochromic diarylethene-based ligands
featuring a 2-(imidazol-2-yl)pyridine coordination unit as a
heteroaryl moiety has been developed. Four members of the
new family have been synthesized. All ligands show good com-
binations of cyclization/cycloreversion quantum yields, where-
as the thermal stability of closed-ring isomers is comparable
with those reported for a diarylethene-based ligand with a
phenanthroline bridge. Cyclohexenone ligand 6 readily forms a
dimeric complex 8 with “FeII(H2B(pz)2)2”, with its β-keto ester
moiety acting as a second coordination site. Slow crystalliza-
tion yielded a tetranuclear Fe(II) complex 9, where the base
dimeric unit is expanded by an unprecedented trimethoxypyra-
zolylborate bridging group. The photocyclization of iron com-
plexes is inhibited due to the rigid coordination of the imida-
zole group to the metal ion, which prevents the rotation of the
group needed for cyclization.
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Abstract
In this work we apply a combination of steady state and time resolved luminescence and absorption spectroscopies to investigate
the excited-state dynamics of a recently developed molecular photoswitch, belonging to the hydrazone family. The outstanding
properties of this molecule, involving fluorescence toggling, bistability, high isomerization quantum yield and non-negligible two-
photon absorption cross section, make it very promising for numerous applications. Here we show that the light induced Z/E isom-
erization occurs on a fast <1 ps timescale in both toluene and acetonitrile, while the excited state lifetime of the Z-form depends on
solvent polarity, suggesting a partial charge transfer nature of its low lying excited state. Time-resolved luminescence measure-
ments evidence the presence of a main emission component in the 500–520 nm spectral range, attributed to the Z-isomer, and a
very short living blue-shifted emission, attributed to the E-isomer. Finally, transient absorption measurements performed upon far-
red excitation are employed as an alternative method to determine the two-photon absorption cross-section of the molecule.

2438

Introduction
Molecular switches are systems that are able to rapidly respond
to an external stimulus, which can be of chemical or physical
nature, through a variation of their conformational, chemical or

physical properties [1]. The possibility to control their opera-
tion in a direct and specific manner paves the way for applica-
tions in many different fields, involving the production of
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responsive materials and surfaces [2,3], energy conversion
[4-6], catalysis [7], drug delivery [8,9], design of molecular
machines [10-13], super resolution microscopy [14,15],
together with biological applications, among which photophar-
macology is currently gaining increasing attention [16-19].

Photochromic molecules, which respond to light as an external
stimulus, raise particular interest among the different classes of
switches which have been developed to date. Light enables very
specific spatial and temporal control of the switching event,
allowing for selective response and bidirectional operation. It is
thus not surprising that different classes of photoswitches have
been developed and successfully employed in many technologi-
cal fields [20-23]. Among others, azobenzenes [24], spiro-
pyranes [25], diarylethenes [26] and their derivatives have been
intensively applied. Despite the numerous successful applica-
tions of several synthetized switches, some drawbacks still
remain, calling for the development of new systems with im-
proved behavior. Although the properties of a successful photo-
switch have to be tailored on the application for which it is de-
signed, there are several aspects whose improvement can be of
benefit on a general basis. Major concerns on a widespread use
of the most commonly employed systems have indeed often be
related to low quantum yields or poor photochemical stability,
low fatigue resistance, or difficult synthesis. Furthermore, in the
specific case of biological applications, inappropriate absorp-
tion wavelength is often an issue, considering that most of the
commonly used switches absorb in the UV spectral window, as
well as low solubility in water.

Among the variety of newly developed systems, a promising
class of switches is based on the hydrazone molecular motif
[27]. These systems present a variety of interesting properties:
they can be chemically or photochemically controlled, can
undergo a configurational change by acid or base addition and
have interconversion timescales which can span over several
orders of magnitude. Furthermore, a substantial shift of their
absorption profile can be enabled through substitution patterns,
yielding systems that absorb in the red part of the visible spec-
trum [28].

Recently, a new hydrazone-based photochromic compound, ex-
hibiting outstanding properties, has been synthetized and char-
acterized [29]. This molecule presents fluorescence ON/OFF
switching under both one-photon and two-photon excitation
(i.e., near infrared (NIR) light), which is also maintained in
serum and solid state, has a very high photochemical stability
and excellent fatigue resistance. Although the main photochem-
ical properties of this molecule have been recently reported
[29], a detailed analysis of its photoswitching mechanism,
aimed at characterizing the timescale of the photoinduced struc-

ture variation and the solvent dependence of its fluorescence
properties, is still lacking. Here we present a spectroscopic
characterization of this hydrazone species, using both steady
state and time resolved absorption and fluorescence techniques
with the aim of better characterizing the actinic step of its oper-
ation. Furthermore, we employ time resolved spectroscopy to
evaluate the two-photon absorption cross section of the mole-
cule and, by comparing the results with those previously ob-
tained using a fluorescence method, we show that this can be a
successful alternative to evaluate two-photon properties, partic-
ularly useful in case of non-fluorescent molecules.

Results and Discussion
Spectroscopic properties
The UV–vis absorption spectrum of hydrazone 1 shows an
intense absorption band peaked at 395 nm in toluene, as shown
in Figure 1. Irradiation of a solution of 1 using 442 nm light in-
duces a Z/E isomerization resulting in a color change, evi-
denced by the decrease of the absorption at 395 nm and the ap-
pearance of a new band with a maximum at 343 nm.

The E-form is extremely stable (half-life of 75 years in toluene
at room temperature) and can be reverted to the Z-form by irra-
diation at 340 nm or heat. The molecule also presents peculiar
fluorescence properties. Indeed, while the Z-form has an intense
emission band peaked at 525 nm in toluene, fluorescence is
suppressed for the E-form (Figure 1). The maximum of the
fluorescence band and the emission quantum yield depend on
the solvent, with the emission strongly quenched in protic
media [29].

Time-resolved fluorescence
Detailed analysis of the fluorescence features of the two forms
in toluene has been performed by time-resolved luminescence
measurements in the picosecond time regime (see Materials and
Methods for details).

Upon excitation of 1 in the Z form at 400 nm, the fluorescence
is characterized by a mono-exponential decay on the whole
emission spectral range, with an average lifetime of 173 ps
(Figure 2, bottom). It can be pointed out that the fluorescence
intensity gradually decreases during the measurement, because
of the photoisomerisation process, but the use of a low laser
power (0.8 µJ/pulse) and the acquisition of a large number of
frames (10000) in photon counting mode allowed the character-
ization of the emission properties of this form. The obtained
lifetime value is in accordance with the excited state lifetime
previously measured for the Z-isomer [29].

After complete Z/E isomerization, obtained by irradiating the
solution at 440 nm, the time-resolved luminescence of the
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Figure 1: a) The photoinduced Z/E isomerization of hydrazone 1, and
accompanied changes in b) UV–vis absorption (1 × 10−5 M; toluene)
and c) fluorescence emission spectra (1 × 10−6 M; toluene) before
(red) and after (blue) irradiation at 442 nm.

E-form was analyzed upon excitation at 350 nm. The spectral
distribution of the excited-state decays reveals the presence of a
short component in the blue region of the spectrum
(440–460 nm) which is not present in the remaining emission
region (500–600 nm). A weak emission in this region is also
observed in the steady-state fluorescence spectra obtained upon
excitation, below 390 nm, of an E-rich acetonitrile solution of 1,
which might be attributed to the emission of this isomer as the
more intense band at 570 nm originates from the Z-form (Figure

Figure 2: Fluorescence decays (dots) in the 500–520 nm spectral
region (emission range of the Z-isomer) for 1 in toluene upon excita-
tion of the E-form at 350 nm (top; induced Z-emission), and upon exci-
tation of the Z-form at 400 nm (bottom). The mono-exponential fittings
are reported as full lines. The excitation profile is shown in dashed light
grey.

S1, Supporting Information File 1). Figure 3 shows the compar-
ison between the luminescence decays collected in the
440–460 nm range (blue dots) and in the 500–520 nm range
(red dots) of the same streak camera image. A double exponen-
tial fitting of the profile in the blue region results in a main
component with a lifetime of 1.3 ps (at the limit of the detec-
tion of the system: 1.0 ps) accounting for 97% of the decay, and
a second component with a longer lifetime of ca. 160 ps. The
decay in the 500–520 nm region can be fitted by a mono-expo-
nential function yielding a lifetime of 160 ps, close to the value
obtained for the fluorescence of the Z-form upon excitation at
400 nm (the comparison on a longer time scale is shown in
Figure 2). The short lifetime of 1.3 ps can be ascribed to the
fluorescence of the E-form, mainly centered in the 440–460 nm
region, which accounts for the very low emission quantum yield
of this form observed in the steady-state experiment. The emis-
sion from the Z-form is detected even upon excitation at
350 nm, because of the induced E/Z photoisomerization process
occurring within the experiment.

Finally, the kinetics of the fluorescence decay of the Z-isomer
has also been determined in acetonitrile, upon excitation at
400 nm, resulting in a lifetime of 479 ps (Figure S2, Support-
ing Information File 1).

Transient absorption spectroscopy
To get more insights into the isomerization and fluorescence
mechanism of 1, we measured transient absorption spectra of
the molecule in different solvents. A fresh solution of the
Z-form was excited using 400 nm light, and spectra were re-
corded in a time interval spanning from a few hundred femto-
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Figure 4: a) Transient absorption data recorded for hydrazone 1 in toluene upon excitation at 400 nm; b) EADS (evolution associated difference spec-
tra) obtained by global fit of the data.

Figure 3: Fluorescence decays (dots) in the 500–520 nm spectral
region (red; induced Z-emission), and in the 440–460 nm spectral
region (blue) for 1 in toluene upon excitation of the E-form at 350 nm.
The fittings are reported as full lines. The excitation profile is shown in
dashed light grey.

seconds up to 1.5 ns. The transient signal recorded for a solu-
tion of 1 dissolved in toluene shows the appearance of a nega-
tive band peaking at about 400 nm, corresponding to the
bleaching of the ground state absorption, an intense very broad
positive excited state absorption band peaking at about 600 nm
and a less intense positive band in the low wavelength region. A
pronounced dip is furthermore observed at ca. 500 nm, most
probably because of the superposition of a stimulated emission
signal with the broad excited state absorption band, see
Figure 4a. The excited state absorption signal increases in inten-
sity and broadens towards the red on a fast timescale. At the
same time the stimulated emission band partially recovers,
shifting towards the red and a positive band in the lower wave-

length region increases in intensity. The rise of a positive signal
at <380 nm, where absorption of the E-isomer is expected,
signals the occurrence of isomerization. This event is also asso-
ciated to the aforementioned evolution in the visible region,
clearly indicating a variation of the excited state electronic dis-
tribution. No further band-shape changes are observable at a
later timescale, the transient signal almost completely recovers
on a ca. 140 ps timescale, which is similar to the fluorescence
lifetime of the Z-isomer measured in this solvent.

To extract a quantitative kinetic information from the transient
absorption data, they have been fitted using a global analysis
procedure, which consists in the simultaneous fit of the kinetic
traces in the entire probed spectral window with a combination
of exponential decay functions [30]. The number of exponen-
tial components is determined by performing a preliminary
SVD (singular value decomposition) analysis of the kinetic
traces matrix [31]. In this case, although three exponential func-
tions could be sufficient to satisfactory fit the data, the addition
of a fourth long living component, associated to a small spec-
tral offset remaining on the long timescale, substantially im-
proved the fit. The output of the global analysis retrieves the
kinetic constants describing the evolution of the system and the
associated spectral components, the so-called EADS (evolution
associated difference spectra) which are shown in Figure 4b. As
it can be noticed, the evolution occurring on the 0.6 ps
timescale, corresponding to the transition from the black to the
red EADS, mainly consists in the rise of the positive band at
short wavelengths and in a red-shift of both the excited state
absorption band and of the stimulated emission band, which
also partially recovers on this same timescale. The rise of an
absorption band in the region where the E-isomer absorbs is in-
dicative of the photoinduced Z/E isomerization event, which
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Figure 5: EADS obtained by global fit of the transient data recorded in a) acetonitrile and b) methanol upon excitation at 400 nm.

thus results to be an ultrafast process, as observed for other
photoswitches – azobenzene in particular [32]. Upon this initial
ultrafast evolution, the transient absorption signal intensity
slightly decreases on the 7.5 ps timescale, as the result of vibra-
tional relaxation, and mostly recovers on a ca. 140 ps timescale.

Transient absorption measurements upon 400 nm excitation
were also performed in acetonitrile and methanol. While the
Z-form is fluorescent in acetonitrile, the emission is strongly
reduced in methanol [29]. The data were analyzed with the
same global analysis procedure used for toluene, yielding the
EADS shown in Figure 5.

The spectral evolution is very similar in these two solvents, al-
though the time constants obtained by fitting the data are differ-
ent. Due to lower solubility of the sample in the polar solvents,
and increased scattering, data at short wavelengths are quite
noisy in these measurements, especially in methanol, where a
cutoff filter at 405 nm has been used during the measurement.
Similarly, to what observed in toluene, at the short timescale the
transient signal is characterized by a negative band peaked at
about 400 nm, corresponding to ground state bleaching of the
Z-form, an intense excited state absorption centered at about
600 nm, and a dip peaked at about 500 nm, as a result of stimu-
lated emission; the latter is also observed in methanol. In aceto-
nitrile, substantial spectral evolution is observed on a 0.5 ps
timescale, mainly corresponding to the disappearance of the dip
at about 500 nm and an overall blue shift of the positive signal
(evolution from black to red EADS in Figure 5a). As previ-
ously observed in toluene, such an evolution, also associated to
the rise of a positive band at <380 nm, whose observation is
precluded due to scattering in polar solvents, reveals the occur-
rence of Z/E isomerization, whose kinetics is thus similar in tol-
uene and acetonitrile. In the latter solvent, the signal intensity

then decreases on a 50 ps timescale and recovers almost com-
pletely in about 500 ps. In methanol, although the spectral
evolution is qualitatively similar to that observed in acetonitrile,
the kinetics associated with the detected spectral changes differ
substantially. The initial evolution, corresponding to the
recovery of the dip at 500 nm and the decrease in intensity of
the excited state absorption band centered around 600 nm,
occurs on a longer timescale – about 1.8 ps, as compared to the
sub-ps timescale observed both in acetonitrile and toluene. A
blue shift of the excited state absorption band is then observed
on a 10 ps timescale, and the almost complete recovery of the
transient signal occurs in 34 ps. The very short excited state
lifetime observed in methanol agrees with the low fluorescence
in this solvent. Possibly, in the protic solvent the molecule
adopts a less planar conformation, because of the competition
between the intramolecular hydrogen bond between the N–H
and C=O groups in the Z-form and hydrogen bonds formed by
these functional groups with solvent molecules. The conforma-
tional distortion and the increased conformational disorder
arising from hydrogen bonding with the solvent can be respon-
sible for the fluorescence quenching in the Z-form. A compari-
son of the kinetic traces recorded on the maximum of the
excited state absorption band in the three analyzed solvents
(Figure 6) demonstrates that the excited state decay time
decreases on going from acetonitrile to toluene, and further
decreases in methanol. As shown in Supporting Information
File 1 (Figure S3) the bleaching recovery of the not isomerized
population fraction follows the same kinetics. The observed sol-
vent dependence of the ESA decay could indicate that the
excited state of the Z-form has a partial charge transfer nature,
so that it can be stabilized in polar media where its lifetime
slightly increases. In the protic solvent, however, where the
molecule can adopt a partially twisted conformation, the in-
creased conformational disorder most probably activates differ-
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Figure 7: a) Transient absorption spectra measured for hydrazone 1 in toluene upon excitation at 785 nm. b) Comparison of the kinetic traces regis-
tered at 600 nm upon excitation at 400 nm and 785 nm.

ent non-radiative decay channels, shortening the excited state
lifetime.

Figure 6: Kinetic traces recorded at the maximum of the excited state
absorption band in toluene, acetonitrile and methanol.

Two-photon excitation
Earlier experiments revealed that hydrazone 1 is able to
isomerize also upon two-photon excitation [29]. In the present
study we used transient absorption spectroscopy as an alterna-
tive method to determine the two-photon absorption cross
section of the molecule, and compared the results with those
previously obtained by exploiting the two-photon fluorescence
of the system [29]. The transient spectra registered in toluene
upon two-photon excitation, using a pump pulse at a 785 nm
(Figure 7a), are qualitatively similar to those obtained upon
400 nm excitation (Figure 4), although the spectral region
accessible to the probe is narrower than in the latter case. The
bleaching signal is in fact covered as a consequence of the
higher sample concentration needed to obtain a transient signal

of sufficiently high intensity in order to get a good signal-to-
noise ratio. Furthermore, the long wavelength region is strongly
affected by the scattering of the excitation light, because of the
quite intense pump pulse used for the experiment.

The comparison of the kinetic traces recorded at the maximum
of the excited state absorption band upon one-photon and two-
photon excitation, reported in Figure 7b, shows that the excited
state evolution is similar in the two excitation conditions. A
noticeable difference, however, is observed at short delay times
after excitation, with a fast decay phase taking place for excita-
tion at 785 nm. Nevertheless, the overall similarity of the
successive evolution and of the transient spectra detected in the
two cases indicates that a similar reactivity is induced upon
one-photon and two-photon excitation, further confirming the
two-photon photoswitching ability of hydrazone 1 already
inferred by previous measurements [29].

Using a suitable standard, the transient absorption data re-
corded upon excitation at 785 nm allow for the determination of
the two-photon absorption cross section, using the following
expression [33]:

(1)

In this equation, index 1 and 2 refer respectively to the standard
and the sample; ΔA is the absorbance at the maximum of the
transient signal measured upon two-photon excitation,

 is the difference in the absorption coefficient be-
tween the excited and ground state, which is retrieved by the
one-photon transient absorption measurement, and c is the con-
centration of the sample. Taking a solution of coumarin 153
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(δ1 = 47.4 GM [34]) as a reference, for which transient absorp-
tion spectra have been measured upon excitation at both 400 nm
and 785 nm (see Figure S4, Supporting Information File 1), the
estimated value for 1 in toluene is 12.6 GM, a value in good
agreement with that previously determined through two-photon
fluorescence measurements [29].

Conclusion
Hydrazones are a promising new class of molecular photo-
switches. In this work we investigated the spectroscopic proper-
ties of hydrazone 1, a member of this family showing very
interesting properties, such as high-isomerization quantum
yield, fluorescence toggling and two-photon induced switching.
Using a combination of time-resolved fluorescence and tran-
sient absorption spectroscopies we were able to gain new
insights into the isomerization process of this molecule. Time-
resolved luminescence measurements allowed us to determine
the excited state lifetime of the Z-form, which strongly emits in
the 500–520 nm spectral range. A fast component (1.3 ps in tol-
uene) was also observed at shorter wavelengths and attributed
to the E-isomer. The very short lifetime of this component
accounts for the low emission quantum yield or even the
absence of steady-state fluorescence of the E-isomers in most
solvents. Transient absorption spectroscopy measurements,
repeated in different solvents, allowed us to estimate the
timescale of the Z/E isomerization process, which is about
0.5 ps in both toluene and acetonitrile, thus showing a negli-
gible dependence on the solvent polarity. On the contrary, the
excited state lifetime of the Z-isomer depends on the solvent
properties and is especially short in MeOH, suggesting that the
excited state of the molecule could have a partial charge
transfer nature. Finally, transient absorption spectroscopy was
employed as an alternative method to estimate the two-photon
absorption cross section of hydrazone 1, resulting in a value that
is in very good agreement with the previous determination of
this property, performed on the basis of fluorescence measure-
ments [29].

Materials and Methods
Hydrazone 1 was synthesized by following a previously re-
ported procedure [29]. Its UV–vis spectra were recorded on a
Shimadzu UV-1800 UV–vis spectrophotometer. A Photon
Technology International QuantaMaster 4 spectrofluorometer
outfitted with a LPS-100 lamp power supply and Xenon arc
lamp housing, ASOC-10 electronics interface, MD-4 motor
driver control, and a model 914D photomultiplier detector
system were used to collect the fluorescence spectra of 1.

Time-resolved luminescence
Spectroscopic grade toluene from Merck was used as received.
Solutions of 1 (4 × 10−5 M) in toluene were freshly prepared.

Time-resolved and spectral analysis of the fluorescence of the
compound in the picosecond time regime were performed by
means of a Hamamatsu synchroscan streak-camera apparatus
(C10910-05 main unit and M10911-01 synchroscan unit)
equipped with an ORCA-Flash 4.0 V2 charge-coupled device
(CCD) and an Acton spectrograph SP2358. As excitation source
a Newport Spectra Physics Solstice-F-1K-230 V laser system,
combined with a TOPAS Prime (TPR-TOPAS-F) optical para-
metric amplifier (pulse width: 100 fs, 1 kHz repetition rate) [35]
was used, tuned at 400 nm and 350 nm for predominant excita-
tion of the Z and E-forms of 1, respectively. To reduce photo-
degradation and limit the photoisomerization processes, the
pump energy on the sample was reduced to 0.8 μJ/pulse at
400 nm and 4 μJ/pulse at 350 nm. Emission from the sample,
collected at right angle with a 1 mm slit, was focused by means
of a system of lenses into the spectrograph slit. Streak images
were taken both in analog integration (200 exposures, 100 ms
exposure time) and in photon counting (1000–10000 exposures,
20–30 ms exposure time). The decays were collected over emis-
sion spectral ranges of 20 nm. HPD-TA 9.3 software from
Hamamatsu was used for data acquisition and analysis. The
overall time resolution of the system after deconvolution proce-
dure is 1 ps.

For fluorescence lifetime measurements in acetonitrile, solu-
tions of 1 (1 × 10−5 M) were used. Fluorescence lifetime was
determined by time-correlated single photon-counting (TCSPC)
using a Photon Technology International QuantaMaster 4 spec-
trofluorometer integrated with Deltadiode-375L diode laser
(λex = 373 nm, <70 ps pulse width) as the excitation source. The
fluorescence decays were detected using a fast PPD-850
detector. In all cases, decays were recorded until peak counts
reached 10,000. The decay traces were analyzed by the one-
exponential fitting method using Felix data analysis from
Horiba Scientific Ltd.

Transient absorption spectroscopy
The apparatus used for the transient absorption spectroscopy
(TAS) measurements is based on a Ti:sapphire regenerative
amplifier (BMI Alpha 1000) system pumped by a Ti:sapphire
oscillator (Spectra Physics Tsunami). The system produces
100 fs pulses at 785 nm, 1 kHz repetition rate and average
power of 450–500 mW. Excitation pulses at 400 nm have been
obtained by second harmonic generation of the fundamental
laser output. In case of two-photon excitation the fundamental
beam at 785 nm has been directly employed as the pump. The
pump beam polarization has been set to magic angle with
respect to the probe beam by rotating a λ/2 plate. Excitation
powers were on the order of 50–100 nJ for one-photon excita-
tion and 1.7 μJ in case of two-photon excitation. The probe
pulse was generated by focusing a small portion of the funda-
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mental laser output radiation on a 2 mm thick calcium fluoride
window. Pump-probe delays were introduced by sending the
probe beam through a motorized stage. Multichannel detection
was achieved by sending the white light continuum after
passing through the sample to a flat field monochromator
coupled to a home-made CCD detector. TAS measurements
were carried out in a quartz cell (2 mm thick) mounted on a
movable stage to avoid sample photodegradation and multiple
photon excitation. The recorded kinetic traces and transient
spectra have been analyzed by using a global analysis [30]. The
number of kinetic components has been estimated by per-
forming a preliminary singular values decomposition (SVD)
analysis [31], global analysis was performed using the
GLOTARAN package (http://glotaran.org) [36], and employ-
ing a linear unidirectional “sequential” model.

Supporting Information
Supporting Information File 1
Additional spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-236-S1.pdf]
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Abstract
Our undergraduate research group has long focused on the preparation and investigation of electron-deficient analogs of the perim-
idinespirohexadienone (PSHD) family of photochromic molecular switches for potential application as "photochromic photooxi-
dants" for gating sensitivity to photoinduced charge transfer. We previously reported the photochemistry of two closely related and
more reducible quinazolinespirohexadienones (QSHDs), wherein the naphthalene of the PSHD is replaced with a quinoline. In the
present work, we report our investigation of the electrochemistry of these asymmetric QSHDs. In addition to the short wavelength
and photochromic long-wavelength isomers, we have found that a second, distinct long-wavelength isomer is produced electro-
chemically. This different long-wavelength isomer arises from a difference in the regiochemistry of spirocyclic ring-opening. The
structures of both long-wavelength isomers were ascertained by cyclic voltammetry and 1H NMR analyses, in concert with compu-
tational modeling. These results are compared to those for the symmetric parent PSHD, which due to symmetry possesses only a
single possible regioisomer upon either electrochemical or photochemical ring-opening. Density functional theory calculations of
bond lengths, bond orders, and molecular orbitals allow the rationalization of this differential photochromic vs electrochromic be-
havior of the QSHDs.
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Introduction
Photochromic molecular switches, in which light initiates re-
versible coloration of a short-wavelength isomer (SW) to a
long-wavelength isomer (LW), which fades back to SW either

thermally or photochemically, have become ubiquitous in a
wide range of applications [1-5]. Typically, organic photochro-
mism results from a spirocyclic ring-opening or other isomeri-
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zation which results in increased conjugation. Electrochromism
is also of increasing materials relevance, e.g., for self-dimming
automotive mirror and aircraft window darkening applications
[6-8]. In electrochromic applications, the color change is gener-
ally due to a change in the oxidation state of a conjugated
system. This change in the oxidation state is most often con-
comitant with conformational and orbital occupancy changes,
rather than any σ-bond-forming or breaking processes. The
viologens are perhaps the most ubiquitous example of small
molecule organic electrochromism [6,7,9].

One example that combines photochromic and electrochromic
behavior (the latter of an unusual sort) is the class of perim-
idinespirohexadienones 1 (PSHDs) whose synthesis, electro-
chemistry and UV–vis spectroscopy were reported by Minkin
and co-workers [10] for 1a (Scheme 1). Electrochemically, they
report observing a single, two-electron reduction peak and two
distinct one-electron oxidation peaks upon scanning using
cyclic voltammetry. They therefore proposed [10] that the elec-
trolysis of 1a proceeds by an “ECE” (electrochemical-chemical-
electrochemical) mechanism (1a → 1a•− → 2a•− → 2a2− →
2a•− → 2a) in which the dienone portion of the molecule
accepted the first electron, followed by a radical anion rear-
rangement to the long-wavelength isomer, whose radical anion
is so much easier to reduce that it immediately accepts a second
electron at this potential; on the oxidative return wave the
subsequent oxidations of the LW dianion to its radical anion
and then its neutral state are observed. Thus, in this unusual
system, electrochromism proceeds by the same sort of spiro-
cyclic ring-opening as the photochromic rearrangement but
occurs from the radical anion rather than a photoexcited state.
The reduction of the molecular switch necessary for elec-
trochromism is in a sense catalytic: the rearranged product is
reoxidized to a neutral LW isomer, which reverts thermally to
SW upon standing, just as it does when the LW is generated
photochemically.

Scheme 1: PSHD photochromism [10].

The PSHD system was of interest to us as a potential photo-
chromic photooxidant that would add an additional level of

gating to photoinduced charge transfer (PICT) initiated pro-
cesses (Figure 1). PSHDs were promising for this, as their pho-
tochromic reversion of LW back to SW proceeds purely ther-
mally, leaving the long-wavelength absorption available for
bimolecular PICT. Moreover, the LW is sufficiently more
reducible that, even accounting for its lower excitation energy,
the LW excited state, LW*, is more reducible than SW*,
making LW the more potent photooxidant of the two. However,
for practical use as photooxidants, the difference in the reduc-
tion potential between LW and SW would need to be increased
further, and LW would need to be more reducible to be of use
in photooxidation of relevant substrates (e.g., Dewar benzenes,
quadricyclanes, or bishomocubanes as quantum amplified isom-
erization substrates [11-15], or vinylcarbazole or alkoxystyrene
derivatives for radical cation cylcloaddition and polymerization
reactions [16-20]). We thus proposed the replacement of the
naphthalene in 1a with a more electron-deficient quinoline ring.
Due to the saturated spirocyclic carbon insulating the dienone
electrophore from the quinoline moiety in the SW form, we ex-
pected minimal change in the SW reduction potential relative to
the PSHDs, but a significant difference for the completely
conjugated LW isomer(s). Previously we reported the detailed
synthesis of two novel quinazolinespirohexadienone (QSHD)
photochromes 3a,b (Scheme 2) and their photochemical proper-
ties as well as a proof of structure for the photochemically
generated long-wavelength isomer (pLW) 4a,b (not 5a,b) [21].
Herein, we report the electrochemistry of these QSHDs.

Figure 1: Proposed gating of sensitivity to photoinduced charge
transfer by a photochromic photooxidant in which only LW is a compe-
tent photooxidant of the donor of interest.

Results and Discussion
Electrochemical analysis
When we replicated cyclic voltammetry (CV) experiments on
PSHDs, we observed similar voltammograms for both 1a and
1b (Figure 2), consistent with the two-electron reduction and
two one-electron oxidation processes reported by Minkin for 1a
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Scheme 2: QSHD photochromism [21].

Figure 2: Cyclic voltammograms of a) 1b before irradiation or electrolysis (solid blue), b) 1b/2b after 25 scans (dotted red), c) 1b/2b upon photolysis
of 1b (dashed green) scanned over a narrower potential window so as not to reduce 1b, and d) 1b/2b scanning the full potential window after photoly-
sis of 1b (dashed orange).

[10]. As expected, a growth of two reversible one-electron
reduction–oxidation peaks was observed upon multiple scans,
representing the reduction and oxidation of the electrogener-
ated long-wavelength form 1b generated in situ. As expected,
either photolysis or multiple CV scans led to the same LW
reduction and oxidation peaks (within the error bars indicated in
Table 1). We also report an identical Eo

red of 2a as Minkin [10],
though a 140 mV difference was found in the Eo

red of 1a, which

can be attributed at least in part to our use of half-peak poten-
tials for all irreversible peaks, while Minkin reported peak
potentials (our peak potentials were within 60 mV of Minkin’s
value). We found the parent compound 1b, whose electrochem-
istry was not previously reported by Minkin, to be 50 mV less
reducible than 1a (−1.68 V vs −1.63 V for 1a), in qualitative
agreement with our computational predictions [22]. Similarly,
2b differed from 2a by only 20 mV (Table 1) where computa-
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Table 1: Experimental and computational Eo
red of 1a,b and 3a,b and their LW isomers, reported in V vs SCE.

Electrochemical Photochemical
Compd. Type Eo

red (SW)a Eo
red (eLW·−) Eo

red (eLW) Eo
red (pLW·−) Eo

red (pLW)

1a literatureb −1.77 −1.325 −0.85
exptl.c −1.628 ± 0.031 −1.220 ± 0.049 −0.857 ± 0.010
predictedd −1.56 −0.89 −0.89

1b exptlc −1.681 ± 0.013 −1.202 ± 0.032 −0.871 ± 0.013 −1.170 ± 0.060 −0.865 ± 0.005
predictedd −1.70 −0.90 −0.90

3a exptlc −1.632 ± 0.030 −1.26 ± 0.11 −0.866 ± 0.009 −1.029 ± 0.035 −0.730 ± 0.005
predictedd −1.61 −0.88 −0.72

3b exptlc −1.631 ± 0.017 −1.069ad ±
0.029

−0.843 ± 0.012 −1.008 ± 0.024 −0.729 ± 0.004

predictedd −1.63 −0.86 −0.72
aIrreversible peak. Eo

red is reported as the half-peak potential Ep/2
red (except in literature value for 1a). bReference [10]. Irreversible SW peak re-

ported as peak potential (Ep
red), not half-peak potential (Ep/2

red). cExperimental values in CH3CN containing 0.1 M Bu4NPF6, standardized vs ferro-
cene/ferrocenium and corrected to vs SCE as in reference [23]; error bars = one standard deviation from the mean of at least 7 replicates.
dComputational Eo

red predicted using correlation 6 in reference [22] based on the energies of the corresponding ground-state and one-electron-
reduced species computed using B3LYP/6-31G(d) with implicit acetonitrile solvent using the CPCM solvent model with UAKS radii, on geometries op-
timized in the gas-phase; predictions of second reduction potentials are not possible by this method.

tions predicted a minimal difference. The electrogeneration of
2b through repeated potential step bulk electrolysis of 1b in
acetonitrile-d3 yielded a sufficient quantity of LW to obtain a
1H NMR spectrum, which revealed identical chemical shifts as
those for the photogenerated 2b. First and second reduction
potentials were also the same, within error limits, for photogen-
erated and electrogenerated 2b, as would be expected. This is
consistent with the excellent overlap of all four voltammo-
grams in Figure 2.

The ECE mechanism reported by Minkin for the elec-
trochromism was further supported by bulk electrochemical ex-
periments. With repetitive conditioning and scanning under
argon-deaerated conditions, the initially yellow 1b solution
turned to an orange-red color, which we hypothesized to be the
LW dianion, 2b2−. Upon exposure to air this solution immedi-
ately turned green, the known color of the LW isomer 2b. The
addition of benzoquinone (a chemical oxidant) to the electro-
chemically reduced solution under argon gave similar results,
consistent with our hypothesis. When the yellow solution
remained open to the atmosphere during electrolysis, the
initially yellow solution turned green at first (presumably while
air oxidation of 2b2− to 2b could keep up with electrochemical
reduction). With further electrolysis even these solutions turned
to the orange-red color observed for the deaerated solutions.
The solutions did become green upon prolonged exposure to
air. This behavior seems indicative of insufficient transport of
air into the cell through the small vents in the cell cap to replace
the oxygen being consumed during repeated electrolytic scans.
Similar results were observed for solutions of 3b suggesting a

similar ECE mechanism to that of 1a is likely also occurring for
3b.

Cyclic voltammetric analysis of quinazolinespirohexadienone
(QSHD) 3b (Figure 3) was qualitatively similar to the parent
PSHDs 1a,b as expected based on structural similarity and
computationally calculated molecular orbital diagrams
(Figure 6 and Supporting Information File 1). Surprisingly, the
Eo

red of the electrochemically generated LW form of 3a was
more negative by 10 mV than that of 2a, even with the more
electron-deficient quinoline ring. Presumably this is because the
5-position on the benzene ring of the quinoline, is the least
withdrawing point of attachment, and the inductive with-
drawing properties of the quinoline nitrogen are far enough re-
moved from the electrophore to not cause any appreciable
change in reduction potential. The other qualitative difference
for 3b was the presence of two LW reduction peaks (LW →
LW•− → LW2−) on the first scan (Figure 3a, dotted red). How-
ever, the observation of the two LW reduction peaks was
consistent with UV–vis spectroscopy that indicated a signifi-
cant amount of a LW isomer upon solvation, and repetitive
electrochemical scans exhibited the anticipated growth of the
LW reduction–oxidation peaks as more of the LW isomer was
generated electrochemically (Figure 3b, solid blue).

Most surprisingly, when 3b was photolyzed to form 4b in solu-
tion under similar conditions to our previous report [21] and
then analyzed electrochemically (Figure 3c and d, dashed green
and orange), four reduction (and oxidation) peaks in the region
of the LW isomer were observed. Two reduction–oxidation
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Figure 3: Cyclic voltammograms of a) 3b (with trace 5b) before irradiation or electrolysis (solid blue), b) 3b + 5b after 25 scans (dotted red) showing
the growth of the two 5b reduction peaks, c) 3b (with trace 5b) after photolyzing but without reducing 3b in the electrolysis (dashed green) which
shows the two initial eLW 5b and two new pLW 4b reversible redox waves observed, and d) 3b + 4b + 5b observed by scanning the full potential
window after the photolysis of 3b (dashed orange).

couples matched the potential of the electrogenerated LW form
observed earlier while the other two peaks were shifted more
positive by 60–110 mV indicating the presence of a third elec-
troactive species in addition to 3b and photogenerated 4b.
Given the asymmetric nature of 3b, two distinct options for
spirocyclic ring-opening exist, leading to 4b or 5b. Thus, we
postulated that the electrogenerated LW form was in fact 5b.

Having found two distinct LW forms depending on generation
by photolysis or electrolysis of SW 3b, we turned our attention
to whether a similar phenomenon was observed for 3a. Indeed,
different redox peaks were observed in the same general LW
region for the CV of photolyzed versus electrogenerated LW
forms of 3a, consistent with the electrogenerated formation of
5a compared against the known formation of 4a via photolysis.
The voltammograms of 3a (Figure 4) did however differ from
both 3b and 1b. A (presumably two-electron) reduction peak
was observed for 3a but only one return oxidation wave was ob-
served. Upon repeated scanning the two one-electron reduc-
tions of 5a → 5a•− → 5a2− were observed, but still only a

single (likely two-electron) return oxidation peak was observed,
possibly indicating a large overpotential for the oxidation of
5a2−. It is possible that 3a undergoes only a one-electron reduc-
tion and rearrangement of 3a → 3a•−→ 5a•− (without further
reduction to 5a2−) and subsequently only one oxidation to 5a.
But this would make the second one-electron reduction (thought
to be 5a•− → 5a2−) observed on repeated cycling unexplainable.
A more likely explanation is that the two-electron ECE reduc-
tion of 3a still occurs to give 5a2− but that the slight electron-
donating nature of the additional methyl group destabilizes 5a•−

enough to require a substantial overpotential for reoxidation of
5a2− to 5a•−, such that it occurs at the same potential as oxida-
tion of 5a•− back to neutral 5a. This could occur either sequen-
tially at the same potential or in a single two-electron process.
The latter explanation seems qualitatively in better agreement
with the observed voltammogram in Figure 4.

In terms of achieving more potent photooxidants through the
exchange of the naphthalene ring of the PSHDs for the more
electron-deficient quinoline in the QSHDs, we had expected the
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Figure 4: Cyclic voltammograms of a) 3a before irradiation or electrolysis (solid blue), b) 3a + 5a after 25 scans (dotted red) showing the growth of the
two eLW 5a reduction peaks, c) 3a after photolyzing but without reducing 3a in the electrolysis (dashed green) which shows the two different revers-
ible redox waves observed for pLW 4a, and d) 3a + 4a + 5a scanning the full potential window after the photolysis (dashed orange).

LW isomers to become more easily reducible, with minimal
change in reduction potential for the SW isomers. Indeed Eo

red
of the SW isomers 1b, 3a, and 3b were the same within the
error, and only 50 mV more reducible than 1a. Comparing the
Eo

red of pLW isomers (4a,b relative to 2a,b), a roughly 140 mV
difference is observed, with 4 being more reducible than 2 as
expected. However, the difference in reduction potential be-
tween PSHD and QSHD for eLW was much less. For 5b Eo

red
was 28 mV more positive than 2b indicating that 5b is a slightly
better oxidant than the parent PSHD. But Eo

red of eLW 5a was
surprisingly shifted 10 mV more negative than PSHD LW 2a,
meaning it was actually harder to oxidize. Ultimately Eo

red of
2a, 2b, 5a, and 5b are essentially the same within error limits.
Apparently, the quinoline is not nearly as electron withdrawing
when linked through the benzo ring as when it is linked through
the heteroaromatic ring.

Spectroscopic analysis
The potential for two distinct products from electrolysis or pho-
tolysis as indicated through electrochemical analysis was

further supported through NMR. Previous work [21] had
conclusively shown through 1H NOE NMR spectroscopy that
the LW isomers resulting from photolysis of 3a and 3b were 4a
and 4b, which open toward the more electron-deficient
heteroaromatic ring of the quinoline and away from the R
group. Unfortunately, efforts to obtain a sufficient quantity of
the electrogenerated LW form of 3a (i.e., 4a or 5a) for defini-
tive 1H NMR spectra or NOE experiments were not successful
However, both UV–vis and electrochemical measurements indi-
cated small amounts of a long wavelength form present in the
dark immediately upon solvation (i.e., a thermal or solva-
tochromic LW form), particularly in 3a. The presence of a LW
isomer prior to irradiation or electrolysis was also consistent
with the 1H NMR spectrum of a sample of 3a which, while
known to be pure in the solid state [21]), in solution showed the
expected 3a chemical shifts but also smaller peaks (ca. 20%
relative to 3a) with similar splitting and chemical shifts as those
for photogenerated 4a (to which we initially erroneously attri-
buted them [21]). However, the frequencies for this solva-
tochromic LW were slightly but distinctly different from either
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Figure 5: 1H NMR distinction between SW 3a, thermal/eLW 5a, and pLW 4a, in acetone-d6, as observed a) before and b) after photolysis.

3a or photogenerated 4a (Figure 5a, e.g., consider protons n, g,
and v). Signals for 4a began to grow in with even very brief
photolysis (Figure 5b), intentionally taken to low conversion
(ca. 8% relative to 3a) to enable comparison to the solvat-
achromic LW (ca. 20% relative to 3a). Moreover, as the oxida-
tion and reduction peaks associated with eLW 5a (Figure 3b,
dotted red) grow with increasing numbers of CV scans and
match those present initially in solution in small amounts ther-
mally (Figure 3a, solid blue), we conclude the electrogenerated
and thermal LW forms are the same isomer 5a, while it is the

pLW isomer 4a that grows in upon photolysis (Figure 3c,
dashed green; Figure 5b). Furthermore, modest NOE enhance-
ments can be observed even on the small amounts of 5a present
in these solutions. These NOEs, while weak, did aid in
assigning the peaks as labelled in Figure 5b and demonstrate
that the blue-labelled eLW peaks in Figure 5 are indeed on the
same molecule, and that this is distinct from pLW 4a as studied
previously by NOE [21]. Thus, NMR, while not conclusive on
its own, was able to provide additional support for our struc-
tural assignment.
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UV–vis spectra taken of eLW solutions generated by bulk elec-
trolysis in acetonitrile and acetonitrile-d3 were compared
against photoirradiated (pLW) solutions. No difference was ob-
served in the UV–vis spectrum of the LW isomer prepared from
either photolysis or electrolysis of solutions of 1b (as expected
due to symmetry). The λmax for the 2b photogenerated solution
was at 574 nm in acetonitrile and acetonitrile-d3. The electro-
generated 2b λmax at 573 nm in both solvents differed by only
1 nm, within error limits of our instrumentation. For 4a/5a the
λmax in acetonitrile-d3 was 539 nm for the photolyzed solution
(4a) versus 529 nm for the electrolyzed (5a). Similarly, for 4b
and 5b, the photolyzed λmax in acetonitrile was 558 nm versus
549 nm for the electrogenerated and was 564 nm versus the
electrogenerated 550 nm in acetonitrile-d3. The differences in
the UV–vis spectrum of about 10 nm between eLW and pLW
isomers of QSHDs 3 indicated a similar length for the conju-
gated system but a significant enough difference to indicate dif-
ferent species. This is consistent with the formation of two
constitutional LW isomers that are structurally similar yet
distinct, as the difference in absorbance would be expected to
be noticeable but not large. Observation of no difference in the
UV–vis spectrum of the LW isomer prepared from either pho-
tolysis or electrolysis of solutions of 1b (able to only form one
LW isomer, 2b) supports the formation of two different LW
isomers for 3a,b rather than attributing the small spectral
changes to the presence of electrolyte in the electrolyzed solu-
tions, to an interaction with air, or to a side reaction in solution.
The shorter wavelength for electrogenerated 5a,b may result
from slightly less planarity and decreased conjugation versus
the photogenerated 4a,b. The additional ortho-methyl group in
5b may exacerbate this sterically, and/or could contribute an
inductively donating effect.

Finally, the thermal reversion of eLW 5a,b was visually and
spectroscopically obvious to have begun within a few minutes,
and to be complete within 12–18 hours. This is similar to what
we previously reported for pLW 4a,b [21]. This comparatively
slow and purely thermal reversion is consistent with the need
for a thermodynamically unfavorable intramolecular (or sol-
vent or adventitious acid/base-mediated) proton transfer to
begin the reversion mechanism, as Minkin has described [10].
Interestingly, reversion of either LW species to SW is observed
immediately upon removal of solvent, which played a role in
complicating our analysis, as the LW species cannot be isolated
as solids.

Computational analysis
As shown above, computationally predicted reduction poten-
tials [7] were in very good agreement with those determined ex-
perimentally (Table 1). The mean absolute deviation between
computational prediction and experimental measurement of

Eo
red for all SW and LW structures in Table 1 is just 21 mV

(27 mV root mean squared deviation), not far from the 14 mV
mean standard deviation in the experimental measurements.
This demonstrates that the computational correlation employed
is useful in structural assignment and accurate within a stan-
dard of error of the experimental reduction potentials of these
spirohexadienones’ different constitutional SW and LW
isomers.

Density functional theory (DFT) calculated molecular orbitals
(MOs, e.g., Figure 6 and Supporting Information File 1) indi-
cate that the LUMO (MO 106 for 3a) lies exclusively on the
dienone moiety both in 1b and in the quinazolinespirohexa-
dienone photochromes 3a,b. Thus, the dienone moiety is likely
the electrophore in the SW in all PSHD and QSHD switches,
just as Minkin [10] specifically asserted for 1a. These diagrams
also suggested to us that QSHDs 3 might also undergo an ECE
mechanism similar to PSHDs 1, as we have now confirmed ex-
perimentally.

Figure 6: HOMO (MO 105, red and blue) and LUMO (MO 106, green
and yellow) computed for 3a in its ground (S0) state. Similar results
were observed for the frontier orbitals of 1b and 3b (see Supporting
Information File 1).

Having conclusively demonstrated the differential regiospeci-
ficity of photochromic vs electrochromic ring-opening of the
QSHDs (Scheme 3) by experiment, we next sought to under-
stand why SW would open differently upon excitation to SW*
vs reduction to SW•−. We turned to computation (of 3a, 4a, and
5a) for an explanation. Due to large differences in the methods
for calculating excited and ground-states, the triplet T0 state
was used instead of the singlet S1 state as the photochemical
intermediate (SW*) for computational purposes. Since T0 is the
lowest energy triplet state, it is amenable to a ground-state com-
putation. While the real SW* photochemical intermediate may
likely be the first singlet excited state (S1), T0 and S1 possess
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Scheme 3: Proposed mechanism for differential formation of pLW (4) and eLW (5) from SW (3).

equivalent orbital occupancy and differ only in their spin state.
Our rationale for using T0 rather than S1 is that ignoring elec-
tron-exchange interaction introduces substantially less error
than using different computational methods when comparing
orbitals of SW* to those of SW and SW•−. Using S1 for SW*
would require unbalanced ground and excited-state calculations,
e.g., time-independent and time-dependent density functional
theories, or single-reference and multi-reference methods. How-
ever, using T0 for SW* is a straightforward ground-state calcu-
lation, as are the calculations of D0 (the radical anion) and S0.

Clearly, as shown in Figure 7, the difference in reduction vs ex-
citation is the occupancy in what was formerly the HOMO of
SW. Because S0 is the common precursor to both T0 and D0,
analysis of the S0 MOs was used to explain differences in the
electron distributions that lead to two different products upon
either excitation to form SW* (yielding pLW 4) or reduction to
form SW•− (yielding eLW 5). This approach of using the S0
MOs was validated computationally, as we found there is little
change in the character and relative energies of the MOs among
S0, T0, and D0. The calculated isosurface generated for the S0
highest occupied molecular orbital (HOMO), MO 105, and

Figure 7: Frontier orbital occupancies of relevant electronic states of
3a. Note: the photochemical excited state may be T0 (as pictured) or
perhaps more likely S1 (inverted spin in molecular orbital 106 relative
to T0), but T0 is more computationally tractable and is equivalent to S1
for orbital occupancy arguments.

lowest unoccupied molecular orbital (LUMO), MO 106, of 3a
are displayed in Figure 6. MO 105 allows for a direct compari-
son of the T0 and D0 electron distributions, as these two states
differ only in the population of this orbital. There is more
contribution from this MO to the N–C bond (hereafter desig-
nated the benzoN–C bond, cf. Scheme 3) of the nitrogen on the
benzo ring of the quinoline moiety than the N–C bond of the
nitrogen off the heterocyclic ring of the quinoline moiety (here-
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Table 2: Computed bond lengths and bond orders of the relevant N–C bonds for photochromic (T0) and electrochromic (D0) ring-opening of 3a.
Bolded (longer and weaker) bond is the one that is cleaved in each case.

State Bond Bond order Bond length (Å) Consider for

S0 benzoN–C 0.9425 1.478 thermal LW/
S0 heteroN–C 0.9346 1.478 solvatochromism

D0 benzoN–C 0.8879 1.508
electrochromism

D0 heteroN–C 0.8738 1.513

T0 benzoN–C 0.8143 1.546
photochromism

T0 heteroN–C 0.8834 1.503

after referred to as the heteroN–C bond, cf. Scheme 3). This
asymmetrical MO contribution is consistent with experimental
observations. The absence of an electron from this orbital 105
in the case of T0 results in the preferential weakening of the
benzoN–C bond over the heteroN–C bond. The formation of
pLW from SW (T0) results from the breaking of this weaker
bond. More electron density in the benzoN–C bond in orbital
105 might possibly suggest a stronger bond when the orbital is
fully filled (as in D0), and could suggest that the heteroN–C
bond might be the more likely to rupture upon reduction to
SW•−.

It is common to think of thermal ring-opening as looking more
like that of the biradical (T0 or S1) than of the radical anion
(D0), so we might have presumed the structure of any thermal
or solvatochromic LW isomer that occurred to have been that of
pLW (4). However, the same rationalization that more electron
density in the benzoN–C bond in orbital 105 might possibly
suggest a stronger bond relative to the heteroN–C bond when
the orbital is fully filled in S0 is how we rationalize our obser-
vation that it is eLW (5b) that occurs in the only case where we
see a purely thermal or solvatochromic cleavage. In turn we can
then rationalize on the basis of sterics (R = Me vs H) that it is
logical that this thermal or solvatochromic rupture might only
be observable in 3b (R = H) but not 3a (R = Me). This is in
good agreement with our experimental observations.

Our rationalization based on molecular orbitals was confirmed
by looking at both bond lengths and bond orders of the two
relevant N–C bonds in SW•− and SW*. Bond order calculations
provide a more quantitative explanation for the experimental
observation. Because bond stability correlates to bond order, it
is expected that the N–C bond which breaks upon forming the
LW product would possess a smaller bond order. The BO calcu-
lations for intermediate states T0 and D0 indeed support this
prediction. Table 2 summarizes the results of BO calculations
for both bonds in these states. Since geometry plays a critical
role in the stability of bonds, only BO calculations done from
optimized geometries for each state are displayed. As shown in

Table 2, heteroN–C has a greater bond order than benzoN–C in
T0, while the relative magnitude of these bond orders is
reversed in D0. This is consistent with the formation of eLW 5a
from 3a•− D0 (breaking the heteroN–C bond) and pLW 4a from
SW* 3a*, modelled as T0 (breaking the benzoN–C bond) as
shown in the proposed mechanism in Scheme 3. Finally, bond
lengths were derived from geometry optimizations for D0 and
T0 with and without solvent and are also included in Table 2.
There is an obvious inverse relationship between calculated
bond orders and bond lengths. For D0, a longer bond length is
observed for heteroN–C while a longer bond length is observed
for benzoN–C in T0. These results, regardless of solvent or gas-
phase considerations, are consistent with the discussion above.
In the cases of both D0 and T0, the longer bond is the one
broken in the isomerization of SW 3a to eLW 5a and pLW 4a,
respectively. Similar results are also observed for S0. Though
the differences are much more modest in S0, the heteroN–C
bond is computed to be both longer and weaker, as in D0, and
thus it makes sense that any thermal or solvatochromic LW is
the eLW isomer.

Conclusion
While moving from PSHD (7) to QSHD (3) increased ΔEo

red
between SW and pLW isomers, and therefore capacity to gate
photoinduced charge transfer, by about 130 mV, the excited
state reduction potential E*red of pLW 4 remains < +1.0 V vs
SCE, insufficient to oxidize most donor molecules of relevance
to materials applications. If our photochromic photooxidants are
to be effective in real systems, the pLW will need to be made
more electron deficient. Our computational predictions of the
reduction potential [22], unfortunately not completed until after
preparing the present system, were our first insight into the fact
that electrochemical ring-opening was not yielding the struc-
ture we had previously proven for the photochromic pLW. We
have thus demonstrated these computation’s practical utility in
a real-world experimental situation, as well as their suitably
high degree of accuracy. We are therefore hopeful they can help
guide our search for practical photochromic photooxidants, with
a more reducible pLW*.
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For now, our team of undergraduate researchers has conclu-
sively demonstrated differential regiospecificity in the photo-
chromic vs electrochromic spirocyclic ring-opening of these
QSHD molecular switches to two different LW isomers. This
may provide an interesting structural framework for molecular
logic or other applications that complements the recently
reviewed photoelectrochromic properties observed in a range of
photochromic families upon the electrochemical oxidation of
either their SW or pLW isomers [24]. We have also demon-
strated that any modest amount of thermal (or solvatochromic)
coloration of the QSHDs is due to small amounts of the elec-
trochromic eLW isomer 5, rather than the photochromic pLW
(4) as we had previously surmised [21]. Finally, we have been
able to rationalize these results computationally on the basis of
bond lengths, bond orders, and molecular orbital occupancy.

Experimental
Materials
Acetonitrile was of the highest HPLC grade (used as received
or dispensed through a nitrogen-purged MBraun MBS-SPS
07-299 solvent purification system) or highest anhydrous grade
(used as received). Acetonitrile-d3 and acetone-d6 were used as
received in 1 g ampules (Cambridge Isotope Labs). Ferrocene,
tetrabutylammonioum hexafluorophosphate (TBAH), and silver
nitrate were of electrochemical grade and used as received.
Photochromes 1a,b were prepared according to the literature
[10]. Photochromes 3a,b were prepared as we previously re-
ported [21].

Instrumentation
Photochemical irradiations and UV–vis spectroscopy were per-
formed as previously described [21] on 3 mL or 4 mL argon-
purged acetonitrile solutions of 0.1 M TBAH supporting elec-
trolyte and 1–5 mM analyte, sufficient to attain signals much
greater than background over the full potential window consid-
ered.

Cyclic voltammetry was performed on a CHI Model 604a elec-
trochemical analyzer or a BAS epsilon e2 electrochemical
analyzer. (The equivalent BAS or CHI cells and electrodes
could be used on either potentiostat interchangeably, with or
without the BAS C3 cell stand.) Solutions were placed in a
glass cell and bubbled with argon to deaerate for 3–5 minutes.
Scans were taken under an argon blanket using a glassy carbon
working electrode, a platinum wire counter electrode, and a
separately sparged Ag/AgNO3 (10 mM) nonaqueous reference
electrode isolated from the working compartment with a Vycor
frit. In some cases, a bare Ag wire was used as a pseudo-refer-
ence instead. The working, reference, and counter-electrodes
were arranged in a triangle through a Teflon cell cap. Rather
than relying on either the Ag/AgNO3 reference or Ag wire

pseudo-reference, the voltammetry was corrected to a ferrocene
external reference. Ferrocene solutions were cyclically scanned
before and after each analyte experiment, beginning in the posi-
tive (oxidative) direction over an 800 mV window roughly
centered on the reduction of Fc/Fc+ redox couple at a scan rate
of 0.1–0.5 V/s, 10−4 A sensitivity, and 1 mV sample interval.
Internal resistance (iR) compensation was manually set to
95–99.5% of the measured resistance so that the peak separa-
tion for the reversible oxidation–reduction of ferrocene had a
peak separation of ca. 60 mV and good peak shape without
entering oscillation. Typical iR compensation in acetonitrile
ranged from 150–230 Ω. Photochromic solutions were cycli-
cally scanned beginning in the negative (reductive) direction at
0.1–0.5 V/s with 1 mV sample interval over an appropriate
range of potentials and current sensitivity to observe the redox
couples of either SW and LW or just LW isomers as desired,
without reaching the solvent breakdown limit. Reduction poten-
tials were taken as the half-peak potential of irreversible peaks
or the midpoint of reversible peaks, standardized versus ferro-
cene (measured before and after each analyte sample), and
corrected to versus SCE by adding 0.38 V [23]. At least seven
replicates of each data point were obtained, with the mean value
reported with error bars indicating the standard deviation from
the mean among all replicates.

Potential step bulk electrolyses were performed on 3 mL argon-
purged acetonitrile or acetonitrile-d3 solutions of 2 mM analyte
and 0.1 M TBAH. The solution was placed in a glass cell pre-
pared by cutting the top off a 7 mL scintillation vial and
fireglazing the edges. The outer rubber of a 19/22 septum was
removed with a razor blade and used to cap the vial. The rubber
had holes drilled for a reference and auxiliary electrode and a
slit cut for a 7 × 70 mm platinum mesh working electrode so
that the surface of the mesh faced the working and auxiliary
electrodes. Teflon tubing was inserted through a pinhole in the
septum for an argon purge and vent. The setup used a CHI112
nonaqueous Ag/AgNO3 reference electrode. The auxiliary elec-
trode was formed by removing the silver wire from a CHI112
nonaqueous reference electrode and replacing it with a rolled
7 × 70 mm piece of platinum mesh. The tube was filled with
supporting electrolyte. Electrolyses were run on 2 to 3 mL sam-
ples, placing the platinum mesh electrode ca. 20 mm into the
solution. To avoid the buildup of charge while maximizing cur-
rent and efficiency, solutions were set to precondition before
scanning the potential window with multiple repetitions run.
Solutions of 1b were preconditioned at −2.5 V for 5 seconds
and 0 V for 6 seconds and 16–20 repetitions run. Solutions of
3a,b were preconditioned at −2.2 V for 5 seconds and 0 V for
6 seconds with 16 repetitions. The electrolyzed solutions were
opened to air or had a chemical oxidant (benzoquinone) added
to complete the reduction of the dianion to the LW isomer.
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NMR spectroscopy was performed on samples 5 mm NMR
tubes (Wilmad) made of clear quartz (photolyzed samples) or
amber pyrex (dark samples) on a Varian Mercury or Bruker
AvanceIII 400 MHz NMR. 1H NMR experiments on 5a were
performed on an argon-purged, ca. 24 mM solution in acetone-
d6. 1D NOE spectra were collected using 400 manually inter-
leaved scans with a 4 s relaxation delay, targeting a single peak
per experiment, in a manner similar to that previously reported
[21] for photogenerated 4a,b.

Computational modeling
Predicted ground-state reduction potentials were computed
based on the energy difference of the ground-state molecule
(S0) and its one electron-reduced (D0) radical anion and our
published correlation of this energy difference with experimen-
tal reduction potentials (vs SCE in acetonitrile) [22]. Gas-phase
geometries were optimized at the B3LYP/6-31G(d) level of
theory. Single point energies were computed at the same level
of theory with implicit acetonitrile solvent implemented
using the Conductor-like Polarizable Continuum Model
with UAKS radii. These computations were performed using
the Gaussian 03 software package [25], implemented
through the WebMO [26] graphical user interface on the Curie
cluster [27] in the Hope College Computational Science &
Modeling Laboratory on a single node (a single 2.60 GHz AMD
Opteron-252 processor with 8 GB RAM and 250 GB HD).

Calculations of bond length, bond order, and molecular orbitals
to rationalize the observed differential photochromic and elec-
trochromic ring-opening of 1 to 2 and 3, respectively, were per-
formed on the Midwest Undergraduate Computation Chemistry
Consortium (MU3C) cluster [28,29]. Computations were per-
formed on a single node (dual Intel X5650 CPU, with 6 cores
running at 2.66 GHz) using the Gaussian 09 [30] software
package implemented through the WebMO [26] graphical user
interface. Restricted open-shell Hartree-Fock (ROHF) theory
[31] with the Becke 3, Lee, Yang, and Parr (B3LYP) hybrid
functional [32-34] was used for geometry optimizations, molec-
ular orbitals, and bond orders calculations with the 6-31G(d)
basis set [35] for open-shell species (T0 and D0), while conven-
tional B3LYP (with standard Hartree-Fock theory) was used for
closed-shell S0 calculations. The concerted use of ROHF and
B3LYP provides a restricted open-shell B3LYP (DFT) method,
which was particularly important to obtaining good bond orders
for open-shell (T0 and D0) species. Bond orders were calcu-
lated using the Natural Bond Order (NBO) 3.1 package [36]
contained within Gaussian 09. The geometry was first opti-
mized for the S0 state in the gas phase. Based on this starting
point, geometries for S0, T0, and the one-electron reduced D0
states were then (re)optimized with an implemented
acetonitrile conductor-like polarizable continuum model

(CPCM) as the self-consistent reaction field (SCRF) [37].
It is from these implicit solvent-optimized geometries that re-
ported bond lengths were derived. Molecular orbital and bond
order calculations were subsequently performed on these
geometries.
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Abstract
Photoswitchable oligonucleotides can determine specific biological outcomes by light-induced conformational changes. In particu-
lar, artificial probes activated by visible-light irradiation are highly desired in biological applications. Here, we report two novel
types of visible-light photoswitchable peptide nucleic acids (PNAs) based on the molecular transducers: hemithioindigo and tetra-
ortho-fluoroazobenzene. Our study reveals that the tetra-ortho-fluoroazobenzene–PNA conjugates have promising properties (fast
reversible isomerization, exceptional thermal stability, high isomer conversions and sensitivity to visible-light irradiation) as revers-
ible modulators to control oligonucleotide hybridization in biological contexts. Furthermore, we verified that this switchable modi-
fication delivers a slightly different hybridization behavior in the PNA. Thus, both melting experiments and strand-displacement
assays showed that in all the cases the trans-isomer is the one with superior binding affinities. Alternative versions, inspired by our
first compounds here reported, may find applications in different fields such as chemical biology, nanotechnology and materials
science.
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Introduction
Light-driven control of oligonucleotide hybridization has
demonstrated an enormous potential to regulate on-demand bio-
logical responses such as gene expression [1]. There are indeed
a number of successful examples based on photocaged strate-
gies [2-5], in which modified nucleic acids interfere irre-
versibly with gene expression in vitro [6,7] and in vivo [8-12].
Manipulation of gene expression demonstrated therapeutic ap-
plication – antisense chemistry [13]. Along these lines,

photopharmacology [14,15] is an emerging field that highlights
the importance of reversible photocontrollable drugs in
tomorrow’s medicine, but photoswitchable antisense research in
the context of photopharmacology is entirely unexplored.
Furthermore, reversible approaches with photoswitches will
contribute to a better understanding of biological pathways as
they would allow precise reversible spatio-temporal activation/
deactivation of the desired targets without causing a permanent

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:olalla.vazquez@staff.uni-marburg.de
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knockout. During the last years, the pioneering structural
studies of reversible photoregulation of DNA/RNA duplex
stability of Asanuma and Komiyama [16,17] have become func-
tional ones, affecting DNA/RNA cleavage [18-20], transcrip-
tion [21-23], and translation [24,25]. Except a handful of cur-
rent examples [22,24,26], most of these photoresponsive oligo-
nucleotides are canonical ones where the classical azobenzene
is the prominently used photoswitch; although spiropyrans [27],
stilbenes [28], diarylethanes [29] and overcrowded alkenes [30]
have also been employed. In vivo application demands the de-
velopment of a new generation of artificial agents to target
DNA/RNA-associated processes. These compounds must be
able to maintain their specificity and effectivity while still being
nuclease resistant, nontoxic and susceptible to light of tissue-
penetrating wavelengths. Peptide nucleic acids (PNAs) [31] are
synthetic nucleic acid analogues, in which nucleobases are
linked to a repeating N-(2-aminoethyl)glycine polyamide back-
bone. The lack of phosphate groups provides them with both
higher binding affinities to complementary DNA or RNA se-
quences and improved mismatch discrimination under physio-
logical conditions than natural ones. Furthermore, PNAs have a
straightforward chemical synthesis by Fmoc-based PNA solid-
phase synthesis and remarkable stability against nuclease- and
protease-mediated degradation [32,33]. In regard to all these
beneficial properties of PNA, they may become a promising al-
ternative to overcome the current limitations of the available
photoswitchable DNA- and RNA-based systems with potential
for in vivo applications too.

Only very few is known about the reversible hybridization of
PNAs upon irradiation [34-36]. Besides these precedents use
azobenzene-containing PNA to mainly regulate PNA/DNA
triplex helix formation by illumination at low wavelengths
(360 nm/425 nm) [35,36]. This effect was successfully
exploited for the photocontrol of transcription by T7 RNA poly-
merase in vitro [36]. In fact, such a result opens new avenues
for the investigation of other photoswitchable PNAs and
pursuing visible-light modulation. Herein, we report the design
of a versatile synthetic platform to derivatize PNAs with differ-
ent photoswitches (Figure 1), which has never been studied in
the context of PNA. After incorporation, their switching capaci-
ties and duplex formation were analyzed.

Our group has recently demonstrated that photoresponsive
peptides can affect the transcription of genes via inhibition of
histone-modifying enzymes [37]. Repression of enzymes is
achievable at nucleic acid level too. Therefore, in this project
we envision a minimal model based on the previously reported
accessible mRNA region of the class I histone deacetylase
HDAC-1: 5’-GUGAGCCAAGAAACACUGCCU-3’ to investi-
gate our photoswitchable PNAs [38]. Importantly, HDAC-1 is

Figure 1: A) Structure of the pioneering azobenzene-modified DNA
[16] compared with the photoswitchable PNA structure based on a
monomer surrogate. B) Isomerization of the molecular transducers in-
corporated and studied in this project: 1.: tetra-ortho-fluoroazobenze
(oF4Azo) and 2.: hemithioindigo (HTI).

frequently overexpressed in tumors and particularly, in prostate
cancer [39].

Results and Discussion
Initially, short 12-mer PNA probes (Table 1) complementary to
the HDAC-1 mRNA sequence were synthesized since, in
general, PNAs are active with shorter sequences than the canon-
ical analogues due to the superior binding abilities [40]. Despite
that target specificity may be compromised, 12-mer long se-
quences are a suitable starting point for our preliminary tests.
An overview of all the sequences of this study can be found in
Table 1 and Table 2.

Contrary to the previous synthetic approach of azobenzene-con-
taining PNAs [35,36,41], in which the preformed monomer
building block was used, we gained versatility using the diver-



Beilstein J. Org. Chem. 2019, 15, 2500–2508.

2502

Scheme 1: Solid-phase synthesis of photoswitchable PNAs; Aeg = N-(2-aminoethyl)glycine, Bhoc = benzhydryloxycarbonyl.

gent linear approach introduced by Seitz (Scheme 1) [42]. This
strategy enabled the straightforward access to functionalized
PNA via on-resin coupling of the corresponding photoswitch in
good yields. Of note, this post-synthetic modification is com-
patible with base sensitive compounds, which undergo degrada-
tion under standard Fmoc deprotection conditions. As it is
common for PNAs, our oligomers have an acetylated
N-terminus and a C-terminal carboxamide group. After comple-
tion of the PNA sequences, the orthogonally protected back-
bone module [2-(N-Alloc)aminoethyl]glycine residue
–Aeg(Alloc)– was selectively deprotected in the presence of
Pd(OAc)2, Ph3P, NMM, PhSiH3 in CH2Cl2 for 2 h. Subse-
quently, carboxy photoswitches were introduced using Oxyma
and N,N’-diisopropylcarbodiimide (DIC) as coupling agent.

We explored two different types of photoswitches (Figure 1B):
1) second generation azobenzenes based on the tetra-ortho-
fluoroazobenze (oF4Azo) developed by Hecht [43] and
2) hemithioindigos (HTI) rediscovered by Rück-Braun [44] and
Dube [45], which have not been studied in the context of DNA/
RNA as molecular transducer yet. Both compounds were com-

patible with the standard TFA/m-cresol/H2O (90:5:5) acido-
lysis yielding the photoswitchable PNA conjugates. These and
all further studied PNAs in this work (Table 2) were purified by
reversed-phase (RP) HPLC and fully characterized. Analogous
compounds lacking the photoswitch were used as controls.

First, the photochromic behavior of the newly synthesized
modified PNAs (Table 1, compound 3 and 4) was investigated
and compared with the corresponding photoswitchable PNA
monomers (Table 1, compound 1 and 2).

Apart from the expected increase of the band at 260 nm due to
the aromatic base moieties within the PNAs, UV–vis spectros-
copy of 20 μM solutions in phosphate buffer (10 mM
NaH2PO4, 150 mM NaCl, pH 7.4) confirmed that PNA incor-
poration did not significantly affect the photochromism (Figures
S24, S20, S30 and S33, Supporting Information File 1). This
verifies the integrity of the chromophores after the cleavage
from the solid support. Among the initial studied photoswitch-
able PNAs, the PNA12(oF4Azo) (3) displayed the most promis-
ing properties as reversible modulator of oligonucleotide
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Table 1: Isomerization conversions at the photostationary state (PSS).

Compound Isomer ratioa [%]

Ac-Aeg(oF4Azo)CONH2 (1) trans 91
cis 90

Ac-Aeg(HTI)CONH2 (2) trans 50
cis 99

PNA12(oF4Azo) (3):
Ac-ggcagAeg(oF4Azo)gtttct-CONH2

trans 95
cis 82

PNA12(HTI) (4):
Ac-ggcagAeg(HTI)gtttct-CONH2

trans 47
cis 93

aIsomer ratios of a 20 µM solution of the corresponding compound in
phosphate buffer (10 mM NaH2PO4, 150 mM NaCl, pH 7.4) were de-
termined at the isosbestic point (275 nm, for oF4Azo and HTI) by
RP-HPLC; irradiation to obtain the cis-isomer at PSS: 520 nm for
10 min and the trans-isomer at PSS: 405 nm for 2 min. Mean values
derived from two independent experiments; Aeg = N-(2-
aminoethyl)glycine.

hybridization. Thus, it displayed the fastest reversible isomeri-
zation (≈2 s for cis → trans and ≈120 s for trans → cis at these
conditions, Figure S24C, Supporting Information File 1) with-
out any signs of photodegradation and photochemical fatigue up
to 20 cycles under visible-light irradiation. Regarding the
photoconversion rat ios between isomers (Table 1) ,
PNA12(oF4Azo) (3) had the best ratios. However, the large sep-
aration between the n → π* bands of the trans and the cis-forms
(Δλ = 69 nm; Figure S24, Supporting Information File 1) did
not lead to the quasi-quantitative conversion for the cis-isomer,
as for the photoswitchable PNA monomer 1 and the molecular
transducer [43,46]. This slightly lower cis ratio was also re-
ported in photoswitchable peptides and DNA binders equipped
with oF4Azo [47,48].

Regarding stability, the cis-PNA12(oF4Azo) (3) was stable at
least for 24 h at 37 °C, while under the same conditions the
thermodynamically unstable isomer of PNA12(HTI) (4) reverted
after 6 h at room temperature in the dark according to UV–vis
measurements (Figure 2 and Figure S32, Supporting Informa-
tion File 1). The thermal relaxation of the cis-PNA12(oF4Azo)
(3) was slow even at high temperatures (Figures S27 and S28,
Supporting Information File 1). Furthermore, RP-HPLC chro-
matograms of its cis-form did not show any decomposition
under these conditions (Figure S27C, Supporting Information
File 1), unlike when the oF4Azo was grafted onto a pyrrole
scaffold [48].

Next, we explored if the inclusion of oF4Azo as monomer
surrogate within the PNA sequence could affect its hybridi-

Figure 2: Time-dependent conversion to the thermodynamically stable
isomer of PNA12(oF4Azo) (3; green triangles) and PNA12(HTI) (4; red
circles). 20 µM solutions of the corresponding compound in phosphate
buffer (10 mM NaH2PO4, 150 mM NaCl, pH 7.4) were irradiated to
obtain maximal cis (oF4Azo, 520 nm, 10 min) or trans (HTI, 405 nm,
2 min) and stored in the dark. PNA12(oF4Azo) (3) was also measured
with continuous heating at 90 °C (gray squares). UV–vis spectra were
collected at different time points during 10 h. Curves derived were
calculate from two independent experiments where the value of the ab-
sorbance at 304 nm (for 3) or at 442 nm (for 4) was measured.

zation to a complementary DNA. For this purpose, we decided
to measure thermal melting curves. Beforehand we verified the
photostability of cis-PNA12(oF4Azo) (3) in the temperature
ramp from 20 °C to 90 °C by UV–vis spectroscopy. We ob-
served that the cis-isomer was always stable during the whole
temperature range (Figure S27B, Supporting Information
File 1). Remarkably, its time-dependent conversion to the trans-
PNA12(oF4Azo) (3) at 90 °C was surprisingly slow (Figure 2
and Figure S28, Supporting Information File 1) in contrast to
the reported cis-azobenzene tethered oligonucleotides [49].
Therefore, such unique characteristic allowed the irradiation of
the photoswitchable PNA before hybridization (see Supporting
Information File 1 for the detailed procedure). Thermal melting
profiles showed single sigmoidal transitions (Figure 3 and
Figures S37–S45, Supporting Information File 1), which
enables the calculation of the melting temperatures (TM) by the
analysis of the first derivative [50]. TM values are summarized
in Table 2.
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Figure 3: A) Melting curves of a 1 µM duplex solution in phosphate buffer (10 mM NaH2PO4, 150 mM NaCl, pH 7.4) of the PNA (18 = yellow solid
line; 19 = grey solid line; 9 = brown, cis dashed line, trans solid line; 10 = purple, cis dashed line, trans solid line and the complementary ssDNA
(5’-GTG AGC CAA GAA ACA CTG CCT-3’)). The melting curves were duplicates from two independent experiments combining 3 cycles of measure-
ments from 20 °C to 95 °C at 260 nm without pre-hybridization. B) Melting temperatures (TM) obtained by the first derivative of the data in A.

Table 2: Melting temperatures (TM) of the duplex between the PNAs and the complementary ssDNA (5’-GTG AGC CAA GAA ACA CTG CCT-3’).

Sequence TM [°C]
cis trans

3 Ac-ggcagAeg(oF4Azo)gtttct-CONH2 50.5 ± 0.04 50.5 ± 0.02
5 Ac-ggcagAeg(Ac)gtttct-CONH2 44.3 ± 0.4

6 Ac-Lys-Aeg(oF4Azo)gcagtgtttcttgg-Lys-CONH2 70.8 ± 0.3 70.6 ± 0.2
7 Ac-Lys-ggAeg(oF4Azo)agtgtttcttgg-Lys-CONH2 61.4 ± 0.5 62.4 ± 0.4
8 Ac-Lys-ggcagtAeg(oF4Azo)tttcttgg-Lys-CONH2 56.8 ± 0.5 57.1 ± 0.4
9 Ac-Lys-ggcagtgtttcttgAeg(oF4Azo)-Lys-CONH2 70.4 ± 0.8 72.1 ± 0.4
10 Ac-Lys-ggcAeg(oF4Azo)gtgtttcAeg(oF4Azo)tgg-Lys-CONH2 ≈40.6a ± 1.0 44.3 ± 0.8
11 Ac-Lys-ggAeg(oF4Azo)agtgAeg(oF4Azo)ttctAeg(oF4Azo)gg-Lys-CONH2 n.c. n.c.

12 Ac-Lys-Aeg(Azo)-gcagtgtttcttgg-Lys-CONH2 71.5b ± 0.7 71.5 ± 0.4
13 Ac-Lys-ggAeg(Azo)agtgtttcttgg-Lys-CONH2 62.7b ± 0.3 63.0 ± 0.3
14 Ac-Lys-ggcagtAeg(Azo)tttcttgg-Lys-CONH2 57.3b ± 0.3 58.0 ± 0.3
15 Ac-Lys-ggcagtgtttcttgAeg(Azo)-Lys-CONH2 70.0b ± 0.8 73.2 ± 0.3
16 Ac-Lys-ggcAeg(Azo)gtgtttcAeg(Azo)tgg-Lys-CONH2 42.1b ± 0.6 44.5 ± 0.6
17 Ac-Lys-ggAeg(Azo)agtgAeg(Azo)ttctAeg(Azo)gg-Lys-CONH2 n.c. n.c.

18 Ac-Lys-ggcagtgtttcttgg-Lys-CONH2 74.8 ± 0.3
19 Ac-Lys-tgagtgcgtctgttg-Lys-CONH2 n.c.

20 Ac-ggcagtgtttct-CONH2 64.5c

aThis value might be approximate according to its 1st derivative (Figure 3B); bPNA and ssDNA (5’-GTG AGC CAA GAA ACA CTG CCT-3’) were
isomerized to the cis-form after hybridization, following reported procedures [36]; ctheoretical value calculated by PNA Bio Tools
(http://www.pnabio.com); n.c. = not calculated. Mean values derived from two independent experiments; Aeg = N-(2-aminoethyl)glycine.

The incorporation of the visible-light responsive azobenzene
(PNA 3) stabilized the duplex in comparison with the Aeg(Ac)-
modified analogue 5. However, the TM of 3 is 14 °C lower than
the one calculated for the unmodified PNA analogue (20).
Unfortunately, no difference between isomers was observed.

The potential of the functionality of our compounds could be
enhanced by both changing the localization and the number of
incorporated photoswitches. To try to maintain the cooperative
base pairing, we synthesized longer PNA conjugates (6–11, 18
and 19) with flanking lysines, which improved the solubility of

http://www.pnabio.com
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Table 3: Normalized increase of fluorescence signal derived from the strand-displacement assays.a

Compound Fluorescence increase at 37 °C [%] Fluorescence increase at 30 °C [%]

15-mer FAM-ssDNA 11-mer FAM-ssDNA
cis trans cis trans

6 36.8 ± 1.2 36.3 ± 1.3 69.9 ± 3.4 75.8 ± 2.6
7 43.1 ± 1.7 45.9 ± 1.0 78.1 ± 4.3 82.1 ± 1.2
8 44.0 ± 2.0 45.0 ± 1.3 67.0 ± 0.9 72.7 ± 1.9
9 46.1 ± 1.3 49.0 ± 1.5 84.7 ± 2.1 82.7 ± 3.5
10 n.d. n.d. 37.8 ± 2.2 46.3 ± 2.2
11 n.d. n.d. n.d. n.d.

18 98.8 ± 1.4 94.5 ± 3.1
19 17.0 ± 0.4 27.9 ± 3.2

FAM-ssDNA 100 100
backgroundb 0 0
BHQ/FAM-dsDNA 24.5 ± 0.3 36.6 ± 0.3

aPercentages calculated according to the measured endpoint (8 h) fluorescence intensity values and considering the FAM-ssDNA intensity as 100%;
bit represents the measurement of the PBS buffer: 140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 8.0. Mean values derived from
two independent experiments; n.d. = no displacement observed.

the probes. In addition, we compared our probes with the ones
that contained the classical unmodified azobenzene moiety
(Azo) (PNA 12–17). The lower stability of the unmodified cis-
Azo forced us to perform the isomerization after duplex hybrid-
ization, which resulted in only a constant 36% cis-isomer rate.
The obtained TM values suggested that the localization of the
oF4Azo affects both the duplex stability and isomer differences.
Thus, the incorporation of oF4Azo near the center of the PNA
(7 and 8) sequence dramatically destabilized the PNA/DNA
duplex (ΔTM = 18 °C), which agrees with excellent capacity of
PNAs for effectively discriminate between single base
mismatches. However, when the exchanged base is at either the
N- or C-terminus of the PNA (6 and 9) the effect is not that
dramatic. As reported in the precedent of azobenzene-PNA
[51], the C-terminus modification displayed the highest isomer
difference but modest, in our case. Furthermore, always when a
clear difference between isomers was detected, the duplexes
containing the trans-oF4Azo were more stable than those with
the cis-form. In addition, we tested PNAs with the photoswitch
at two (10) and three positions (11). The TM uniformly de-
creased with the number of oF4Azo to the point that the probe
11 with three oF4Azo behaved as the scramble PNA control 19;
this means, it did not form a stable duplex. More interestingly,
we could observe an improved TM difference between the
trans- and cis-PNA15(oF4Azo)2 10 (up to ≈3.7 °C), which was
the best for our system.

Azobenzene (Azo)-containing PNAs behaved similarly to
PNA(oF4Azo) (Table 2), which verified that the fluorine substi-
tution did not affected the binding properties. The differences

between isomers were also qualitatively consistent with a slight
improvement for the case of the dual-labelled PNA(oF4Azo) 10.

To corroborate our results, we developed a strand-displacement
assay using fluorescence as readout. We designed a system
based on three molecules (Figure 4): a black hole quencher
(BHQ)-labelled single-strand (ss) DNA template, a complemen-
tary fluorescein (FAM)-labelled ssDNA and the PNA of
interest. In this framework, the PNA could bind the BHQ-
ssDNA; thus, its addition to the quenched BHQ/FAM-DNA
duplex would trigger an exchange reaction and the release of
the FAM-ssDNA. The FAM probe and the PNAs shared the
same 15 base-pair sequence (Table S2, Supporting Information
File 1). Fluorescence spectroscopy determined the hybridi-
zation degree and, in turn, the effect of the photoswitch.

Figure 4: Outline of the displacement assay principle, in which a
photoswitchable PNA probe (blue) hybridizes to a complementary
quencher-labelled single-stranded (ss) DNA (black) and replaces a
fluorescent-labelled ssDNA (grey); F = fluorescein; Q = black hole
quencher; blue rectangle = tetra-ortho-fluoroazobenzene moiety.

After optimization, we found the following conditions: 0.75 μM
quenched double-stranded (ds) DNA, 2 equiv PNA for 8 hours
at 37 °C, as the best ones for our assay performance. As ex-
pected, the formed FAM/BHQ-dsDNA quenched effectively the
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Figure 5: Time-dependent fluorescence signals from two independent experiments at 520 nm of 0.75 μM FAM/BHQ-dsDNA solutions in PBS buffer
(140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 8.0) with 2 equiv of the corresponding PNAs 6–11, 18 and 19 placed in 96-well
plates and covered with paraffin oil; fluorescence intensities were measured every 5 min during 12 h at 30 °C; PNA code: 6: blue, 7: green, 8:
maroon, 9: brown, 10: purple, 11: coral, 18: yellow and 19: gray; solid line for trans-isomers and dashed line for cis-isomers. Black lines controls:
solid: FAM-ssDNA without PNA and under the same conditions; dashed: BHQ/FAM-dsDNA.

fluorescence of FAM-ssDNA (Figure S46, Supporting Informa-
tion File 1), which was quantitatively restored in the presence of
the unmodified PNA 18. The effect of the scrambled PNA 19 is
the opposite, i.e., signal decrease. We determined a slightly
lower fluorescence value than in the case of BHQ-ssDNA; this
can be probably attributed to the quenching ability of both PNA
probes [52]. Along these lines, the quenching ability of oF4Azo-
containing PNA was evaluated (Figure S46, Supporting Infor-
mation File 1; Table 3) and neglected because of the low
impact.

Regarding the photoswitchable PNAs, we observed a correla-
tion between the TM and the increase of fluorescence in the dis-
placement-strand assays. Thus, the general trend is: the higher
the TM is, the better is their strand-exchange ability (higher
exchange and faster) (Table S3, Supporting Information File 1).
PNAs 10 and 11 bearing two and three oF4Azo moieties, re-
spectively, did not cause an increase of fluorescence. While
such result was expected for 11, according to the melting exper-
iments, the unfortunate outcome of 10 could be probably attri-
buted to its low TM in comparison with the quenched dsDNA
one (≈40 °C versus 61.5 °C; Table 2, Figure S37, Supporting
Information File 1). This would also explain the incomplete dis-
placement (<50%, Table 3, left) for all modified PNAs. In order
to improve our method, we tested a shorter 11-mer FAM-
ssDNA provided with a toehold under lower temperatures (30
°C). This overhang together with the length of the labelled
oligonucleotide must accelerate the strand exchange [53].
Indeed, the displacement was facilitated, reaching almost quan-
titative exchanged (70–85%; Table 3, right) with faster kinetics

(Figure 5B) without compromising the specificity of the system.
More importantly, this new set up led to slightly higher differ-
ences between isomers and pointed out the dual-labelled probe
10 as the best one, which is consistent with the melting experi-
ments (Table 2 and Figure 3). Among the single mutated PNAs,
those with lower TM, displayed the best performance in our
kinetics studies (Figure 5B).

Finally, in an attempt of gaining insight into the general low
photoresponsivity, we performed CD (Figure S53, Supporting
Information File 1) and UV–vis (Figures S54 and S55, Support-
ing Information File 1) experiments. The joint-evaluation of
these results suggested that the photoswitch is located inside of
the PNA–DNA duplex (Figure S53, Supporting Information
File 1) but it may not effectively intercalate since pre-hybridi-
zation did not affect the isomerization efficiency (Figure S55,
Supporting Information File 1). This would explain the low ob-
served photoresponsivity.

Conclusion
We have successfully synthesized two novel types of visible-
light photoresponsive PNAs by coupling on-resin the corre-
sponding molecular transducer. In particular, we focused on the
tetra-ortho-fluoroazobenzene (oF4Azo) and the hemithioindigo
(HTI) photoswitches; the latter has not been studied in the
context of photoregulation of oligonucleotides before. The
UV–vis measurements of these probes suggested that the
PNA(oF4Azo) displayed superior photochemical properties to
control oligonucleotide hybridization by irradiation. Thus, for
the case of the PNA(HTI) just 47% of trans-isomer was
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detected upon irradiation at 405 nm. In addition, the stability of
this isomer is compromised. On the contrary, PNA(oF4Azo)
had better conversions and high stability of the non-thermody-
namically isomer, even at 90 °C. Both melting experiments and
strand displacement assays demonstrated that mismatches had a
dramatic effect on the binding affinity of the PNA, which was
slightly compensated by the incorporation of oF4Azo. We ob-
served modest, yet clear, differences in the formation of PNA/
DNA duplexes depending on the number and the localization of
the oF4Azo. Further work on increasing the photoresponsivity
by exploring different connectors and approaches beyond the
base-surrogate approaches is necessary. However, we first
demonstrated the great potential oF4Azo in the context of both
PNA and oligonucleotide hybridization. Thus, we believe that
the excellent photochemical properties of the oF4Azo together
with the use of the visible-light irradiation may overcome some
of the current limitations for in vivo photoregulation of gene
expression and related enzymatic reactions in the near future.
Besides, having at our disposal such antisense probes, whose
activation is reversibly controlled, will contribute to the deci-
phering of biological pathways. Furthermore, the exceptional
stability of the cis-isomer may open new venues of this artifi-
cial photoswitchable oligonucleotide in other fields different
from life science such as nanotechnology and materials science.

Supporting Information
Supporting Information File 1
Detailed experimental procedures, synthesis,
characterization data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-243-S1.pdf]
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Abstract
We report a detailed structure–activity relationship for the scaffold of VUF16216, a compound we have previously communicated
as a small-molecule efficacy photoswitch for the peptidergic chemokine GPCR CXCR3. A series of photoswitchable azobenzene
ligands was prepared through various synthetic strategies and multistep syntheses. Photochemical and pharmacological properties
were used to guide the design iterations. Investigations of positional and substituent effects reveal that halogen substituents on the
ortho-position of the outer ring are preferred for conferring partial agonism on the cis form of the ligands. This effect could be
expanded by an electron-donating group on the para-position of the central ring. A variety of efficacy differences between the trans
and cis forms emerges from these compounds. Tool compounds VUF15888 (4d) and VUF16620 (6e) represent more subtle effi-
cacy switches, while VUF16216 (6f) displays the largest efficacy switch, from antagonism to full agonism. The compound class
disclosed here can aid in new photopharmacology studies of CXCR3 signaling.
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Introduction
Photopharmacology is an emerging discipline at the interface of
medicinal chemistry and photochemistry. Classical medicinal
chemistry approaches make use of small-molecule ligands
binding a target protein, thereby modifying its activity.

Photopharmacological approaches use light-sensitive photo-
chromic ligands that provide an advantageous and more precise
pharmacological alternative, especially with respect to spatial
and temporal precision [1,2]. Photochromic ligands usually
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contain a molecular photoswitch (photoswitchable moiety) that
under certain wavelengths of illumination undergoes an isomer-
ization event, thereby changing the properties of the molecule
and the binding affinity for the target protein [3-5] or the
intrinsic functional activity (efficacy) [6,7]. Despite the consid-
erable number of photoswitches reported to date, such as
spiropyrans, diarylethenes, fulgides or azobenzenes, the most
widely used moiety in the photopharmacology is the latter one.
One of the main reasons is that an azobenzene has a relatively
simple structure that can resemble various biaryl moieties of
bioactive compounds: two aromatic rings linked with a bridge
(e.g., amide, ether, alkane or alkyne) [8]. In the case of azoben-
zene the bridge is a diazene group (also called azo group) and
depending on the wavelength of illumination, a linear trans-
isomer or a bent cis-isomer can be obtained [9]. If certain biaryl
moieties are replaced by an azobenzene (i.e., azologization ap-
proach), there is a relatively good chance that one of the result-
ing photoisomers will have a spatial disposition similar to the
original biaryl unit and, therefore, a similar biological activity
that might change upon isomerization of the azobenzene [8].
The second reason for the success of azobenzene in the
photopharmacology field is the robust photoisomerization. It
provides typically high yields of photoisomerization with rela-
tively low intensity of light and minimal photobleaching even
over hundreds of cycles. A third reason is the relatively high
synthetic accessibility to azobenzenes. All these properties
make azobenzene compounds ideal molecular photoswitches to
control protein activity and physiological events with light.

A number of protein targets have been explored with photo-
chromic small-molecule ligands, such as ion channels, micro-
tubules, enzymes and GPCRs (G protein-coupled receptors)
[1,10]. We focus our photopharmacology research on GPCRs
[3,7,11], which constitute a superfamily of membrane proteins
that regulate many physiological processes [12]. Despite the
high relevance of GPCRs both functionally and as a drug target
[12], the first synthetic GPCR photochromic small-molecule
ligands appeared only five years ago [13-15]. Since then,
photopharmacology has been explored on GPCRs targeted
endogenously by small molecules [3,4,11,16-20], small
peptides [5,13] and larger peptides [7,21,22]. Most of the
targeted GPCRs belong to the three rhodopsin-, secretin- and
glutamate-like subfamilies and involve GPCRs that endoge-
nously bind small-molecule ligands [10]. The ensuing photo-
chromic GPCR ligands are usually orthosteric and the photo-
switching generally affects the functional potency [4,11,23]
and/or the binding affinity [3-5,11] of the ligand (Figure 1A).
However, as mentioned, GPCRs that endogenously bind large
molecules (large peptides or proteins) can be also targeted by
allosteric photochromic ligands. In an initial communication
[7], we recently reported a photochromic ligand class that is

based on azologization of a biaryl ligand class [24] and that
activates the chemokine CXCR3 receptor (CXCR3), a GPCR
endogenously activated by large peptides CXCL9, CXCL10
and CXCL10 and involved in inflammatory responses. In fact,
the six compounds reported in that study represent the first pho-
tochromic small-molecule class that harbors a dynamic effi-
cacy photoswitch (from antagonism to agonism) on a
peptidergic GPCR (Figure 1B). Here, we report the rationale
and synthetic strategies behind this series of compounds, a
detailed analysis of the molecular determinants that control the
efficacy of the ligands (SAR, structure-activity relationship)
and a toolbox of pharmacologically useful photoswitchable
small-molecule CXCR3 agonists.

Results and Discussion
Azologization design
The chemokine receptor CXCR3 is endogenously activated by
the chemotactic peptides CXCL11, CXCL10 and CXCL9. Syn-
thetic small-molecule ligands can also bind to CXCR3 [25].
Multiple small-molecule CXCR3 antagonist scaffolds have
been disclosed but small-molecule CXCR3 agonists are scarce
and are mostly limited to peptidomimetics [25], which makes
our published biaryl series a notable exception [24]. The
general scaffold of these biaryl ligands consists of a polycy-
cloaliphatic anchor and a biaryl moiety both linked to an ammo-
nium ion. Depending on the substitution pattern of this biaryl
moiety, a broad spectrum of efficacies for CXCR3 can be ob-
tained, i.e., from antagonists to partial agonists and full agonists
(Figure 1C) [24]. Meta and para-substitution yields antagonists
(exemplified by 1a,b), while ortho-substitution with halogen
atoms provides agonists, exemplified by partial agonist 1c and
equal full agonists 1d and 1e (VUF11418, Figure 2A). A tenta-
tive explanation for this efficacy switch includes a variation of
the dihedral angle of the biaryl moiety, an increase of the elec-
tron density in the biaryl unit and/or a postulated halogen bond
of the halogen substituent to the binding site of the receptor
[24].

In order to obtain an efficacy photoswitching, we opted for
replacing the biaryl moiety for an azobenzene in an azologiza-
tion approach (Figure 1D) with the expectation that the isomeri-
zation of the azobenzene would provide changes in 3D shape
that are similar to those observed in the biaryl series. To rein-
force this hypothesis, molecular alignments were performed
with Molecular Operating Environment (MOE) software [26] in
which 1e was used as a model for full agonism (Figure 2). Its
3D structure was superposed with both the trans and cis-
isomers of parent azobenzene compound 2a allowing flexi-
bility of the molecules except for the conformation of the trans
and cis-azobenzene moieties, which were fixed in the lowest
energy conformation to ensure a shape that has also been vali-



Beilstein J. Org. Chem. 2019, 15, 2509–2523.

2511

Figure 1: Design of the CXCR3 efficacy photowitchable ligands. A,B) Schematic representation of a GPCR photochromic ligand that photoisomerizes
and thereby photoswitches (A) binding affinity and/or (B) functional efficacy. Red represents the inactive GPCR, while green represents the active
GPCR. C) General structure and exemplary functional dose-response curves of the parent biaryl family of CXCR3 ligands disclosed in Wijtmans et al.
[24], in which ortho substitution on the outer aromatic ring gives partial or full agonists, while meta substitution provides antagonists. D) Azologization
of the biaryl moiety provides a family of photowitchable CXCR3 small-molecule ligands.
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Figure 2: Conformational alignment of a biaryl CXCR3 agonist with a designed azobenzene analogue. A) 2D structure of biaryl CXCR3 agonist 1e
and designed ligand trans-2a and cis-2a. B,C) Alignments of 1e (grey carbon atoms) and 2a, in which the trans and cis-isomers are shown in (B)
turquoise and (C) light magenta carbon atoms, respectively. The iodine atom is shown in red for clarity.

dated by crystallographic data [27]. The results show a reason-
able overall alignment between trans-2a and the agonist 1e
(Figure 2B), since the planar azobenzene is partially overlap-
ping with the biaryl moiety. However, the two aromatic rings of
both compounds can evidently not be in exactly the same plane
because the azobenzene moiety is planar while the tilting of the
dihedral angle of the biaryl moiety of 1e was speculated to be
associated with its agonist activity (vide supra) [24]. The align-
ment of the cis-isomer of 2a with agonist 1e is very different.
The outer aromatic ring of cis-2a goes out of plane and is now
occupying the space that is also occupied by the iodine atom of
1e. These calculations indicate that CXCR3 agonism is more
likely to be associated with the cis-isomer than with the trans-
isomer in our designed azobenzenes.

Synthesis of azobenzene analogues and
exploration of substitution pattern on the
outer aromatic ring
In addition to unsubstituted azobenzene analogue 2a, we
explored the substitution pattern of the outer aromatic ring with
chlorine atoms in the ortho, meta and para-position (com-
pounds 2b–d, respectively) to also assess the possibility of
agonism provided by a halogen bond. Compound 2e, which

contains a bromine atom in the ortho-position, was also tested
since this atom type provides full agonist activity of parent 1d.
The synthesis of the compounds 2a–e was performed according
to the strategies depicted in Scheme 1. The intermediate 7 was
prepared as described previously by us [28] and was used in a
reductive amination with 4-nitrobenzaldehyde (8a) to give the
corresponding tertiary amine 9a in high yield. The nitro group
of 9a was subsequently reduced by SnCl2 in high yield. The re-
sulting aniline 10a was used to obtain the azo compounds
12a–e in varying yields through a Mills reaction with the corre-
sponding nitroso compounds 11a–e, which were commercially
available or prepared as described in our previous communica-
tion [7]. A final methylation of the tertiary amine 12a–e with
MeI in DCM and subsequent precipitation with MTBE (methyl
tert-butyl ether) gave 2a–e as orange powders with ≥99% trans-
isomer in moderate to high yield.

Next, we characterized the photochemical properties of 2a–e,
including absorption maxima, wavelengths of illumination and
percentage of conversion from trans to cis in the photosta-
tionary state (PSS cis). First, UV–vis absorption spectra were
measured in the dark and after illumination with a wavelength
of 360 nm. In all cases the spectrum measured in the dark
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Scheme 1: Synthetic strategies for compounds 2a–e, 3a–e, 4a–d, 4f–i and 5b,c (Y = H, Cl). Reagents and conditions: (a) i) Et3N (1.1–1.6 equiv),
DCM, rt, 10–30 min; ii) NaBH(OAc)3 (1.6 equiv), rt, 6–16 h, 91–97%; (b) SnCl2 (5.0 equiv), EtOH, 75 °C, 2 h, 87%–quant; (c) AcOH/DCM, rt, 1–5 d,
23–73%, (d) MeI (20 equiv), DCM, rt, 6–72 h, 41–97%.

shows a large band between 320 and 330 nm that corresponds
to the π–π* transition of the trans-isomer (Figure S1A, Support-
ing Information File 1). After irradiating with different wave-
lengths, the proportion of trans and cis-isomer varies to reach
the PPS. For example, after irradiating with 360 nm the π–π*
transition band of the trans-isomer can barely be observed, but
a less intense wide band around 420 nm appears, which corre-
sponds to the n–π* transition of the cis-isomer (Figure S1A,
Supporting Information File 1). This indicates that, using
360 nm light, a PPS of high percentage of cis-isomer (PPS360)
can be reached. Literature evidence [7,29,30] suggests that this
scaffold would have sufficiently long half-lives of the PSS
state, i.e., the cis-isomer only slowly reverts to trans in the dark,
which was confirmed by early-stage analyses on key com-
pounds (data not shown). In fact, due to this bistable nature, the
percentage of each photoisomer can be quantified by analytical
chromatography (LC–MS). The integration wavelength
(265 nm) was selected closely to the observed isosbestic point
for most compounds to get an indication of mole ratios from the
UV area ratios. For 2a–e after illumination at 360 nm, PPS360
values of 79–90% of cis-isomer were obtained. We also tested
434, 460 nm and/or 494 nm to revert the isomerization process
to PSS trans (Figure S1A, Supporting Information File 1). After
re-illuminating the samples at 434 nm or 460 nm, the π–π* tran-
sition band of the trans-isomer re-appears, indicating a high
percentage of trans-isomer at that PSS. The use of 494 nm
affords less trans compound and is less efficient in achieving
PSS trans.

Next, the CXCR3 binding properties of 2a–e were measured
(Table 1) in a competition binding assay versus displacement
of a radiolabeled small-molecule CXCR3 antagonist
([3H]-VUF11211 [31]). Values reported are mean ± SEM (Stan-

dard Error of the Mean). These experiments were performed
with samples under dark conditions to ensure ≥99% trans-
isomer and with samples previously illuminated with 360 nm
light to obtain a high percentage of cis compound in the PSS360.
This assay setup is enabled by the bistable nature of the photo-
switch (vide supra), maintaining integrity of both the trans and
cis-isomer for the duration of the assay. Compounds 2a–e under
dark conditions (trans-isomers) bind CXCR3 with Ki values in
the high nanomolar range. In contrast, compounds 2a–e after
360 nm illumination bind CXCR3 with Ki values in the low
micromolar range, although the observed photoinduced affinity
shifts (PAS) are not large (<4.0-fold). To assess if the com-
pounds have agonist or antagonist activity on CXCR3-medi-
ated signaling, a single-dose functional [35S]-GTPγS accumula-
tion assay was performed with the compounds 2a–e at 10 µM
(Table 1). In this assay, we observed that most of the com-
pounds are not activating the CXCR3 receptor in either cis or
trans configuration, which indicates that the compounds bind to
the receptor as antagonists. However, cis-2b and, more notably,
cis-2e show a small partial agonist activity (11% and 23%, re-
spectively) that gives a hint of a slight photoswitching of their
efficacy. Both compounds have a halogen atom on the ortho-
position of the outer ring, which seems to reaffirm the impor-
tance of the ortho-halogen atoms effect observed in the biaryl
series [24]. However, the difference in efficacy between cis and
trans-isomers (defined as PDE - photoinduced difference of
efficacy) needed to be improved.

Optimization of positioning of azobenzene
unit
Aiming to improve the position and directionality of the
halogen atom, we next designed a subseries with the azo group
at the meta-position of the central ring (scaffold 3) instead of at
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Table 1: Structures and results of photochemical, binding and functional characterization of compounds 2a–e and 3a–h.

Cmpd

Photochemistry CXCR3 binding affinity Functional CXCR3 activity

X

λmax
trans
π–π* a

λmax
cis

n–π* a

PSS360
(area %

cis)b SEM
pKi

transc SEM
pKi

PSS360
c SEM PASd

E (%)
transe SEM

E (%)
PSS360

f SEM
PDE
(%)g

2a H 321 422 88.3 0.8 6.3 0.0 5.7 0.1 4.0 −11.0 2.3 −8.3 0.7 2.7
2b 2-Cl 323 416 84.9 0.5 6.3 0.0 5.8 0.1 3.2 2.4 4.3 11.1 2.0 8.7
2c 3-Cl 320 421 79.2 0.9 6.5 0.0 6.3 0.0 1.6 −10.3 3.5 −9.6 2.7 0.7
2d 4-Cl 330 423 89.7 0.5 6.6 0.0 6.0 0.0 4.0 −9.8 3.5 −2.7 3.6 7.1
2e 2-Br 324 421 87.2 0.5 6.4 0.0 5.9 0.1 3.2 7.0 1.6 22.7 1.5 15.7

3a H 320 423 82.0 1.5 6.0 0.1 5.4 0.1 4.0 −11.6 2.2 −4.7 1.7 6.9
3b 2-Cl 323 419 85.0 0.5 6.3 0.0 5.6 0.0 5.0 −4.7 1.7 17.4 3.7 22.1
3c 3-Cl 317 421 83.4 0.4 6.3 0.0 5.8 0.0 3.2 −8.4 2.2 −0.4 1.6 8.0
3d 4-Cl 325 424 92.0 0.3 6.4 0.0 5.7 0.0 5.0 −8.1 2.6 1.7 2.3 9.8
3eh 2-Br 323 421 88.9 0.4 6.3 0.0 5.7 0.1 4.0 −5.8 1.7 25.1 2.0 30.9
3f 2-I 323 422 80.9 0.2 6.2 0.0 5.8 0.1 2.5 −4.0 1.2 15.8 1.3 19.8
3g 3-I 318 422 82.5 1.5 6.1 0.1 6.1 0.0 1.0 −11.1 0.6 −7.6 2.3 3.5
3h 4-I 337 422 91.1 1.1 6.0 0.0 5.7 0.0 2.0 −15.3 1.1 5.4 1.5 20.7

aThe absorbance maxima were extracted from UV–vis spectra at 25 µM in PBS buffer with 1% DMSO. b% of cis-isomer at the photostationary state
(PSS360) measured in 68% TRIS buffer and 32% DMSO (1 mM) after being pre-irradiated at 360 nm as obtained by LC–MS integration of the cis and
trans-isomer signals at 265 nm. The mean and SEM of at least two experiments are shown. cBinding affinity of trans-isomer or PSS360 as measured
using [3H]-VUF11211 displacement. The mean and SEM of at least three experiments are shown. dThe photoinduced affinity shift (PAS) is calculated
as the ratio of the Ki PSS360 and Ki trans. eNormalized CXCR3 functional activity of trans-isomer (10 µM) in the dark (efficacy of 1d set at 100% activi-
ty). The mean and SEM of at least three experiments are shown. fNormalized CXCR3 functional activity of a sample (10 µM) pre-irradiated at 360 nm
to reach the photostationary state (efficacy of 1d set at 100% activity). The mean and SEM of at least three experiments are shown. gThe photoin-
duced difference of efficacy (PDE) is obtained by subtracting E trans from E PSS360. hCompound was previously described by us [7].

the para-position as in 2a–e. The analogue without halogen
substitution (3a) as well as Cl/Br analogues comparable to the
first series (3b–e) were prepared. Moreover, since the impor-
tance of the presence of a halogen in the outer ring was sug-
gested in 2, compounds 3f–h, which include an iodine atom on
the ortho, meta and para-positions, respectively, were synthe-
sized.

The synthesis of compounds 3a–e was performed following the
strategies shown in Scheme 1 as disclosed for compounds 2a–e.
Briefly, a reductive amination of 7 and 8b gave nitro com-
pound 9b, which after reduction to 10b, coupling with nitroso
compounds 11a–e to 13a–e and methylation gave iodide salts
3a–e with purities of trans-isomers ≥99% and overall yields
similar to the ones obtained for 2a–e. However, 2-iodonitroso-

benzene cannot be accessed through oxidation of the corre-
sponding aniline owing to oxidation sensitivity of the iodine
atom. Therefore, an alternative route had to be used to synthe-
size 3f–h (Scheme 2). The route began with the oxidation of
methyl 3-aminobenzoate (17a) using Oxone® to obtain a crude
nitroso product 18a, which was used in a Mills reaction with an
iodoaniline (19a–c) at 100 °C to obtain azobenzenes 20g,h in
high yields and ortho-analogue 20f in a decreased yield presum-
ably due to steric hindrance. The methyl ester was selectively
reduced with DIBAL-H to benzyl alcohols 23f–h, which were
oxidized with Dess–Martin periodinane to the corresponding
benzaldehyde 26f–h. Reductive amination of 26f–h with 7 gave
the tertiary amines 13f–h. Methylation with iodomethane and
subsequent precipitation gave 3f–h as orange powders with
≥99% trans-isomer in high yields.
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Scheme 2: Synthetic strategies for compounds 3f–h, 4e, 6b, and 6d (Y = H, F, Cl, Br). Reagents and conditions: (a) Oxone® (2.0 equiv), DCM/H2O
1:4, rt, 2 h, 91–98%; (b) AcOH, 100 °C, 16–20 h, 61–96%; (c) i) DIBAL-H (3.0–4.0 equiv), THF, 0–5 °C to rt, 2–4 h; ii) NH4Cl (aq), Rochelle salt (10%
aq), EtOAc, 1–2 h, 76–99%; or for 23h i) DIBAL-H (1.2 equiv) , DCM, −78 °C, 1 h; ii) MeOH, −78 °C to rt, 0.5 h, iii) Rochelle salt (10% aq), 3 h, 45%;
(d) Dess–Martin periodinane (1.0 equiv), DCM, rt, 1–2 h, 68–97%; (e) i) Et3N (1.1–1.6 equiv), DCM, rt, 10–30 min; ii) NaBH(OAc)3 (1.6 equiv), rt,
6–16 h, 69–96%; (f) MeI (20 equiv), DCM, rt, 6–72 h, 79–95%.

The photochemical properties of 3a–h are very similar to those
of 2a–e. For the trans-isomers, the maximum of the π–π* band
is located around 317–325 nm, with the exception of 3h which
has an iodine atom on the para-position and arguably confers a
larger electron delocalization of π-electrons that is translated to
a bathochromic shifting of the band to lower energy wave-
length (337 nm). PSS values of 81–92% are obtained when illu-
minating with 360 nm light. The binding properties of 3a–h
also result in outcomes similar to those of 2a–e. That is, Ki
values are in the high nanomolar range for the trans-isomers
with no or low PAS values (1.0–5.0-fold) after isomerization. In
single-dose functional assays, all trans-isomers do not substan-
tially activate CXCR3, whereas three of the cis-isomers weakly
to substantially activate CXCR3 (3b: 17%, 3e: 25% and 3f:
16%). Interestingly, these three compounds are the only ones to
include a halogen atom on the ortho-position of the outer
azobenzene ring, as is the case with para-compounds 2b (11%)
and 2e (23%). However, compared to the latter, meta-com-
pounds 3b,e,f display an agonist effect that is slightly higher.
Increasing the size of the ortho-halogen does not guarantee a
maximal agonist effect, as the absolute activity of 3f is lower
than that of its Br analogue 3e. Nevertheless, evidence emerged
that the ortho-position of the outer aromatic ring in scaffold 3 is
important to achieve agonist activity of the cis-isomer, but it
should be complemented with other strategies to further
increase intrinsic activity.

Substituent effects on the outer ring
One of the postulated contributors to the CXCR3 agonism
effect of parent biaryls such as 1d and 1e is the increased
π-electron density of the aromatic rings [24]. A way to translate
this effect to the azobenzene system is by including a π-donat-
ing substituent on the aromatic system. For synthetic access and
thus rapid exploration, we chose a Cl atom as mildly π-EDG
(electron-donating group) even though it is σ-EWG (electron-
withdrawing group) on the para-position of the inner ring with
respect to the azo bond (i.e., the ortho-position with respect to
the benzylic position) to afford subseries 4. This π-electron de-
localization would increase the electron density of the azoben-
zene unit, and was also expected to have an effect on the
trans–cis azobenzene isomerization and PSS value. In terms of
the outer ring, and given that ortho halogen atoms in subseries 2
and 3 play an important role in conferring the cis-isomer with
partial agonism, in subseries 4 we explored halogen atoms and
groups differing in, e.g., steric and electronic properties (Me,
CF3, OMe, OCF3). The electron-donating groups in this series
(Me and OMe) also increase the electron density of the azoben-
zene system.

The synthesis of 4a–d and 4f–i was performed following the
route shown in Scheme 1. Briefly, 7 was used in a reductive
amination with 2-chloro-3-nitrobenzaldehyde (8c) to give nitro
compound 9c which was reduced to aniline 10c and used to
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Table 2: Structure and results of photochemical, binding and functional characterization of compounds 4a–i and 5b,c.

Cmpd

Photochemistry CXCR3 binding affinity Functional CXCR3 activity

X

λmax
trans
π–π* a

λmax
cis

n–π* a

PSS360
(area %

cis)b SEM
pKi

transc SEM
pKi

PSS360
c SEM PASd

E (%)
transe SEM

E (%)
PSS360

f SEM
PDE
(%)g

4a H 326 424 91.8 1.2 5.8 0.0 5.2 0.0 4.0 −2.9 1.0 12.1 0.7 15.0
4b 2-F 330 420 93.0 0.2 5.6 0.0 5.0 0.0 4.0 −4.9 0.5 14.6 0.8 19.5
4c 2-Cl 330 419 92.8 0.1 5.8 0.0 5.3 0.1 3.2 2.3 1.6 36.9 2.0 34.6
4dh 2-Br 328 422 92.6 0.2 5.9 0.0 5.6 0.0 2.0 13.6 2.4 49.6 2.6 36.0
4e 2-I 330 424 79.9 1.2 5.7 0.0 5.7 0.0 1.0 16.0 1.4 37.1 0.5 21.1
4f 2-Me 332 428 94.9 0.1 5.9 0.0 5.3 0.0 4.0 6.9 3.1 32.2 1.1 25.3
4g 2-CF3 326 424 58.0 1.1 5.9 0.0 5.7 0.0 1.6 10.5 1.6 8.3 1.5 −2.2
4h 2-OMe 328 427 92.6 0.2 5.4 0.0 5.0 0.0 2.5 4.9 1.2 18.7 1.1 13.8
4i 2-OCF3 326 422 78.8 1.2 5.9 0.0 5.6 0.0 2.0 −3.0 2.0 -2.4 3.1 0.6

4dh 2-Br 328 422 92.6 0.2 5.9 0.0 5.6 0.0 2.0 13.6 2.4 49.6 2.6 36.0
5b 3-Br 324 420 87.4 1.2 5.7 0.1 5.6 0.0 1.3 −1.7 1.9 10.5 0.5 12.2
5c 4-Br 335 427 93.8 0.5 6.2 0.0 5.6 0.0 4.0 −7.2 1.8 1.8 2.5 9.0

aThe absorbance maxima were extracted from UV–vis spectra at 25 µM in PBS buffer with 1% DMSO. b% of cis-isomer at the photostationary state
(PSS360) measured in 68% TRIS buffer and 32% DMSO (1 mM) after being pre-irradiated at 360 nm as obtained by LC–MS integration of the cis and
trans-isomer signals at 265 nm. The mean and SEM of at least two experiments are shown. cBinding affinity of trans-isomer or PSS360 in PBS
(25 µM) as measured using [3H]-VUF11211 displacement. The mean and SEM of at least three experiments are shown. dThe photoinduced affinity
shift (PAS) is calculated as the ratio of the Ki PSS360 and Ki trans. eNormalized CXCR3 functional activity of trans-isomer 10 µM in the dark (efficacy
of 1d set at 100% activity). The mean and SEM of at least three experiments are shown. fNormalized CXCR3 functional activity of a sample (10 µM)
pre-irradiated at 360 nm to reach the photostationary state (efficacy of 1d set at 100% activity). The mean and SEM of at least three experiments are
shown. gThe photoinduced difference of efficacy (PDE) is obtained by subtracting E trans from E PSS360. hCompound was previously described by us
[7].

obtain the azo compounds 14a–d,f–i in variable yields through
a Mills reaction with the corresponding nitroso compounds 11a-
b,e–j. Methylation of 14a–d,f–i with MeI yielded compounds
4a–d,f–g,i as orange powders with ≥99% trans-isomer in mod-
erate to high yields. Salt 4h did not precipitate after treatment
with MTBE and was isolated as an oil, which retained substan-
tial amounts of MTBE solvate even after extensive drying. For
4e, we used the strategy as explained for iodo compounds 3f–h
(vide supra). Briefly, the route (Scheme 2) consists of the oxi-
dation of methyl 5-amino-2-chlorobenzoate (17c) with Oxone®

to 18c, which was used in a Mills reaction with 2-iodoaniline
(19a) to yield azobenzene 21. The methyl ester was selectively
reduced with DIBAL-H and the resulting alcohol 24 oxidized
with Dess–Martin periodinane to benzaldehyde 27. Reductive

amination of 27 with 7 to 14e and subsequent methylation gave
4e as an orange powder with ≥99% trans-isomer.

Photochemical characterization of 4a–i (Table 2) gives similar
results as observed for subseries 2 and 3 (Figure S2 (Support-
ing Information File 1) shows an exemplary time-resolved
NMR and LC–MS analysis). That is, trans π–π* bands have a
maximum between 326 and 332 nm and PSS values generally
amount to over 90% of cis-isomer after illuminating with
360 nm light, as predicted from the electron localization provi-
ded by the chlorine atom in the central aromatic ring. Com-
pounds 4e, 4i and most notably 4g deviate from this trend, since
the percentage of cis-isomer in the PSS is significantly lower
(58–80%). Trans-4a–i show a slight decrease in binding affinity
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Figure 3: Comparison of compounds belonging to the subseries 3 or 4 with a halogen substitution on the ortho-position of the outer ring (X). (A) Activ-
ities of cis-isomers at 10 µM on CXCR3-mediated G protein activation. (B) PDE values at 10 µM.

compared to the subseries 2 and 3, amounting to low micro-
molar values (Table 2). Moreover, PSS affinity values are also
modest, with only four compounds that have a PAS > 2.5
(4a–c,f). However, functional data from [35S]-GTPγS assays
provide encouraging results. While all trans-isomers of 4a–i do
not or only weakly activate the receptor, some of the cis-
isomers clearly behave as partial agonists. The highest efficacy
is exerted by cis-4c–f with E values between 30–50% at 10 µM.
Interestingly, one of these compounds (4f) includes a methyl
group as ortho-substituent on the outer ring and its agonist
effect at PSS amounts to 32%, possibly questioning one of our
hypotheses that a halogen bond is involved in inducing CXCR3
agonism.

Similar to subseries 3, the substituent on the ortho-position of
the outer aromatic ring appears to be a driver for the agonist ac-
tivity of the corresponding cis-isomer. Starting from weak
partial agonist 4a (X = H), the agonist response of the cis in-
creases with increasing halogen atom (4b–d) to a maximal
response with 4d (X = Br) having an agonist effect of 50%.
However, when X = I (4e) the agonist activity is reduced, as
also observed in the 3 subseries (compare 3d to 3e). In general,
the agonist effects and PDE values exerted by subseries 4 are
larger than those of 3 (Figure 3). This could be explained by the
effect of the Cl atom present in the 4 subseries, that may give a
rise in electron density to the azobenzene necessary to increase
the efficacy of the cis-isomer.

In both subseries 3 and 4, a bromine atom on the ortho-position
of the outer ring gives optimal results in providing CXCR3 effi-
cacy photoswitching (Figure 3). To confirm this for subseries 4,
the analogues of 4d with the bromine on the meta and para po-
sition (5b and 5c, respectively) were also synthesized. The syn-
thetic route (Scheme 1) utilized 10c and 3- and 4-bromonitroso-

benzene (11k,l) to form azobenzenes 15b,c, which were
methylated to obtain 5b,c. The binding affinities (Table 2) ob-
tained for the trans and cis-isomers are all in the micromolar
range. More importantly, when comparing functional results of
4d, 5b and 5d, the preference for a Br atom on the ortho-posi-
tion can also be reaffirmed for subseries 4, because cis-5c is an
antagonist, while cis-5b shows only a weak activity (Table 2).

Substituent effects on the central ring
As shown, substitution of the outer ring with an ortho-bromine
in conjunction with a Cl substituent on the central ring appeared
to pave the way for efficacy photoswitching but there was still
room for improvement. Our strategy in the final optimization
round was to replace the mildly π-EDG Cl atom with other
groups. Thus, to aim for a full-agonist cis compound, the sub-
series 6 was synthesized. In this subseries, different groups at
the para-position of the central ring (Y) in combination with the
ortho-Br atom on the outer aromatic ring are used to to explore
optimal electron densities in the azobenzene system. Besides
the H and Cl already explored (3e and 4d, respectively), other
groups including an EWG halogen atom (F, 6b), EDG halogen
atoms (Br, 6d and I, 6e) and stronger EDG moieties such as
OMe (6f), OiPr (6g), SMe (6h) and NMe2 (6i) were introduced.

Compounds 6b and 6d were synthesized by the route shown in
Scheme 2, using in this case halogenated methyl aminoben-
zoates 17b,c and 2-bromoaniline 19d. The synthetic route for
compound 6e proved more challenging. The route of Scheme 1
could not be readily used because the corresponding iodinated
nitro precursor 8 is not commercially available, nor could the
second route (Scheme 2) since the iodine would likely be sensi-
tive to the first oxidation step. Therefore, we designed a new
route (Scheme 3). The starting point was the advanced interme-
diate 28b (Scheme 3), which was subjected to an aromatic



Beilstein J. Org. Chem. 2019, 15, 2509–2523.

2518

Scheme 3: Synthetic strategy for compound 6e. Reagents and conditions: (a) i) K2CO3 (2.0 equiv), DMF, µW, 65 °C, 3 h; ii) AcOH, reflux, 1 h, 67%;
(b) i) pTsOH·H2O (3.0 equiv), MeCN, 10–15 °C; ii) NaNO2 (2.0 equiv), KI (2.5 equiv), H2O, 10–15 °C to rt, 2 h, 13%; (c) i) Et3N (1.2 equiv), DCM, rt,
30 min; ii) NaBH(OAc)3 (1.6 equiv), rt, 16 h, 54%; (f) MeI (20 equiv), DCM, rt, 20 h, 57%.

nucleophilic substitution with potassium phthalimide prepared
in situ from 29 and K2CO3. Presumably due to the alkaline me-
dium, the phthalimide ring was partially opened as detected by
HPLC–MS. Upon attempted re-closing under reflux in AcOH,
completely deprotection took place and, after purification,
aniline 30 was obtained with high purity. Compound 30 was
used to introduce the iodine atom through a Sandmeyer reac-
tion to give 28e albeit in low yield. Reductive amination with 7
afforded amine 16e followed by methylation to give trans-6e as
an orange solid with 97% purity.

The synthesis of compounds 6f–h was performed following a
nucleophilic aromatic substitution route on 28b (Scheme 4)
since precursors 8 or 17 with the required substituent Y were
not available. We performed nucleophilic aromatic substitu-
tions with the corresponding sodium salts of MeOH, 2-PrOH
and MeSH under µW irradiation. Both 28f (Y = OMe) and 28h
(Y = SMe) were formed in high yields, but the conversion of
the reaction with NaOiPr was very low and partially gave
reduction of the benzaldehyde. An alternative route utilized a
method from Engle et al. proceeding through a tert-butylimine
intermediate (31) formed under Dean–Stark conditions [32].
This imine was reacted with NaOiPr to form the ether 32, which
was subsequently hydrolyzed to obtain the desired aldehyde
28g in high yield. Reductive amination of the aldehydes 28f–h
with 7 furnished amines 16f–h which was followed by methyla-
tion to afford 6f–h as orange solids with ≥98% trans-isomer.

The synthetic strategies for the synthesis of compound 6i were
reported in our previous communication [7].

In the subseries depicted in Table 3, several notable differences
in both the UV–vis spectra (Figure S1, Supporting Information
File 1) and the photoisomerization are observed. When the sub-
stituent Y is a halogen atom, we observe a slight bathochromic
shift of the π–π* band to higher wavelengths with increasing
size of the heteroatom, from 323 nm for Y = H (3e) to 339 nm
for Y = I (6e) (Table 3, Figure 4A). When the group Y is OMe
(6f), this shift is larger due to the higher EDG properties of
MeO (λmax = 352 nm) and this is slightly increased with
Y = OiPr (6g, λmax = 355 nm). The shift is highest for
Y = NMe2 (6i, λmax = 387 nm). When the oxygen atom of 6f is
replaced by a sulfur atom, the bathochromic shift of the π–π*
band is also increased (6h, λmax = 373 nm, Table 3, Figure 4A).
This high capacity of sulfur substituents to induce a
bathochromic effect has already been reported in the azoben-
zene field [33]. The trans–cis photoisomerization for 3e, 4d, 6b
and 6d–h in general gives a high percentage of cis-isomer
(89–93%) with two exceptions. Compound 6h shows a PSS of
only 65% cis-isomer due to a poor separation of the π–π* and
n–π* bands as a result of the red-shifting by the SMe group
(Figure S1A,B, Supporting Information File 1), whereas 6i
decomposes upon irradiation with 360 nm light (as previously
reported by us [7]) leading to its exclusion from further charac-
terization. The PSS360 forms of exemplary compounds 4d, 6e
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Scheme 4: Synthetic strategies for compounds 6f–h (Y = OMe, OiPr, SMe). Reagents and conditions: (a) NaOMe or NaSMe (1.0–1.2 equiv), MeOH
or DMF, 65 °C, 30–60 min, 88–90%. (b) PhMe, 110 °C, Dean–Stark, 20 h, 99%; (c) NaH (1.0 equiv), DMSO, 100 °C, 1 h; (d) THF/H2O/AcOH
50:15:1, rt, 16 h, 79% (two steps); (e) i) Et3N (1.3–1.4 equiv), DCM, rt, 10–30 min; ii) NaBH(OAc)3 (1.6 equiv), rt, 6–16 h, 84–95%; (f) MeI (20 equiv),
DCM, rt, 20 h, 86–90%.

Table 3: Structure and results of photochemical and binding characterization of compounds 3e, 4d, 6b and 6d–i.

Compound

Photochemistry CXCR3 binding affinity

Y
λmax trans
π–π*a

λmax cis
n–π*a

PSS360
(% area cis)b SEM

pKi
transc SEM

pKi
PSS360

c SEM PASd

3ee H 323 421 88.9 0.4 6.3 0.0 5.7 0.1 4.0
6be F 325 417 92.7 0.1 6.0 0.0 5.4 0.0 4.0

and 6f have thermal half-lives of 55 [7], 28 and 29 [7] days, re-
spectively, at 10 μM in HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid) buffer with 1% DMSO at 25 °C and
we consider this to be in line with the expectations (vide supra).

The binding affinity of trans-3e, 4d, 6b and 6d–h (Table 3) is
in the low micromolar range with a low PAS value upon illumi-
nation. Initial pilot studies on [35S]-GTPγS binding after
CXCR3 stimulation with single concentrations of subseries 6
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Table 3: Structure and results of photochemical and binding characterization of compounds 3e, 4d, 6b and 6d–i. (continued)

4de Cl 328 422 92.6 0.2 5.9 0.0 5.6 0.0 2.0
6de Br 333 420 92.6 0.2 5.8 0.0 5.4 0.0 2.5
6e I 339 424 90.5 1.0 5.5 0.1 5.5 0.0 1.0
6fe OMe 352 424 92.1 0.1 5.4 0.0 5.0 0.0 2.5
6g OiPr 355 424 89.0 0.4 5.1 0.2 5.0 0.0 1.3
6h SMe 373 ≈425f 64.5 1.7 5.3 0.0 5.5 0.1 0.6
6ie NMe2 387 dec.g dec.g

aThe absorbance maxima were extracted from UV–vis spectra at 25 µM in PBS buffer with 1% DMSO. b% of cis-isomer at the photostationary state
(PSS360) in 68% TRIS buffer and 32% DMSO (1 mM) measured after being pre-irradiated at 360 nm as obtained by LC–MS integration of the cis and
trans-isomer signals at 265 nm. The mean and SEM of at least two experiments are shown. cBinding affinity of trans-isomer or PSS360 as measured
using [3H]-VUF11211 displacement. The mean and SEM of at least three experiments are shown. dThe photoinduced affinity shift (PAS) is calculated
as the ratio of the Ki PSS360 and Ki trans. eCompound was previously described by us [7]. fCould not be determined accurately due to partial overlap-
ping of the π–π* and n–π* bands. gCompound decomposes under illumination.

Figure 4: Properties of subseries 3e, 4d, 6b and 6d-h. (A) UV–vis absorption spectra of (top) trans-isomers of 6b, 4d, 6d and 6e (having substituent
Y = F, Cl, Br and I, respectively) and (bottom) 6f, 6g and 6h (having Y = OMe, OiPr and SMe, respectively). (B) Functional dose-response curves
using [35S]-GTPγS assay exemplified for 4d, 6f and 6e, respectively. (C) Summary of the efficacies of compounds 3e, 4d, 6b and 6d–h at PSS360.
(D) Correlation between the bathochromic shifting of the π–π* band and the intrinsic activity of PSS360 for the compounds in Table 4.

(data not shown) showed substantial levels of CXCR3 agonism
in this group of compounds. For subseries 6 (and associated 3e
and 4d) we therefore generated dose-response curves for the
trans and PSS360 forms (Figure S4, Supporting Information
File 1) using the same [35S]-GTPγS functional assay and calcu-

lated the intrinsic activity (α) and potency (EC50). As reported
in our previous communication for some of these compounds
[7], the PSS360 forms give agonism with high nanomolar poten-
cies while most trans compounds are antagonists or partial
agonists with very low efficacies (Table 4). However, when the
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Table 4: Structure and results of functional characterization of compounds 3e, 4d, 6b and 6d–h.

Compound Y
pEC50
transa SEM

pEC50
PSS360

b SEM α transc SEM α PSS360
d SEM PDEe

1d – 6.9 0.0 6.9 0.0 1.04 0.08 1.03 0.07 −0.01
3ef H n.m.g n.m.g 6.5 0.1 0.05 0.03 0.30 0.01 0.25
6bf F n.m.g n.m.g 6.2 0.1 0.12 0.00 0.41 0.03 0.29
4df Cl n.m.g n.m.g 6.3 0.1 0.11 0.01 0.54 0.01 0.43
6df Br n.m.g n.m.g 6.2 0.1 0.14 0.02 0.58 0.05 0.44
6e I 5.5 0.3 6.3 0.2 0.49 0.04 1.00 0.04 0.51
6ff OMe n.m.g n.m.g 6.4 0.1 0.16 0.01 0.99 0.04 0.83
6g OiPr n.m.h n.m.h 6.0 0.0 n.m.h n.m.h 1.19 0.07 n.m.h

6h SMe 5.7 0.3 6.1 0.1 0.85 0.08 1.29 0.03 0.44
aPotency of trans-isomer in the dark. n.m. = not measurable. The mean and SEM of at least three experiments are shown. bPotency of a sample pre-
irradiated at 360 nm to reach the photostationary state. The mean and SEM of at least three experiments are shown. cIntrinsic activity of trans-isomer
in the dark (CXCL11 efficacy set at α = 1). The mean and SEM of at least three experiments are shown. dIntrinsic activity of a sample pre-irradiated at
360 nm to reach the photostationary state (CXCL11 efficacy set at α = 1). The mean and SEM of at least three experiments are shown. eThe photoin-
duced difference of efficacy (PDE) is obtained by subtracting α trans from α PSS360. fCompound was previously described by us [7]. gToo low
window. hThe curve for trans-6g shows anomalous behavior at 10−5 M and higher.

size and/or EDG properties of Y increase, remarkably partial
agonism with substantial efficacies appears even for the trans-
isomers, such as for 6e, 6g and 6h. The compounds illuminated
to PSS360 follow a similar qualitative trend: when the Y substit-
uent is H or F (3e and 6b), the cis-isomer behaves as a partial
agonist with medium efficacy (α = 0.30–0.41), but when the Y
substituent increases in size and/or EDG properties, the effi-
cacy increases to full efficacy with compounds 6e–h (Y = I,
OMe, OiPr and SMe). The trans-form of 6g shows anomalous
behavior at 10−5 M and higher (Figure S4, Supporting Informa-
tion File 1), preventing the extraction of accurate functional
values. The PDE value, which reflects efficacies of both the
trans and PSS form, appears to have an optimum for 6f
(Figure 4B). Figure 4B also shows more subtle behavior for
compounds 4d and 6e, which harbor a PDE value of 0.43
and 0.51, respectively, but in different parts of the efficacy
window.

The results reveal that the electron density of the aryl rings,
especially of the inner one, plays a key role in inducing
agonism in CXCR3. In general, the cis-isomers of the series
2–6 are better CXCR3 agonists. Indeed, the cis-isomers are gen-

erally assumed to have an intrinsically higher electron density
due to the disruption of the conjugation between the two rings
of the azobenzene through the N=N bond. Moreover, the elec-
tronic properties of the inner substituent Y have been proven to
be of strategic use in increasing the intrinsic activity (α) of the
cis-isomers (Figure 4C). This capacity of the Y substituent to
alter the electron density is conceivably also related to its
capacity to induce a bathochromic shift of the π–π* band of the
trans-isomer. Potential evidence for this can be extracted from
the significant correlation between the bathochromic shift and
intrinsic activity of PSS360 (Figure 4D) for the subseries 3e, 4d,
6b and 6d–h, which only differ in the nature of Y group
(Figure 4C, Table 4).

Conclusion
We report a toolbox of 31 photochromic small-molecule
CXCR3 receptor ligands based on the modeling-assisted azolo-
gization of a biaryl series reported previously by us [24]. All
compounds show affinity for CXCR3 from the high nanomolar
to the low micromolar range. Our efforts, however, were
focused on exploring the landscape in functional efficacy. To
this end, the scaffold was subjected to positional and substitu-
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tion changes in structure, necessitating extensive synthetic
efforts through multiple routes. The presence of halogen substit-
uents on the ortho-position of the outer ring (substituent X)
provides partial agonism for the cis-isomer with a Br atom
being the major exponent, while trans-isomers preserve antago-
nist behavior. The presence of a substituent on the para-posi-
tion of the central ring (substituent Y) capable of delocalizing
π-electrons increases the efficacy of the cis-isomer. The cis-
isomers of compounds with Y = I, OMe, OiPr or SMe are all
full agonists of CXCR3, however, the corresponding trans-
isomers also activate the receptor to varying degrees. In all, our
efforts deliver a spectrum of (subtle) efficacy differences.
Notable tool compounds are VUF15888 (4d) switching from
antagonism to partial agonism (PDE = 0.43), VUF16620 (6e)
switching from partial agonism to full agonism (PDE = 0.51),
and VUF16216 (6f), which represents the optimum balance and
provides a CXCR3 photoswitch with a PDE value of 0.83, i.e.,
from antagonism to full agonism. Based on the pharmacologi-
cal properties of these three compounds and the long half-lives
of their PSS states, they will be valuable tools for future
photopharmacological studies on the dynamic signaling of the
chemokine receptor CXCR3.

Supporting Information
Supporting Information File 1
Experimental part.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-244-S1.pdf]
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Abstract
Upconverting nanoparticles are a rising class of non-linear luminescent probes burgeoning since the beginning of the 2000’s, espe-
cially for their attractiveness in theranostics. However, the precise quantification of the light delivered remains a hot problem in
order to estimate their impact on the biological medium. Sophisticated photophysical measurements under near infrared excitation
have been developed only by few teams. Here, we present the first attempt towards a simple and cheap photochemical approach
consisting of an actinometric characterization of the green emission of NaYF4:Yb,Er nanoparticles. Using the recently calibrated
actinometer 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene operating in the green region of the
visible spectra, we propose a simple photochemical experiment to get an accurate estimation of the efficiency of these green-emit-
ting “nanolamps”. The agreement of the collected data with the previous published results validates this approach.
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Introduction
The photophysical property of converting low-energy light, typ-
ically near infrared (NIR), into high energy one thanks to
noncoherent photon absorption is called “upconversion”. This
phenomenon is exemplified by the lanthanide-based materials
[1]. With the rapid developments of nanotechnology, upcon-
verting Ln3+-based nanoparticles (UCNPs) have been reported
for promising bio-applications [2].

The popularity of this family of photoactive nanocrystals comes
from the spectral window that can be used to operate them.
Excited at 976 nm or 808 nm, they re-emit over a large range
from far-red (802 nm) up to UV in the form of a line spectrum
typical of the emissive lanthanides used. The main application
foreseen for these nanomaterials is as a substitute of quantum
dots [3], since the combination of anti-Stokes emission and
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noncoherent absorption prevent any luminescence background.
Their extreme photostability [4] make them also ideal candi-
dates for single particle tracking. More interestingly, because of
the very large range of possible re-emitted energies, UCNPs are
now identified as convenient secondary sources of light to
trigger locally photoreactions [5,6]. Indeed, the anti-Stokes
emission allows bypassing the usual restrictions (power, pene-
tration depth) imposed by the combination of medium composi-
tion (organic compound absorbing mostly in the UV–vis range)
and the Beer–Lambert law. Moreover, the NIR excitation wave-
lengths used are much less damaging when biological applica-
tions are in sight [7]. “NIR photochemistry”, based on the
upconversion phenomenon can find applications in material
sciences such as photopolymerization [8], or micellization
photocontrol [9], since the excitation wavelength lies in the first
transparency window of most biological media, a spectacular
range of use in biological sciences has been explored from drug
release [10], drug uncaging [11] to photodynamic therapy [12]
and optogenetics [13,14]. Inorganic lanthanide based-UCNPs
are classically formulated as a mixed fluoride NaREF4. Here,
RE stands for a cocktail of trivalent rare-earth metal ions con-
taining mostly photophysically inert metals (Y, Gd) and a few
percent of “optically active” ions: a sensitizer (often ytterbium)
and an emitter (“activator”) such as thulium (UV and blue emis-
sions), holmium (red) or erbium (mostly green). In this solid
solution, energy collected by ytterbium at 976 nm is transferred
to the less abundant emitting ions. Thanks to lanthanides’ spec-
troscopic properties (regular level spacing and long excited
states lifetimes), one emitting ion can undergo several energy
transfer processes before relaxing radiatively [15], making the
overall process fundamentally different form second harmonic
generation or two-photon absorption. Furthermore, it has the
following consequences: (i) the intensity of each line is power-
dependent upon the excitation laser power, this latter point
being made clear upon plotting each line intensities vs laser
power in a log–log plot, (ii) the intensities of the upconversion
emission lines are less and less intense as the emitted energy in-
creases, (iii) the intensities of the emission lines but not their
wavelength vary with the UCNP size, as the surface quenching
becomes the most efficient deactivation path for small nanopar-
ticles. Therefore, the assessment of the upconversion quantum
yields (UCQY) is a hot topic as these depend on the size, the
excitation power and the formulation of the nanocrystal.

This issue is classically addressed using physical measure-
ments, therefore requiring complex equipment. Most of these
assessments are achieved via the use of integration spheres [16-
19]. The challenges are to cope with a large spectral range, the
variable excitation power and, because UCQY are usually very
small, to handle a large energy contrast between incident beam
and collected emission. Fully built equipment to carry out

UCQY determination are only starting to be developed com-
mercially (Jasco, Hamamatsu). A more sophisticated approach
involves microscopic techniques, enabling one to determine
UCQY even at the single NP scale. A seminal report was
published in 2013 by Nadort et al. [20] describing the measure-
ment of the luminescence of Er-doped UCNPs at the single NP
or cluster level after identification by TEM. Yet, this type of
work has remained isolated. Moreover, in these conditions, the
nanoparticles do not work in conditions close to their foreseen
applications. As we became interested in the design of such
nanoparticles [21], we envisioned a “chemical approach” of this
measurement problem.

The chemical measurement of light intensity is called actinom-
etry and relies on the exposure of a fully standardized photosen-
sitive compound to the light to be measured [22]. The rate of
the photochemical transformation is then used to retrieve the
light intensity of the beam exciting the solution. Compared to
physical radiometry, actinometry is directly transposable to the
monitoring of photochemical transformations as it originates
from the very same concept and can be performed in the same
experimental conditions. It is also adapted to turbid mixtures
and can be extended to polychromatic sources. Since the recent
renewal of photochemistry caused by the use of LEDs and
microfluidic devices, actinometry has become a convenient tool
to parameterize the performances of photoreactors [23-25].
Actinometer choice is guided by the operating conditions and
by the spectral overlap between the compound and the source.
The emission of erbium-containing UCNPs (Er-UCNPs) is
dominated by a pair of green (520 nm and 540 nm) and red
band (655 nm). In this part of the electromagnetic spectrum,
very few actinometers are available. Beside inorganic com-
pounds such as Reinecke salt (ammonium diamminetetra-
kis(thiocyanato)chromate(III)), photochromic dyes have been
proposed for such a purpose, mainly from the azobenzene,
fulgide or diarylethene families [22]. The latter two are particu-
larly attractive for visible light wavelengths above 400 nm.
However, their use is conditioned by their availability and relia-
bility. Recently, an accurate determination of photochemical
quantum yields (QY) [26] was achieved for a commercially
available diarylethene 1,2-bis(2,4-dimethyl-5-phenylthien-3-
yl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene, labelled 1. Since
then, this dye has been used as actinometer in the visible range
(Figure 1) [25,27].

Switching of such diarylethene dyes in both directions (ring
closure/coloration or ring opening/discoloration) by UCNPs has
been documented for years, with a seminal work reported in
2009 by the team of Branda [28]. In the following we will show
how this photochromic compound can be used to give a reason-
able quantitative estimation of the upconversion phenomenon.
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Figure 1: Top: photoisomers of diarylethene 1, bottom: spectral overlaps between the 1-o (black line), 1-c (red line) UV–vis absorption spectra and
the Er-UCNP emission spectrum (green line).

In particular, we will exploit the ring-opening reaction since
only the closed form 1-c presents a good spectral overlap with
the visible emissions of the Er-UCNPs.

In order to achieve a “user friendly” quantitative measurement
of the light emitted by the nanoparticles, we have chosen to mix
together the nanoparticles and the actinometer.

Results and Discussion
Upconverting nanoparticles
Hydrophobic nanoparticles were prepared by adapting the stan-
dard reported procedure of Li and Zhang (details in Supporting
Information File 1) [29]. Briefly, key points are: (i) the in situ
preparation of metal oleate from their corresponding chloride,
(ii) the introduction of the sodium and fluoride ions as two
methanol solutions of respectively NaOH and NH4F via sepa-
rate syringe pumps (according to Zhai et al. [30]) and, after vol-
atile solvents removal, (iii) the high temperature crystallization
step for 90 minutes. Spherical nanoparticles of 21.8 ± 1.3 nm
were collected. Crystal quality was assayed by XRD and only
the hexagonal β-phase could be detected (Supporting Informa-
tion File 1). These particles are kept well dispersed in cyclo-
hexane.

Photolysis experiments
The description of the setup is summarized in Figure 2. The
sample in a thermostated quartz cuvette was irradiated with a

fibered, collimated CW 976 nm-laser beam. The transmitted
laser intensity was measured using a calibrated power-meter.
This measurement informed us about the fraction of light effec-
tively absorbed by the medium and also the possibility of parti-
cle sedimentation. All this set-up was placed inside a
UV–visible spectrophotometer (Figure 2).

Figure 2: UCNPs (black dots) are irradiated inside the cylindrical CW
976 nm laser beam. Absorbed laser power is recorded with a power-
meter. The UV–vis spectrophotometer axis is perpendicular to the
laser beam.

Using cyclohexane as a common solvent for both diarylethene 1
and UCNPs, we have chosen to work on mixtures of the freshly
prepared actinometer 1-c and nanoparticles. Practically, the
preparation of the 1-o/c solution was achieved using bench-top
UV source (TLC lamp), either on the UCNP-1 mixture or
before mixing the dye with the UCNPs. Concentrations were
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Table 1: Parameters of UCNP used in the photolysis experiment.

parameter symbol unit value

1-c concentration [1-c] mol L−1 2.12 × 10−4

UCNP concentration [UCNP] NP L−1 1.18 × 1016

volume of the solution V L 1.96 × 10−3

1-c Absorbance at 540 nm (irradiation) Abs540 – 2.07
absorbance of UCNP solution at 976 nm Abs976 – 0.0014
laser power at 976 nm (NIR) P W 4.7
laser beam section cm2 9.6 × 10−2

laser power density at 976 nm (NIR) W cm−2 49

standardized prior the photolysis experiments using published
data (ε(1-c) 562 nm = 10900 L mol−1 cm−1 [26] and
ε(Yb)976nm = 3.1 L mol−1 cm−1). All the parameters used are
gathered in Table 1. Actinometer absorbance changes were con-
tinuously monitored by the spectrophotometer [31]. Care has
been taken to assess that the cuvette was sufficiently stirred
[32], and that the actinometer was neither sensitive to the spec-
trophotometer measuring beam (laser off) nor to the NIR laser
beam in the absence of UCNPs (see Supporting Information
File 1).

Upon 976 nm irradiation, a clear-cut decrease of the absor-
bance in the visible range can be monitored. Typical kinetic
traces were recorded at 650 nm and the data was processed in
order to obtain the initial rate of the photoreaction (Figure 3).

Figure 3: Kinetic trace at 650 nm under CW 976 nm laser at 4.71 W.
Initial slope (red line) was determined on the 2nd order polynomial fit of
experimental points (dark curve).

Beside these experiments, controls were made to rule out the
possibility of thermal effect (irradiation of the actinometer
alone with the 976 nm laser) or the possible effects of the spec-

trometer light source (no laser applied). Lower laser powers
were not attempted in order to keep sufficient sensitivity and/or
a reasonable reaction time. Data are gathered in Table 2 (vide
infra) and in Supporting Information File 1.

Data treatment
The upconversion light source
Unlike two-photon excitation that requires very high local
power density, the upconversion process is based on multiple,
noncoherent, “single photon” successive absorptions. As the
molar extinction coefficient of the sensitizer ytterbium is weak
(ca. 3 mol L−1 cm−1), the exciting beam is moderately attenu-
ated as it crosses the colloidal suspension. Therefore, UCNPs
are excited over the entire portion of the 976 nm laser beam that
crosses the sample: the resulting visible light source can be
considered as a cylinder having for base, the laser section, and
for length, the laser path through the cuvette (Figure 2). To
compute the number of “active“ nanoparticles, we measured the
absorbance A976 of the colloidal suspension at 976 nm by
measuring the laser intensity that crosses the sample holder,
with and without the NP’s suspension. This absorbance is solely
due to the ytterbium ions, therefore one can compute the num-
ber of Yb atoms nYb inside the beam volume v as:

(1)

where εYb is the ytterbium atomic molar extinction coefficient
at 976 nm (3.1 L mol−1 cm−1), l the optical path crossed by the
laser beam (1 cm), NA is Avogadro’s number. The number of
nanoparticles inside the laser beam nNP can be determined
knowing NYb the number of ytterbium per nanoparticle:

NYb and NEr (NEr: number of erbium atom per particles) can be
derived from the number of RE atoms per NP, itself computed
from TEM and XRD measurements taking into account the



Beilstein J. Org. Chem. 2019, 15, 2671–2677.

2675

nanoparticles size (volume ≈ 5400 ± 1000 nm3), unit cell
volume (107.6 Å3) and number of NaREF4 per unit cell
(Z = 1.5).

The DAE photobleaching experiments
From the spectral overlap one can notice that only the 540 nm
erbium line will be the useful one: the UCNP-emission can be
considered as quasi-monochromatic within the closed DAE
(1-c) spectral range. At this wavelength, the value of the ring-
opening QY Φco of actinometer 1 is taken as 0.02, using the
calibration curve by Sumi et al. [26].

Monochromatic actinometry is typically ran in a continuously
stirred reactor and relies on the following equation:

(2)

where d[1-c]/dt is the rate of consumption of the DAE closed
form in mol L−1 s−1, Φco is the ring opening quantum yield, i.e.,
the number of events divided by the number of photons
absorbed and Ia is the rate of photon absorption, in mol L−1 s−1,
i.e., the photon flux per volume of solution to be measured.
Note that for a given reactor of volume V, the photon flux per
volume of solution is related to the photon flux J by a simple
multiplication J = I × V. The difficulty is then to relate the rate
of absorbed photons Ia to the incident photon flux J0 emitted by
the UCNPs. A way to circumvent this issue is to adapt actin-
ometer solution absorbance to the reactor used. Indeed, a light-
absorbing solution is characterized by its “optical thickness”
[23] L defined from the rewritten Beer–Lambert law
(Equation 3)

(3)

as

(4)

L is therefore the inverse of the absorbance measured for an
optical path of 1 cm (Equation 4). For l = L, I = 0.01 × I0: more
than 99% of light is thus absorbed. In our case, we have chosen
to use a sufficiently concentrated 1-c solution so that all the
emitted photons are supposedly absorbed. Indeed, an absor-
bance at 540 nm of 2.07 (over 1 cm) gives a characteristic
length of 0.48 cm, comparable to the dimensions of the cuvette:
practically no green light escapes the photoreactor.

Under these conditions the actinometric equation becomes

(5)

so the flux in photon per second emitted by the source is:

(6)

where V is the total volume of the DAE solution and the moni-
toring optical path is 1 cm. Finally, the average upconversion-
QY, ΦUC can be estimated by the ratio

(7)

where J0 is the above measured photon flux and Ja
NIR is

976 nm laser photon flux absorbed by the nanoparticles:

(8)

where P is the laser power in Watts and J0
NIR the NIR photon

flux. Additionally, one can access the number of emitted
photons per particles J0/nNP (in photon s−1), or, using the
energy of a 540 nm photon, to the emitting power of a single
nanoparticle

(9)

and the number of emitted photons per erbium atom J0/nEr in
photon s−1.

All of these numbers are gathered in Table 2, more detailed
calculations are provided in Supporting Information File 1.

The as-determined quantum yield is in good agreement with
measurements obtained on bulk samples by using integrating
spheres [33], and the order of magnitude of the emissive power
of a single NP is close to what was achieved by microscopy on
nanoparticles of similar composition but at a higher laser power
(49 × 10−16 W under 976 nm irradiation at 260 W cm−2) and
with a larger size (70 nm instead of 21.8) [20]. One can be
surprised by the rather low number of photon emitted per
second and per NP: one erbium center emits in average one
photon every four seconds. This can be understood as
lanthanides’ excited states are long lived and also because the
production of one green photon requires three energy transfer
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Table 2: Obtained results.

parameter symbol unit value

1-c bleaching rate -d[1-c]/dt mol L−1 s−1 6.78 × 10-9

1-c consumption molecule s−1 8.00 × 1012

upconversion photon flux at 540nm J0 photon s−1 4.00 × 1014

incident NIR photon flux J0
NIR photon s−1 2.31 × 1019

absorbed NIR photon flux Ja
NIR photon s−1 7.45 × 1016

up-conversion QY ΦUC – 0.54%
number of NPs inside the laser beam nYb NP 1.14 × 1012

number of emitted photons per erbium atom J0/NEr photon s−1 0.24
number of emitted photons per NP’s J0/nNP photon s−1 350

power per NP’s W 1.29 × 10−16

steps from excited ytterbium ions. Despite this very weak emis-
sion rate, such nanoparticles can be used to induce local photo-
chemistry. Thus, the group of Zvyagin has developed an in situ
photodynamic therapy using quite large particles (70 nm) [34]
and recruiting the flavin-containing coenzymes as 1O2 sensi-
tizers. In the skin, typical number of dyes per femtoliter is ex-
pected to be 750. This would correspond to an absorbance of
0.0014 in 1 cm of pure water according to a molar extinction
coefficient of ca. 11300 L mol−1 cm−1. To mimic such a situa-
tion, we have designed an experiment with larger nanoparticles
(35 nm) and dilute 1-c dye: an absorbance at 540 nm of 0.11
([1-c] = 1.14 × 105 mol L−1) corresponds to number of dyes of
6800 molecules per femtoliter. The photoswitching of the actin-
ometer 1-c was clearly observed (Supporting Information
File 1) and an initial “bleaching activity” of 20 dyes per NP and
per second could be calculated by dividing the bleaching rate by
the number of particles within the laser beam. However, is it
very difficult to derive the emitted flux J0 for this reactor geom-
etry: with a characteristic length L of 9 cm, most of the light
escapes the cuvette and no simplification can be done. Thus,
privileging the spectral information (clear UV–vis spectra are
indeed monitored) lead to a loss of information; another
photoreactor design would then be necessary.

Conclusion
We have demonstrated that the chemical approach of a light
flux measurement could also be employed for assessing the effi-
ciency of unusual light sources as small as the nanolamps that
are upconverting nanoparticles. The observed results are in
agreement with published data which is remarkable as the here-
described methodology can been run with limited lab equip-
ment. The technique is robust and simple to operate. Concern-
ing the use of single-UCNP as nanolight sources, the emitted
flow of photon is rather sparse but yet relevant biological
signals could be triggered. This study shows the interest to use
P-photochromic dyes as actinometer. Extension to blue emit-

ting UCNPs would however require a suitable dye for the
400–500 nm spectral window, to be found probably in the
“inverse DTE” family [35] or in the photodissociable family
[36].

Supporting Information
Supporting Information File 1
Experimental details about the UCNPs syntheses,
characterizations, photolysis experiments and detailed
calculations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-260-S1.pdf]
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Abstract
Azoarenes remain privileged photoswitches – molecules that can be interconverted between two states using light – enabling a huge
range of light addressable multifunctional systems and materials. Two key innovations to improve the addressability and Z-isomer
stability of the azoarenes have been ortho-substitution of the benzene ring(s) or replacement of one of the benzenes for a pyrazole
(to give arylazopyrazole switches). Here we study the combination of such high-performance features within a single switch archi-
tecture. Through computational analysis and experimental measurements of representative examples, we demonstrate that ortho-
benzene substitution of the arylazopyrazoles drastically increases the Z-isomer stability and allows further tuning of their address-
ability. This includes the discovery of new azopyrazoles with a Z-isomer thermal half-life of ≈46 years. Such results therefore
define improved designs for high performance azo switches, which will allow for high precision optically addressable applications
using such components.
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Introduction
Photoswitches are molecules that are capable of being revers-
ibly interconverted between (at least) two states by means of
light irradiation. The incorporation of photoswitches into multi-
functional systems has huge relevance to next-generation mate-
rials, with a plethora of applications that range from photophar-
macology [1,2] and optochemical genetics [3] to data storage
[4]. Numerous classes of photochromic molecules exist, each

with their own unique characteristics. For example, spiropyrans
[5,6] may exhibit significant changes in solubility upon photo-
switching, whilst the photoswitching of diarylethenes [7] is
accompanied by large variations in their absorption spectra.
However, azobenzenes remain one of the most popular photo-
switches owing to their stability, reliability and tunability:
azobenzenes provide high extinction coefficients and quantum

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:m.fuchter@imperial.ac.uk
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Figure 1: a) Tetra ortho-substituted azobenzenes represent a significant advance in terms of Z-isomer stability and completeness of photoswitching
over azobenzene. b) Azoheteroarenes, developed by Fuchter and co-workers, offer quantitative, bidirectional photoswitching and long Z-isomer half-
lives. c) This work seeks to understand the impact of these two approaches, when combined.

yields, allowing switching between Z- and E-isomers with low-
intensity light, and are stable to repeated switching cycles. Of
the several performance metrics that can be used to judge azo
switches, however, there are two predominant ones that can
prove problematic for azoarenes: 1) the completeness of
switching at a given wavelength of light, and 2) the thermal
stability of the Z-isomer.

Despite the huge body of structure–property relationship studies
known for substituted azobenzenes [8,9], it is still common to
observe azo photoswitches that undergo incomplete photo-
switching and/or possess low Z-isomer thermal stability.
Perhaps the most important advancement to tackle these limita-

tions in recent times has been the discovery that tetra-ortho sub-
stitution of the azobenzene unit can lead to a significant
improvement of the photoswitching properties (Figure 1a).
Specifically, o-methoxy [10,11] and o-thio [12] analogues re-
ported by Woolley and co-workers demonstrate slow thermal
Z–E relaxation and the potential to switch with red light, while
the o-fluoro compounds reported by Hecht and co-workers
[13,14] offer excellent two-way isomerization with visible light
and the longest thermal half-life reported for an azobenzene
molecule (≈700 days at 25 °C) to date.

An emerging alternative approach to tune the properties of
azoarene photoswitches is to replace one or both of the benzene
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rings with a heteroaromatic ring [15,16]. While several useful
heteroaromatic azo scaffolds have been reported, we previously
identified such photoswitches containing a pyrazole ring,
so-called arylazopyrazoles, which have excellent potential
against the current state of the art (Figure 1b) [17,18]. Specifi-
cally, arylazopyrazole 4pzMe can be near quantitatively
(>98%) photoswitched in both directions, and 4pzH demon-
strated an exceptionally long thermal Z-isomer half-
life (≈1000 days at 25 °C); one of the most stable azo photo-
switches reported to date. We further extended the family of
arylazopyrazoles with the help of theoretical modelling and
discovered 3pzH to be near quantitatively (>98%) switched
back and forth between isomers, with a long thermal isomeriza-
tion half-life (t1/2 = 74 days at 25 °C). The photochemical
addressability of the azopyrazoles can further be comple-
mented by other stimuli, for example chemical switching using
acid [19]. Given their excellent performance, arylazopyrazoles
are replacing azobenzenes in optically addressable applications
including imaging applications [20], photopharmacology [21],
supramolecular chemistry [22,23], responsive foams [24], coor-
dination chemistry [25] and DNA nanotechnology [26,27].

Whilst the azopyrazoles have excellent properties for use in a
variety of photo-addressable applications, it remains frustrating
that in order to improve the photochemical addressability of the
Z-isomer of these molecules (as is observed in 4pzMe and
3pzH) we needed to sacrifice thermal stability (4pzH vs 4pzMe
and 3pzH), (Figure 1b) [17,18]. One parameter that was not
explored in our previous structure–property relationship study,
was substitution on the benzene ring [18]. Since our work,
Venkataramani and co-workers [28] have explored how substi-
tution on the benzene ring of azopyrazoles can impact their
properties. However, in their study they focused on
dimethylpyrazoles not methylated on the pyrazole ring N–H;
compounds which have fast thermal Z–E conversion through
mechanisms such as tautomerization. Furthermore, the study of
Venkataramani and co-workers did not particularly focus on
substitution patterns known to give high performance in
azobenzene switches. We therefore considered whether specifi-
cally combining the two high performance designs of state-of-
the-art azo photoswitches – N-methylated pyrazole plus an
o-substituted benzene – would be advantageous for further im-
proving the properties of the azopyrazoles (Figure 1c). It is im-
portant to note that Jan Ravoo and co-workers [23] have re-
ported a bis-ortho-fluoroazopyrazole as part of their study of
the supramolecular chemistry of these systems. Irradiating their
compound at 365 nm enables near quantitative E→Z conver-
sion, however, the 520 nm PSS provides 55% of the E-isomer.
In water, this compound possesses a thermal half-life
of >11 days. Herein, we present theoretical and representative
experimental data concerning the performance for 4pzH and

4pzMe derivatives upon aryl mono- and di-ortho-substitution.
Both computational and experimental measurements indicate
the addition of ortho-substituents to the benzene ring of aryl-
azopyrazoles has the potential to drastically increase the isom-
erization half-life (to months or years) and allow further tuning
of the photoaddressability of each isomer. We believe that the
structure–property relationships described will guide further de-
velopment of azoheteroarene photoswitches (particularly aryla-
zopyrazoles), and their use in a wide array of light-addressable
applications.

Results and Discussion
The effect of ortho-substitution on half-life
We first assessed the theoretical half-lives for a series of com-
pounds with ortho-substitution on the benzene ring of previ-
ously reported azopyrazoles 4pzH and 4pzMe (Table 1). Elec-
tron-poor (F and Cl) and electron-rich moieties (methoxy and
pyrrolidine abbreviated as OMe and Pyr, respectively) were
considered to analyze the effect of these ortho-groups on the
thermal stability of Z-arylazopyrazoles (Table 1). Such substitu-
tion has proved useful in the improvement of azobenzene per-
formance: o-F [13,14], o-Cl [8,29,30], o-OMe [10,29,31], or
o-Pyr [32]. For the sake of comparison, both mono- and
di-ortho-substitutions were considered.

Theoretical half-lives (t1/2) were calculated within the density
functional theory (DFT) framework, according to the protocol
reported in our prior paper [18]. Briefly, the different possible
pathways for thermal Z–E isomerization were calculated, and
each process was weighted by the relative Z-isomer ground
state energy and transition state (TS) energy barrier for all
possible conformers (see Experimental for details). Focusing
first on the 4pzH scaffold, the theoretical calculations at the
PBE0-D3/6-31G** level indicate that an insertion of electron-
poor fluorine atoms in the ortho-position of the aryl ring
(4pzH-F1 and 4pzH-F2) leads to an increase in the half-life
from ca. 1000 days in 4pzH to 2000 days in 4pzH-F1 and to
4000 days in 4pzH-F2 (Table 1). In contrast, chloro-substituted
analogues present a significant decrease in the computed half-
lives: 90 days for 4pzH-Cl1 and 5 days for 4pzH-Cl2. The
inclusion of methoxy and pyrrolidine groups in the ortho-posi-
tion leads to an enhanced Z-isomer thermal stability compared
to unsubstituted 4pzH, with t1/2 = 2000 and 15000 days for
4pzH-OMe1 and 4pzH-OMe2, respectively, and 34000 days
for 4pzH-Pyr1 (Table 1). Unexpectedly, the inclusion of two
bulky pyrrolidine groups in ortho (4pzH-Pyr2) leads to a de-
crease in t1/2 (76 days).

For the arylazopyrazole scaffold 4pzMe, in line with the trend
above, theoretical calculations indicate that the addition of
ortho-fluoro atoms leads to higher Z-isomer stability, whereas
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Table 1: Theoretical half-lives (t1/2, theor in hours and days) calculated at the PBE0-D3/6-31G** level of theory for ortho-substituted arylazopyrazoles
4pzH-X and 4pzMe-X. Experimental t1/2, exp values are indicated.

R X Y Compound t1/2, theor (h) t1/2, theor (d) t1/2, exp

H H H 4pzH 31000 1300 ≈1000 da,b

H H F 4pzH-F1 55000 2300
H F F 4pzH-F2 97000 4100 46 yb

H H Cl 4pzH-Cl1 2200 92
H Cl Cl 4pzH-Cl2 120 5.1
H H OMe 4pzH-OMe1 54000 2200
H OMe OMe 4pzH-OMe2 350000 15000
H H Pyr 4pzH-Pyr1 810000 34000
H Pyr Pyr 4pzH-Pyr2 1800 76

Me H H 4pzMe 9.1 0.38 10 da,c

Me H F 4pzMe-F1 94 3.9
Me F F 4pzMe-F2 620 26 102 dc

Me H Cl 4pzMe-Cl1 2.1 0.087
Me Cl Cl 4pzMe-Cl2 0.025 0.0010 1.2 dc

Me H OMe 4pzMe-OMe1 160 6.5
Me OMe OMe 4pzMe-OMe2 630 26 111 dc

Me H Pyr 4pzMe-Pyr1 200 8.3
Me Pyr Pyr 4pzMe-Pyr2 380 16

aPreviously reported value [17]. bMeasured in DMSO-d6 at elevated temperatures and then extrapolated to 25 °C using an Eyring plot. cMeasured in
MeCN-d3. d = days, y = years.

the opposite effect is found upon chlorine ortho-substitution
(Table 1). The insertion of one and two electron-donating OMe
and Pyr groups systematically improve the Z-isomer stability
compared to 4pzMe, with t1/2 = 7 and 26 days for 4pzMe-
OMe1 and 4pzMe-OMe2, and t1/2 = 8 and 16 days for 4pzMe-
Pyr1 and 4pzMe-Pyr2, respectively.

It is important to note that, consistent with our previous results
[18] and other recent reports [33], thermal Z–E isomerization
for 4pzH-X and 4pzMe-X derivatives are predicted to occur
through a transition state in which the N atom next to the
benzene ring linearizes in an inversion mechanism (see B-type
transition states in Figure 2 for 4pzH-F2 and 4pzMe-F2, and
Figure S1 in Supporting Information File 1 for the rest of
di-ortho-substituted photoswitches). The inversion mechanism
through linearization of the N atom next to the heteroring
(H-type) is computed with a larger energy barrier in all cases
(Figure 2 and Figure S1, Supporting Information File 1), and no
low-energy rotation mechanism is predicted, in agreement with
other reports [34]. Also consistent with our previous studies on

4pzH compared to 4pzMe [18], significantly larger half-lives
are predicted for 4pzH-X derivatives compared to the dimethy-
lated 4pzMe-X derivatives, which can be rationalized by the
stabilizing short CH···π interactions in the T-shaped conforma-
tion of Z-4pzH-X (Figure 2).

In order to confirm our predictions of the ortho-substitution
effect on the thermal Z–E isomerization process, photoswitches
4pzMe-F2, 4pzMe-Cl2, 4pzMe-OMe2 and 4pzH-F2 were
synthesized (see Supporting Information File 1). Following irra-
diation to the PSS (see further details below), the thermal Z–E
conversion was monitored by 1H NMR spectroscopy (Table 1).
While the results do not quantitatively match the theoretical
predictions (as found previously [18]), the trends are faithfully
reproduced: 4pzMe-F2 (t1/2 = 102 days), and 4pzMe-OMe2
(t1/2 = 111 days) have increased thermal stability over 4pzMe
(t1/2 = 10 days), whereas 4pzMe-Cl2 (t1/2 ≈ 1 day) exhibits a
reduction in half-life. Additionally, 4pzH-F2 boasts a vastly
increased thermal half-l ife of 46 years over 4pzH
(t1/2 = 1000 days) making it the longest-lived azoheteroarene
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Figure 2: Minimum-energy geometry calculated for a) the Z-isomer ground state and b) the transition states with inversion of the N atom next to
benzene (B-type) or the N atom next to heteroring (H-type) moiety, in arylazopyrazoles 4pzH-F2 (left) and 4pzMe-F2 (right). Free energy barriers
calculated with respect to the corresponding ground-state Z-isomer are shown in red. Atom color coding: C in cyan, H in white, N in blue and F in pink.

photoswitch reported in the literature to date. This result
demonstrates that it is indeed possible to combinatorially inte-
grate two high performing azo switch fragments to discover
switches with very long thermal half-lives (i.e., months to
years).

We sought to further explain the trends observed through theo-
retical analysis of the minimum-energy geometries and nonco-
valent interactions. The energy-minimized structures for the
Z-isomer of representative photoswitches are shown in
Figure S2 (Supporting Information File 1). The proximity of the
ortho-benzene substituents to the heteroaryl ring in the
Z-isomer either stabilizes the Z-isomer ground state via nonco-
valent interactions, or destabilizes it, via steric clashes. In
contrast, these effects are significantly diminished for the transi-
tion state geometry (Figure S3 in Supporting Information
File 1), at which the pyrazole moiety and the ortho groups
remain far apart. A particularly interesting case in point are the
4pzH-Pyr compounds: the inclusion of one pyrrolidine group
in the ortho-position (4pzH-Pyr1) is predicted to lead to a
massively enhanced Z-isomer thermal stability (≈92 years),
whereas two bulky pyrrolidine groups (4pzH-Pyr2) decrease

stability, with a comparably modest t1/2 = 76 d (Table 1). Theo-
retical calculations of the noncovalent index (NCI) surfaces in-
dicate that dispersion forces exist between pyrrolidine groups
and the heteroaromatic ring (green surfaces in Figure 3). The
inclusion of one pyrrolidine (4pzH-Pyr1) promotes weak but
stabilizing noncovalent interactions between the ortho group
and the pyrazole moiety, causing a tilting of the heteroring
away from orthogonality with respect to the benzene plane
(from θ = 90° in 4pzH to 114° in 4pzH-Pyr1), and therefore
supporting the long theoretical half-life through Z-ground state
stabilization (Table 1). However, for the highly congested
doubly substituted 4pzH-Pyr2, a perfect T-shape conformation
is predicted as the minimum-energy structure (θ = 90°;
Figure 3). The steric interaction between the second pyrrolidine
group with the azo group (CH···azo-N distance of only 2.2 Å)
prevents the favorable tilting observed for 4pzH-Pyr1. For the
Z-4pzMe-X analogues (Figure 3), their twisted arrangements
allow for a large array of weak and stabilizing noncovalent
interactions between the ortho-groups and the methyl-substi-
tuted pyrazole ring (θ ca. 135°), potentially explaining the
increase in t1/2 upon systematic introduction of pyrrolidine
moieties (Table 1).
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Figure 3: Noncovalent index (NCI) surfaces calculated for representative pyrrolidine-based ortho-substituted arylazopyrazoles. The definition of the
CCNN dihedral angle between the aryl group and the heteroring moiety (θ) is shown, and the corresponding values for the derivatives are displayed in
red.

Figure 4: Noncovalent index (NCI) surfaces and θ dihedral angles (in red) calculated for the minimum-energy geometry of ortho-halogenated Z-aryl-
azopyrazoles.

The ortho-halogen-substituted photoswitches also present an
unexpected behavior, where very large differences in half-lives
are predicted depending on the nature of the halogen atom
(from 5 days in 4pzH-Cl2 to ca. 4000 days in 4pzH-F2, or
from 2 minutes in 4pzMe-Cl2 to 26 days in 4pzMe-F2,
Table 1). The analysis of the NCI surfaces indicates that inclu-

sion of F atoms in the ortho-position promotes stabilizing
dispersion interactions with the pyrazole ring, provoking a
tilting of the heteroring from 92° in 4pzH to 118° in 4pzH-F1
and to 121° in 4pzH-F2 (Figure 4). Stabilizing F···pyrazole
noncovalent forces are also predicted in the twisted Z-isomers
of the 4pzMe-X family, for which θ remains approximately
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constant. Furthermore, the atomic charge of fluorine is calcu-
lated to be ca. −0.30e, which allows for electrostatic interac-
tions with positively charged C atoms (ca. +0.40e) of the pyra-
zole ring in both 4pzH-X and 4pzMe-X families (Figure S7,
Supporting Information File 1). These favorable dispersion and
electrostatic interactions stabilize the Z-isomer ground state
compared to the corresponding transition state, which in part
explains the increase in energy barriers and in turn half-lives
upon ortho-F substitution. In sharp contrast, the insertion of
bulkier chlorine atoms at the ortho position(s) induces destabi-
lizing steric clashes, as well as negligible electrostatic forces
(chlorine atomic charge of +0.04e; Figure S8 in Supporting
Information File 1). Somewhat similar to the 4pzH-Pyr com-
pounds, the destabilizing nature of the Cl···pyrazole interaction
is evidenced by the absence of heteroring tilting in the T-shaped
Z-isomers of the 4pzH-X family (θ = 97° and 94° for 4pzH-Cl1
and 4pzH-Cl2), and the systematic decrease in θ for the
4pzMe-X series in going from 4pzMe (138°) to 4pzMe-Cl1
(127°) and to 4pzMe-Cl2 (113°; Figure 4).

The effect of ortho-substitution on photocon-
version efficiency
To a first approximation, in order to achieve high Z–E photo-
conversion efficiency, the two isomers of an azo photoswitch
must offer well-separated absorption bands. Most frequently,
E–Z photoisomerization is achieved by irradiating in the region
of the high-energy π–π* band for the E-isomer, whereas Z–E
photoisomerization occurs through irradiation in the low-energy
n–π* band of the Z-isomer. However, an overlap in the absor-
bances between E/Z isomers causes incomplete photoswitching.

Table 2 summarizes the theoretical excitation energy separa-
tion (in nm) between the characteristic n–π* and π–π* transi-
tions in the ortho-substituted arylazopyrazoles under study.
Theoretical TD-DFT calculations indicate that the family of
ortho-substituted 4pzH-X presents well-separated n–π* transi-
tions between Z and E (>30 nm), with the exception of pyrrol-
idine derivatives (Table 2). As such, the addition of ortho-sub-
stitution may provide a means to improve the addressability of
the longer half-live 4pzH compounds. In contrast, most of the
4pzMe-X analogues show a relatively small band separation of
the n–π* transition between the Z- and E-isomers, for which a
less efficient Z-to-E photoconversion is expected. Note that the
lowest-lying n–π* transition in the Z-isomer originates from a
HOMO to LUMO monoelectronic excitation (Figure 5). The
energy gap between these two molecular orbitals highly
depends on the molecular conformation, significantly increas-
ing for T-shaped structures (4pzH-X) compared to twisted
arrangements (4pzMe-X), and thus leading to larger n–π* band
separation for the 4pzH-X series [18]. On the other hand, the
intense π–π* transition of the Z-isomer is generally found

higher in energy and lower in intensity compared to the
E-isomer (Tables S1 and S2 in Supporting Information File 1),
which is common for azo switches. For the 4pzH-X family,
large π–π* band separations of >50 nm are predicted between Z
and E, whereas smaller values (>30 nm) are calculated for
4pzMe-X (Table 2). In both series, di-ortho-chlorination is pre-
dicted to provide the higher overlap in π–π* bands between Z
and E, for which a less efficient E-to-Z photoconversion is
therefore expected.

Table 2: Theoretical energy separation (in nm) and oscillator strength
(f, in au) of the characteristic electronic excitations in ortho-substituted
arylazopyrazoles 4pzH-X and 4pzMe-X.a

n–π*
(E–Z)

π–π*
(E–Z)

n–π* f (Z) n–π* f (E)

4pzH 38 58 0.0020 0.0000
4pzH-F1 33 64 0.0129 0.0000
4pzH-F2 44 58 0.0157 0.0000
4pzH-Cl1 51 62 0.0024 0.0074
4pzH-Cl2 46 43 0.0018 0.0129
4pzH-OMe1 35 81 0.0110 0.0000
4pzH-OMe2 46 66 0.0069 0.0204
4pzH-Pyr1 −26 118 0.0309 0.0290
4pzH-Pyr2 −10 81 0.0038 0.0575

4pzMe −15 30 0.0404 0.0000
4pzMe-F1 4 34 0.0420 0.0008
4pzMe-F2 26 33 0.0426 0.0025
4pzMe-Cl1 5 35 0.0371 0.0085
4pzMe-Cl2 5 23 0.0314 0.0147
4pzMe-OMe1 12 53 0.0404 0.0000
4pzMe-OMe2 29 47 0.0371 0.0124
4pzMe-Pyr1 −34 94 0.0557 0.0728
4pzMe-Pyr2 −36 59 0.0407 0.0865

aExcitation energies and intensities are averaged over the different
conformers (see Tables S1 and S2 in Supporting Information File 1).

In addition to the band separation, the n–π* transition is re-
quired to be relatively intense for the Z-isomer compared to E to
allow for efficient Z–E photoswitching. Theoretical calcula-
tions indicate that the family of ortho-substituted 4pzH-X
photoswitches provide a weak n–π* transition, with oscillator
strengths f < 0.020. In contrast, 4pzMe-X derivatives show a
relatively intense n–π* excitation, with f > 0.035. The intensity
of the n–π* transition is directly related with the dihedral angle
between the benzene moiety and the heteroring (Figure S9,
Supporting Information File 1), as we have shown previously
[18]. The n–π* excitation is symmetry-forbidden for a com-
plete (θ = 90°) T-shape conformation. Thus, a tilting of the
pyrazole moiety away from orthogonality with respect to the
plane generated by the aryl ring leads the n–π* excitation to be
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Figure 5: Description of the lowest-lying n–π* excitation for the
Z-isomers of halogenated 4pzH-F2 and 4pzH-Cl2 photoswitches.

symmetry-allowed, with the corresponding increase in intensity.
For example, the heteroring in fluorine-substituted 4pzH-F2
photoswitch is tilted with a θ = 121°, and presents a moderately
intense n–π* transition (f = 0.016), whereas the n–π* intensity
in T-shaped Z-4pzH-Cl2 is practically zero (Figure 5). On the
other hand, methyl-based 4pzMe-X derivatives show a twisted-
like conformation for the minimum-energy geometry of the
Z-isomer (Figure S2, Supporting Information File 1), promoting
intense, symmetry-allowed n–π* excitations (Table 2).

The n–π* excitation in E-isomers is also symmetry-forbidden
for a completely planar conformation in which the heteroring,
the azo group and the benzene moiety are coplanar. Bulky
groups introduced in the ortho-position of the benzene ring,
such as methoxy, pyrrolidine or chlorine, promote steric inter-
actions that disrupt planarity, with the corresponding increase in
the n–π* transition intensity for the E-isomer of these com-
pounds (f = 0.013, 0.020 and 0.058 for 4pzH-Cl2, 4pzH-OMe2
and 4pzH-Pyr2, and f = 0.015, 0.012 and 0.087 for 4pzMe-Cl2,
4pzMe-OMe2 and 4pzMe-Pyr2, respectively; see Figure 6 for
4pzH-F2 and 4pzH-Cl2).

Figure 6: Description of the lowest-lying n–π* excitation for the
E-isomers of halogenated 4pzH-F2 and 4pzH-Cl2 photoswitches.

To experimentally compare the conformations of the E-isomers,
we were able to characterize 4pzMe-F2, 4pzMe-Cl2 and 4pzH-
F2 by X-ray crystallography (Figure 7). In agreement with the
calculations, the E-isomer of 4pzMe-F2 possesses a fully
coplanar structure. Unexpectedly, for 4pzMe-OMe2 the pyra-
zole and benzene rings occupy two separate planes. Thus, in the
solid state, the structure of the E-isomer 4pzMe-OMe2
becomes even more twisted (calculated dihedral angle of 49°
versus 78° in the crystal structure). We attribute this to a
packing effect in the solid state. To the best of our knowledge,
an E-isomer azo photoswitch with this type of solid state
packing is unprecedented and may open new possibilities in
solid state photoswitchable materials applications. The benzene
ring in 4pzH-F2 is also twisted away from the pyrazole ring
with a calculated dihedral angle of approximately 42°. This is
reminiscent of the o-methoxyazobenzenes, reported by Woolley
and co-workers [10,11], where steric repulsion forces the
E-isomer into a nonplanar mode. However, given the small size
of the fluorine atoms, sterics are unlikely to play a role for
4pzH-F2 and we would expect a planar E-isomer, as noted by
Hecht and co-workers in their o‑fluoroazobenzenes [13,14].
Thus, once again, solid state packing of these derivatives is
surprising.
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Figure 7: X-ray structures of 4pzMe-F2 (left), 4pzH-F2 (middle) and 4pzMe-OMe2 (right).

Figure 8: Experimental UV–vis spectra of 4pzMe-F2, 4pzMe-Cl2, 4pzMe-OMe2 and 4pzH-F2 in MeCN at 25 µM.

The experimental photoswitching performance of the synthe-
sized 4pzMe-F2, 4pzMe-Cl2 and 4pzMe-OMe2 photo-
switches was assessed and compared to the computational work
(see Figure 8 and Table 3). In all cases, 420 nm light was used
to promote Z–E switching and access a photostationary state
(PSS) enriched with the E-isomer, whereas UVA light was used
to obtain the Z-isomer-enriched PSS. Theoretical π–π* band
separations for the E-isomers of 4pzMe-F2 and 4pzMe-Cl2

(Table 2) match very closely with the experimental data
(Table 3), with the exception of the methoxy 4pzMe-OMe2 an-
alogue. A large conformational space is expected for the twisted
4pzMe-OMe2 (vide supra) due to the ortho-methoxy groups,
which likely explains the inaccuracy of the computational
predictions for this compound. The experimental π–π* band for
all compounds undergoes a blue shift upon isomerization E to
Z, also in good accord with the theoretical predictions (Figure 8,
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Table 3: Experimental band separation (in nm) of the characteristic
UV–vis absorption bands, calculated as the λmax subtraction between
E and Z-isomers, and photostationary-state-conversion efficiency (PSS
in %).

n–π* (E–Z) π–π* (E–Z) PSS
(% E)a

PSS
(% Z)b

4pzHc 14 53 70 >98
4pzH-F2 13 33 42 92
4pzMec −16 39 >98 >98
4pzMe-F2 −3 30 77 93
4pzMe-Cl2 −1 29 85 80
4pzMe-OMe2 −3 13 73 81

aIrradiation wavelength = 420 nm. bUVA irradiation. cData extracted
from reference [18].

Table S1 and S2 in Supporting Information File 1). Compared
to 4pzMe, photoswitches 4pzMe-Cl2 and 4pzMe-OMe2 show
smaller π–π* band separations, which supports the reduced E–Z
photoisomerization efficiency (80 and 81%, respectively) upon
E–Z switching (Table 3). In contrast, 4pzMe-F2 and 4pzH-F2
still provide excellent E–Z photoisomerization of 93% and 92%,
respectively, despite the relatively small π–π* band separation
(30 and 33 nm, respectively).

Conversely, the experimental n–π* band separation is very
small (near complete band overlap) for the 4pzMe-X family
(Figure 8), in contrast to the theoretical predictions. We note
that we previously found much better correlation for the
heteroazoaryl switches without ortho-substituents [18]. Al-
though the computed n–π* band separations do not quantitative-
ly reproduce the experimental data, they do qualitatively predict
an increased band overlap in the 4pzMe-X family compared to
4pzH (Table 2). Furthermore, the comparably intense n–π*
band of the Z-4pzMe-X analogues, a function of the twisted
(i.e., non-T-shaped) conformation of these compounds, is in
agreement between theory and experiment (Supporting Infor-
mation File 1, Figure S9). A significant n–π* band overlap
directly impacts the Z–E photoconversion efficiency, and thus
lower PSSs of 77, 85 and 73% are recorded for 4pzMe-F2,
4pzMe-Cl2 and 4pzMe-OMe2, respectively, versus >98% for
4pzMe. Similarly, 4pzH-F2 possesses a lower PSS versus
4pzH (42% versus 70%). While inaccuracies in the DFT calcu-
lations may explain the differences observed, differences in the
excited-state profiles and quantum yields for the photoisomer-
ization pathway may also contribute to the lack of correlation
between band overlap and photoisomerization efficiency [35].

Conclusion
We aimed to combine two features now known to significantly
improve the performance of azoarene photoswitches – ortho-
substitution of the benzene ring(s) and replacement of one of

the benzenes for a pyrazole (to give an arylazopyrazole) – into a
single switch unit. We show that ortho-benzene substitution of
the arylazopyrazoles drastically increases the Z-isomer stability
and allows further tuning of their addressability. This in turn
has enabled us to discover 4pzH-F2; a novel azoheteroarene
photoswitch with the longest reported thermal half-life in the
literature to date of ≈46 years. Many of the molecular features
that we previously determined to be important for arylazopyra-
zole light absorption and Z-isomer half-life, such as the key role
of conformation, hold true for these new derivatives. We
believe our data provide important results for the further devel-
opment of high-performance azo switches, which will open up
possibilities in a large range of applications.

Experimental
Computational details. Theoretical calculations were per-
formed using the Gaussian 16 (revision A03) suite of programs
[36]. Several rotational conformers of the studied compounds
are available due to free rotation of the aromatic rings along
single bonds linked to the azo bridge. All the possible
conformers both in the Z- and E-forms were fully optimized by
using the hybrid exchange-correlation PBE0 functional [37] in-
cluding the Grimme’s dispersion correction in its latest version
(D3) [38]. The split-valence Pople’s basis set 6-31G** was
used throughout [39]. Transition states were optimized by using
the Berny algorithm at the same level of theory [40]. Theoreti-
cal calculations were carried out in the gas phase. Theoretical
kinetic studies were carried out at the PBE0-D3/6-31G** level
of theory by considering all possible transition states and
minimum-energy conformers for the Z-isomer. All the transi-
tion states were characterized by one imaginary frequency of
approximately (440–520)i cm−1. The reliability of the single-
determinant Kohn–Sham DFT approach to describe correctly
the transition state energy/geometry was assessed by calcu-
lating the energy difference between the lowest-lying singlet
excited state and the ground state at the transition state geome-
try for 4pzH and 4pzMe. Theoretical calculations at the
PBE0-D3/6-31G** level indicate that the lowest-lying S1 state
lies >1 eV above in energy with respect to the ground state, and
therefore the DFT approach is accurate enough for TS analysis.
We refer to our prior publication [18] for details of the theoreti-
cal protocol used to compute half-lives. The Boltzmann distri-
bution was applied to the energy barriers [18] and to the rela-
tive energy differences between all possible Z-conformers. Note
that half-lives are inversely proportional to the rate constant,
and this is exponentially dependent on the free-energy barrier
according to Eyring theory. Thus, a small variation in the
energy barrier of <1 kcal/mol leads to a change of few orders of
magnitude in half-life. Vertical electronic transition energies for
the ground state geometries of both Z- and E-isomers were
computed under the time-dependent density functional theory
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(TDDFT) approach [41,42]. The 20 lowest-lying singlet excited
states were calculated in all conformers at the TD-PBE0/6-
31G** level of theory in the gas phase. Solvent effects in con-
formational stability, half-life times and excitation energies,
were analyzed under the polarizable continuum model (PCM)
and acetonitrile as solvent (Tables S3 and S4 in Supporting
Information File 1). Theoretical calculations indicate that, al-
though the solvent model impacts quantitatively in the parame-
ters analyzed, qualitative rankings are maintained. Atomic
charges were calculated by performing a natural bond orbital
(NBO) analysis [43]. Wiberg bond indeces (WI) were calcu-
lated by using the Gaussian NBO version 3.1 [44] as imple-
mented in Gaussian 16 (revision A03) through the analysis of
the SCF density calculated at the PBE0/6-31G** level of
theory. The noncovalent index (NCI) for the different com-
pounds was computed using the NCIPLOT program [45,46].

Synthesis and characterization. Details for the synthesis and
experimental characterization of 4pzMe-F2, 4pzMe-Cl2,
4pzMe-OMe2 and 4pzH-F2 can be found in Supporting Infor-
mation File 1.

Supporting Information
Raw data can be found at doi:10.14469/hpc/6203

Supporting Information File 1
Theoretical calculations, synthetic methods, experimental
characterization and X-ray crystallography data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-266-S1.pdf]

Supporting Information File 2
CIF files for 4pzMe-F2, 4pzMe-OMe2,
4pzMe-OMe2_diethylether and 4pzH-F2.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-266-S2.cif]
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Abstract
In recent years, increasing efforts have been devoted to designing new functional stimuli-responsive supramolecular assemblies.
Here, we present three isomeric supramolecular coordination complexes consisting of a Pd2L4 stoichiometry. As shown by NMR,
CD and X-ray studies, as well as DFT calculations, these complexes form cage-like structures by chiral self-sorting. Photochromic
ligands derived from first generation molecular motors enable light-driven interconversion between the three isomers. Two of the
isomers were able to form host–guest complexes opening up new prospects toward stimuli-controlled substrate binding and release.

2767

Introduction
Supramolecular coordination complexes (SCCs) represent a
promising class of compounds which have been used in a
variety of molecular systems [1-6]. Taking advantage of the
vacant cavity inside these complexes, SCCs have been applied
in drug delivery [6-8], supramolecular catalysis [9-12], X-ray
structure determination [13,14] and stabilization of reactive
species [15-17]. The use of reversible metal–ligand coordina-
tion bonds gives rise to systems that allow for adaption to
external stimuli such as pH, anions, electric potential, concen-
tration and light [4,8,18-21]. Using light to dynamically control
the shape and function of SCCs is a very promising strategy as

it is a noninvasive stimulus that can be easily applied with high
spatiotemporal control, without producing any waste. Systems
have been reported where photoisomerization of azobenzene-
derived anions encapsulated in supramolecular palladium com-
plexes caused immediate crystallization [22]. Moreover,
azobenzenes have been used to functionalize both the interior
[23] and exterior [24] of SCCs to photochemically control guest
binding and release.  Furthermore,  incorporation of
dithienylethene into the ligands connecting the metal centers
has been used to control host–guest interactions [25-28], struc-
tural composition [29], and sol–gel transition [30]. However,

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:s.j.wezenberg@lic.leidenuniv.nl
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Scheme 1: Cage formation of overcrowded alkene switches E/Z-1 and their isomerization behavior. Note that the intermediate unstable E-1 is not
shown; due to the low barrier of thermal helix inversion and therefore fast isomerization to the corresponding stable isomer.

dithienylethene undergoes a limited structural change upon pho-
toisomerization and, up to now, photoswitchable ligands based
on other types of photochromic switches have not been re-
ported in the literature.

In chiral self-sorting SCCs, either homo- or heterochiral com-
plexes are formed exclusively through high fidelity recognition
of the components within the complex [31-33]. The formation
of such complexes with high selectivity and well-defined
chirality is essential for the application of SCCs towards chiral
recognition and sensing [34-37]. To the best of our knowledge
no self-sorted responsive SCCs have been reported so far.

Molecular motors based on overcrowded alkenes are unique
photoswitches that are able to undergo unidirectional rotation
upon irradiation with light [38-40]. Moreover, they can be used
as chiroptical multistate switches to control various functions in
areas such as catalysis [41-43], soft materials [43-45] and
supramolecular chemistry [46,47]. Employing molecular motors
as ligands in SCCs provides an interesting strategy to form
responsive coordination complexes, as they feature a large
geometric change upon switching [47].

Herein, we report a photoresponsive coordination cage with
ligands based on a first generation molecular motor (Figure 1).

Cages with a Pd2L4 composition are formed from bidentate
bispyridyl ligands and Pd(II) ions with a square planar geome-
try, which have been widely studied [6,48-50]. The photochro-
mic ligands can be switched between three states, forming sepa-
rate discrete cage complexes, allowing cage-to-cage transfor-
mations (Scheme 1). Interestingly, only homochiral cages are
formed revealing that a chiral self-sorting process takes place.
In addition, two of the cage isomers can bind a tosylate anion in
solution by formation of a host–guest complex.

Figure 1: Schematic representation of a photoresponsive cage with
ligands based on overcrowded alkenes.

Results and Discussion
Ligands Z-1 and E-1 (Scheme 1) were synthesized by a Suzuki
cross-coupling reaction of 3-pyridinylboronic acid with an E/Z
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Figure 2: Aromatic region of stacked 1H NMR spectra (in CD3CN) of stable Z-1 and cage complex Pd2(stable Z-1)4 (top) and E-1 and cage complex
Pd2(stable E-1)4 (bottom).

mixture of reported overcrowded alkene precursors [51] (see
Supporting Information File 1 for full experimental details).
Heating a 2:1 mixture of ligands (S,S)-Z-1 or (S,S)-E-1 with
Pd(NO3)2 in acetonitrile at reflux led to the quantitative forma-
tion of cage Pd2(stable Z-1)4 or Pd2(stable E-1)4, respectively,
as evidenced by 1H NMR, DOSY and HRMS. The 1H NMR
signals of the pyridine moieties of the ligands (Ha–d) in the
assembled cages are shifted downfield compared to those of the
free ligands, as expected due to metal coordination (Figure 2)
[28]. As the ligand exchange in Pd2L4 complexes is slow on the
NMR timescale, the discrete signals do not represent an
average of quickly interconverting isomers [52,53]. The forma-
tion of cage complexes using a racemic mixture of ligands
stable Z-1 or stable E-1, resulted in the exact same 1H NMR
spectrum as was obtained with the enantiopure ligands. Using a
racemic mixture of ligands, four different diastereomeric cages
can be formed ((S ,S)4 ,  (S ,S)3(R,R), (S ,S)2(R ,R)2  and
(S,S)(R,R)(S,S)(R,R) and their enantiomeric pairs). However, in
both cases, only one set of signals is observed, which is a strong
indication that only one species with high symmetry is formed
by chiral self-sorting without any sign of the formation of dia-
stereomeric mixtures. To further confirm the self-sorting behav-
ior of these cage structures, CD spectroscopy was performed. A
linear dependence of CD amplitude on the ee of ligand stable
Z-1 was found, which can be expected when the homochiral en-
antiomers of cage structure Pd2(stable Z-1)4 are the only opti-
cally active species in solution (Figure S1, Supporting Informa-
tion File 1).

Additionally, DOSY NMR spectroscopy revealed that the
signals correspond to a single type of assembly in each case

(see Supporting Information File 1, section 2). The measured
diffusion coefficients (D = 8.7 × 10−10 m2 s−1 for Pd2(stable
Z-1)4 and D = 7.9 × 10−10 m2 s−1 for cage Pd2(stable E-1)4 in
CD3CN at 23 °C) can be translated into hydrodynamic radii of
rH = 7.2 Å for Pd2(stable Z-1)4 and rH = 8.0 Å for Pd2(stable
E-1)4 by using the Stokes–Einstein equation [54]. By means of
ESI high-resolution mass spectrometry, we were able to verify
the Pd2L4 constitution of both cages. The HRMS spectrum of
Pd2(stable Z-1)4 shows the signals for the cations [Pd2(stable
Z-1)4(NO3)3]+, [Pd2(stable Z-1)4(NO3)2]2+, [Pd2(stable
Z-1)4(NO3)]3+, [Pd2(stable Z-1)4]4+ (Figure 3). For Pd2(stable
E-1)4, the peaks corresponding to the cations [Pd2(stable
E-1)4(NO3)2]2+ and [Pd2(stable E-1)4(NO3)]3+ were observed
(Figure 3). For both isomers, the experimental isotopic patterns
and exact m/z values match the simulated patterns.

A single crystal of Pd2(stable E-1)4 formed from a racemic mix-
ture of ligand E-1 suitable for X-ray structure determination
was grown by vapor diffusion of a 1:1 mixture of benzene and
diethyl ether into a solution of the cage in a 1:1 mixture of
acetonitrile and chloroform. The crystal structure shows cage
structures with a Pd2L4 stoichiometry with one NO3

− counter-
ion and one molecule of acetonitrile located inside each cage. In
addition, a chloride ion is located close to the metal centers
outside of the cage. This counterion most likely originates from
the solvent, as chloroform can contain considerable amounts of
HCl. The additional anions required to balance the charge of the
tetracationic Pd2L4 cage could not be unambiguously located in
the difference Fourier map (see Supporting Information File 1
for details). The structure belongs to the P4/n space group and
the unit cell is occupied by a pair of enantiomeric cages in
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Figure 3: HRMS spectra of cage complex Pd2(stable Z-1)4 (top) and cage complex Pd2(stable E-1)4 (bottom); Insets: comparison of simulated and
measured isotopic patterns of Pd2L4(NO3)3+ ions.

which the Pd–Pd axis of each cage is located at the 4-fold rota-
tion axis. This means that the cage structure is made up with ex-
clusively (R,R) or (S,S) enantiomer of the ligand and that the
elementary cell is built from the racemic pair of cages.

DFT calculations were performed to gain insight in the self-
sorting behavior of cages Pd2(stable Z-1)4 and Pd2(stable E-1)4.
The structures of all possible cage diastereomers were opti-
mized using B3LYP/6-31G(d) for C,H,N and LANL2DZ with
ECP for Pd in the gas phase without counter ions. The opti-
mized structure of Pd2(stable E-1)4 is in good agreement with
the solved X-ray structure (Figure 4). Moreover, the calcula-
tions revealed that the homochiral cage Pd2((S,S)-stable E-1)4
(and its enantiomer) are energetically favored by at least
61 kJ mol−1 compared to the other possible diastereomers
(Table S1, Supporting Information File 1). Similar calculations
on the diastereomers of Pd2(stable Z-1)4 revealed that the
homochiral cage diastereomers Pd2((S,S)-stable Z-1)4 are ener-
getically favored as well, by at least 19 kJ mol−1 (Table S2,
Supporting Information File 1). These calculations support that
these cages are formed by chiral narcissistic self-sorting.

Next, we were interested in the guest binding abilities of cages
Pd2(stable Z-1)4 and Pd2(stable E-1)4. The tosylate anion was
chosen as it has the appropriate size to fit inside the cages. A
Job plot analysis revealed a 1:1 binding stoichiometry between
both cage isomers and OTs− (Figures S3–S5, Supporting Infor-
mation File 1), which corresponds to the model in which OTs−

serves as a guest molecule which is encapsulated inside the
cages [55,56]. 1H NMR titrations with tetrabutylammonium
tosylate revealed that both cages are able to bind OTs−, showing
similar binding strengths (KB = 1604 ± 39 M−1 for Pd2(stable
Z-1)4; KB = 1758 ± 39 M−1 for Pd2(stable E-1)4 at 293 K).

Figure 4: Crystal structure of cage complex Pd2(stable E-1)4 (top left)
and DFT optimized structures of cage complexes Pd2(stable E-1)4,
Pd2(stable Z-1)4 and Pd2(unstable Z-1)4. For clarity only one of the
enantiomeric cages was depicted on the figure (carbon – black,
nitrogen – blue, oxygen – red, palladium – cyan, chlorine – green,
hydrogen – white).

Finally, the photochemical and thermal isomerization behavior
of the complexes was studied. Initially, the behavior of ligand 1
was studied by UV–vis and NMR spectroscopy, showing simi-
lar behavior as related first generation molecular motors (see
Supporting Information File 1 for full details). Irradiation with
312 nm light at −70 °C isomerizes stable Z-1 to unstable E-1,
which undergoes a thermal helix inversion (THI) when warmed
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Figure 5: Aromatic region of stacked 1H NMR spectra (CD3CN/CD2Cl2 1:1) of i) Pd2(stable Z-1)4; ii) Pd2(stable E-1)4 generated by irradiation of
Pd2(stable Z-1)4 at 312 nm; iii) Pd2(stable E-1)4 prepared directly from ligand stable E-1; iv) Pd2(unstable Z-1)4 generated by irradiation of Pd2(stable
E-1)4 at 312 nm and v) Pd2(stable E-1)4 generated by irradiation of Pd2(unstable Z-1)4 at 365 nm.

to room temperature to form stable E-1. The second half of the
rotation cycle is similar, as irradiation with 312 nm light
isomerizes stable E-1 to unstable Z-1, which undergoes THI to
form stable Z-1 when left for several days at room temperature.

Subsequently, the photochemical and thermal isomerizations of
cages Pd2(stable Z-1)4 and Pd2(stable E-1)4 were followed by
1H NMR studies (Figure 5). Irradiation of Pd2(stable Z-1)4 in a
CD3CN/CD2Cl2 1:1 mixture at 312 nm at −70 °C was per-
formed to isomerize ligand stable Z-1 to unstable E-1 (vide
infra), followed by allowing the sample to warm to room tem-
perature to form stable E-1 (Figure 5ii). The 1H NMR spectrum
of this newly formed complex is identical to the spectrum of
Pd2(stable E-1)4 prepared directly from E-1 (Figure 5iii),
showing that cage Pd2(stable Z-1)4 is effectively converted to
Pd2(stable E-1)4. An intermediate complex containing unstable
E-1 ligands was not observed, even at low temperatures, most
likely due to the low barrier for THI of this isomer. Conversion
of cage Pd2(stable E-1)4 to Pd2(unstable Z-1)4 by photochemi-
cal E/Z isomerization of ligand stable E-1 to unstable Z-1 was
performed by irradiation of a sample of Pd2(stable E-1)4 at
312 nm at −20 °C (Figure 5iv). Signals of cage Pd2(stable Z-1)4
disappeared and the formation of a new set of signals was ob-
served. DOSY NMR confirmed the formation of an assembly
with a hydrodynamic radius which was similar to that of the
cage Pd2(stable Z-1)4. Precipitation of the metal centers in this
assembly using tetrabutylammonium glutarate liberates the
ligands and they were identified as unstable Z-1. Combined,
these results confirm that the photogenerated complex is indeed
Pd2(unstable Z-1)4. Subsequent irradiation of this sample con-
taining Pd2(unstable Z-1)4 at −20 °C at 365 nm converts the
unstable Z-1 ligands back to stable E-1, reforming Pd2(stable

E-1)4 (Figure 5v). These experiments highlight the reversible
formation of Pd2(unstable Z-1)4 through photochemical E/Z
isomerization of the ligands.

On the other hand, allowing the THI of ligands unstable Z-1 in
cage Pd2(unstable Z-1)4 to take place by leaving the solution at
room temperature for 5 d did not lead to the formation of
Pd2(stable Z-1)4, but to disassembly of the cage and formation
of ill-defined complexes. Precipitation of the metal centers in
these complexes identified the ligands as a mixture of both
stable Z-1 and stable E-1 (originating from the PSS mixture),
indicating that the THI does take place. A possible explanation
could be that the mixture of stable Z-1 and stable E-1 does not
form separate well-defined cage structures, but forms mixed
complexes.

Conclusion
In summary, a new photoresponsive supramolecular coordina-
tion complex based on overcrowded alkenes is presented,
allowing switching between three different cage structures.
Interestingly, the cage structures with Pd2L4 constitution were
shown to be homochiral, forming single diastereomers as
evident from NMR, CD and X-ray analysis, supported by DFT
calculations. Additionally, the cage structures were able to bind
OTs− inside their cavity. Although photoswitching affords a
large geometric change of the ligands, only minor changes were
observed in binding constants of the different cage structures.
These results show that by incorporation of overcrowded
alkenes into SCCs the geometry of cage structures can be con-
trolled by light. Different designs might be considered to trans-
late these geometrical changes to changes in properties such as
guest binding affinity and selectivity.
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Supporting Information
Supporting Information File 1
Experimental procedures, compound characterization, CD
spectroscopy, binding studies, NMR studies of the
photochemical and thermal isomerizations, X-ray
crystallography, computational details and Cartesian
coordinates of DFT optimized structures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-268-S1.pdf]
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Abstract
Free calcium ion concentration is known to govern numerous biological processes and indeed calcium acts as an important biologi-
cal secondary messenger for muscle contraction, neurotransmitter release, ion-channel gating, and exocytosis. As such, the develop-
ment of molecules with the ability to instantaneously increase or diminish free calcium concentrations potentially allows greater
control over certain biological functions. In order to permit remote regulation of Ca2+, a selective BAPTA-type synthetic receptor /
host was integrated with a photoswitchable azobenzene motif, which upon photoirradiation would enhance (or diminish) the
capacity to bind calcium upon acting on the conformation of the adjacent binding site, rendering it a stronger or weaker binder.
Photoswitching was studied in pseudo-physiological conditions (pH 7.2, [KCl] = 100 mM) and dissociation constants for azoben-
zene cis- and trans-isomers have been determined (0.230 μM and 0.102 μM, respectively). Reversible photoliberation/uptake
leading to a variation of free calcium concentration in solution was detected using a fluorescent Ca2+ chemosensor.

2801

Introduction
In terms of synthetic calcium binding molecules, since the 1,2-
bis(o-aminophenoxy)ethane-N ,N ,N ' ,N '-tetraacetic acid
(BAPTA) scaffold was first described by Tsien, it has been
widely used in biological systems and has given rise to a wealth
of derivatives [1]. Key to the wide interest in this cation binder
are its high specificity for Ca2+ ions over Mg2+ ions, and rela-
tive insensitivity to pH in biological media due to the relatively
low pKa of the electron-poor aniline nitrogens [1]. BAPTA-type
molecules complex Ca2+ in an octacoordinated fashion, involv-

ing the two aniline functions, the two central ether oxygens and
the four carboxylates, as elucidated by the crystallographic
structure of a 1:1 host–guest BAPTA system [2]. This moiety
has been exploited in the development of various fluorescent
supramolecular chemosensor systems and even molecular logic
systems [3-11].

Equally, the incorporation of photochemically active groups has
been used to trigger the decrease of the ligand’s affinity for
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calcium ions leading to photorelease [12-14], and as such has
proved an alternative to C–N-bond photocleavage [15,16]. A
molecular prototype for the photodecaging of calcium was Nitr-
5, where an electron-withdrawing carbonyl function is gener-
ated from a secondary alcohol adjacent to the BAPTA binding
site upon photoirradiation, which proved sufficient to lower the
binding affinity 40-fold and liberate calcium in biological
media [17]. This design was subsequently improved in a sym-
metrical variant and indeed a wealth of successful variants for
photodecaging calcium have been described including exam-
ples whose photochemical quantum yield approaches unity [18-
24].

While photorelease of calcium can be efficiently achieved in
micro-to-millimolar concentration and has led to new insights
in neurobiology, reversible uptake and release could give rise to
calcium fluxes which would give greater control over cellular
function or ultimately provide new information on the role of
calcium. With this long-term objective in mind, photochromic
groups have been integrated with BAPTA (or structurally
related EDTA) such that photoswitching would enhance or
lower Ca2+ binding based on the state of the adjacent photo-
switch. Photogeneration of a positive charge proximal to the
BAPTA site is undoubtedly the most robust approach to
provoke calcium cation release, while diminishing electron den-
sity on the chelating groups would also have a significant effect.
Some groups reported BAPTA-diarylethene and EDTA-
spiropyran conjugates, while noting limitations for implementa-
tion in terms of fatigue, solubility and relatively small affinity
changes [25,26]. We further highlight a structurally elegant
design integrating a spiroamidorhodamine with a BAPTA,
whose anticipated switching remains to be proven [27]. Further,
interesting approaches are currently being developed on inter-
facing calmodulin, a messenger protein ionophore, with photo-
chromes [28].

The use of steric effects to decrease binding offers an alterna-
tive approach to generate calcium release, where deforming an
ion-binding site would render it less well-adapted to bind a
guest. Photoisomerization of the azobenzene moiety has previ-
ously been successfully used to modulate the affinity of crown
ethers [29], lariats [30], and foldamers [31] for various ions and
switch between complexes of different molecularity, albeit
largely in organic solvents [32]. Azobenzene is generally
considered relatively resistant to fatigue and has been em-
ployed to evoke changes in different biological systems, includ-
ing ion channels based on changes of properties between cis
and trans-forms [33,34]. Herein we describe a BAPTA host
molecule 1, with an azobenzene moiety integrated in the tether
linking both aromatic rings, as illustrated in Figure 1. The prin-
ciple goal of the current work, with a long-term view of inter-

facing biological systems, was the development of a water-
soluble molecule which has a high affinity and selectivity for
calcium, allowing binding of physiological levels of calcium,
whose binding can be switched reversibly as efficiently as
possible both in terms of affinity and quantum yield. In prin-
ciple this would offer real-time regulation of free calcium
levels. In the current design, the elongated 1E form of azoben-
zene in the synthetic BAPTA podand can adopt the preferred
binding geometry to sequester Ca2+, while the metastable 1Z is
anticipated to deform the chelating site separating the binding
groups, leading to a lowered guest affinity. Herein we describe
the synthesis of 1, its photoswitching, and affinity changes be-
tween both forms in pseudo-physiological conditions, further
rationalized by energy-minimized molecular modelling struc-
tures.

Figure 1: Azobenzene-BAPTA 1E and 1Z (a, b, c, d and e denote spe-
cific protons), showing idealized Ca2+ uptake and release. Counter
ions omitted for clarity.

Results and Discussion
The synthetic pathway for the preparation of molecule 1 is
shown in Scheme 1 and detailed synthetic procedures are given
below. Briefly, the synthesis of 1 started with the preparation of
a BAPTA core via a multistep route adapting the synthetic route
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Scheme 1: Synthesis of azobenzene-tethered BAPTA 1.

developed by Crossley et al. [35]. 1,4-Hydroquinone was
benzylated and subsequently nitrated. This intermediate then
underwent a regioselective monodeprotection to generate a lone
phenol group. The phenolate was reacted with 1,2-dibromo-
ethane and the nitrobenzene groups were reduced to the corre-
sponding anilines giving 1a. The double aniline 1a was alky-
lated using ethyl bromoacetate under basic conditions in aceto-
nitrile, forming the BAPTA precursor 1b. The palladium-cata-
lyzed benzyl cleavage was followed by a double alkylation with
2, reactant 2 being synthesized from 4-(4-nitrophenyl)butanoic
acid. The 4-nitrobenzene groups of the pendant arms were
subsequently reduced yielding the corresponding anilines (1e).
A cyclization reaction yielding the corresponding azobenzene
1f was performed using a Cu(I) catalyst generated in situ [36].
Finally, the esters were hydrolyzed under mild conditions re-
sulting in the azobenzene-BAPTA macrocycle 1.

To gain some insight into the possible structures of the 1E and
1Z chelators and differences between them, which may have
consequences on the chelation, energy-minimized (PM6) struc-
tures were determined (Figure 2). The trans-form was found to
be the lowest energy structure, as is generally observed for
azobenzenes [37]. In the trans- versus cis-chelates the following

bond lengths were noted: N–Ca2+: 2.35 and 2.49 Å cf. 3.24 and
3.03 Å. Smaller differences were noted considering the
COO−–Ca2+: 2.20, 2.19, 2.29 and 2.70 Å cf. 2.21, 2.21, 2.23
and 2.23 Å or the ether linkage O–Ca2+: 2.44 and 2.49 Å cf.
2.46 and 2.51 Å. Most significantly, the aniline N–N distance is
stretched from 4.71 Å for the trans-form to 5.96 Å for the cis-
form, which, taken in conjunction with the lengthened N–Ca2+

bond lengths tends to suggest a less tight calcium binding in the
photogenerated cis-form as compared to the trans-form, consis-
tent with photo-promoted guest release.

Exclusively E-isomers are observed in the 1H NMR spectra of
the azobenzene-containing macrocycles 1f and 1 at 25 °C (Sup-
porting Information File 1, Figures S13 and S14). Next, in the
absence of Ca2+ ions, 1E was subjected to irradiation into the
π–π* band (λmax = 362 nm) and photoisomerization of 1E to 1Z
took place, as evidenced by the decrease of the π–π* absorption
in the range 330-440 nm and the increase of the n–π* absorp-
tion above 440 nm (Figure 3), equally observed for 1fE to 1fZ
(Figure S1 in Supporting Information File 1). The NMR analy-
sis of photoirradiated samples of macrocyles 1 showed that the
photostationary state (PSS) for the E→Z photoisomerization at
365 nm was 88:12 in favor of the cis-form (Figure 4).
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Figure 3: Electronic absorption spectra showing changes associated with photoisomerization of 1E (40 μM) to 1Z in aqueous 0.03 M MOPS buffer at
pH 7.2 in the presence of KCl (0.1 M) and EGTA (0.011 M). Inset: Absorbance at 362 nm as a function of irradiation time.

Figure 2: Energy-minimized molecular modelling structures of
1E•Ca2+ and 1Z•Ca2+ (PM6).

The reversibility of the photoswitching of the supramolecular
host was tested over several isomerization cycles with little evi-
dence of fatigue (Figure 5). Thermal isomerization Z→E
resulted in the restoration of the electronic absorption band at-
tributed to the π–π* transition at 30 °C (Figure 5), the rate con-
stant (k) was estimated at 5.4 × 10−5 s−1. Photoisomerization
was also recorded in electron-absorption spectroscopy in the
presence of calcium (see Figure S2 in Supporting Information
File 1). The presence of the ion has the effect of reducing the
reversibility of the isomerization cycles due to an apparent
accelerated degradation, which may be attributed to rendering
an unwanted photochemical pathway more competitive. The
fatigue study showed that more than 90% of 1E were recovered
after each cycle (Figure S3, Supporting Information File 1). On
repeating this cycle, slow decomposition was observed, esti-
mated at 14% after 3 cycles.

Calcium binding by hosts 1E and 1Z was investigated by spec-
trophotometry, specifically monitoring aromatic ring chro-
mophores which give rise to absorption bands observed in the
UV, assigned to n–π* and π–π* transitions [38]. The calcium
complexation studies of 1E and 1Z were performed under
pseudo-intracellular conditions (100 mM KCl, 30 mM MOPS,
pH 7.2). In the absence of ions, the spectra of 1E (Figure 6a)
comprised absorption bands at 298 nm (ε: 5815 M−1 cm−1) and
359 nm (ε: 6728 M−1 cm−1). The complexation of Ca2+

(Figure 6a) induced a blue-shifting and a decrease of the
absorption bands of 1E at 291 nm (ε: 4748 M−1 cm−1) and
355 nm (ε: 5230 M−1 cm−1). The spectrum of 1Z (Figure 6b)
exhibited two absorption bands at 303 nm (ε: 5450 M−1 cm−1)



Beilstein J. Org. Chem. 2019, 15, 2801–2811.

2805

Figure 4: 1H NMR spectra (300 MHz) recorded at room temperature (298 K) in D2O of a) the thermodynamically stable trans-1E and b) at the photo-
stationary state (PSS) after irradiation at 365 nm (88% of 1Z and 12% of 1E at PSS).

Figure 5: a) Multiple trans–cis cycles of 1E (40 μM) indicated by absorption changes at 362 nm in aqueous 0.03 M MOPS buffer at pH 7.2 in pres-
ence of KCl (0.1 M) and EGTA (0.011 M). Each cycle corresponds to irradiation at 365 nm (blue), followed by thermal return at room temperature
(white). b) Fatigue study of 1E (40 μM) after 3 cycles.
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Figure 6: Electronic absorption spectra changes of 1E (42 μM) (a) and 1Z (43 μM) (b) in aqueous 0.03 M MOPS buffer at pH 7.2 in presence of KCl
(0.1 M), and EGTA (0.010 M) upon Ca2+ addition (free Ca2+ concentration = 0.017, 0.038, 0.065, 0.100, 0.150, 0.225, 0.35, 1.35 and 39 μM). Insets:
Hill plots for the absorbance change at 305 nm as a function of free Ca2+, affording log Kd (x-axis intercept).

and 348 nm (ε: 2700 M−1 cm−1). The complexation of Ca2+

(Figure 6b) induced blue-shifting and a decrease of the absorp-
tion band intensities of 1E at 297 nm (ε: 4900 M−1 cm−1) and
345 nm (ε: 3000 M−1 cm−1). After linearizing the spectral
changes via a Hill plot, a 1:1 binding with a Kd of 0.102 μM in
the case of 1E and 0.230 μM for 1Z were determined. The value
for 1E is similar to the Kd value reported for BAPTA
(Kd = 0.110 μM) and importantly calcium binding by the cis-
form was circa 2.5-fold less than that of the trans-form [39].
This is conducive to photopromoted ion release.

Chemical actinometry afforded the quantum yield of the photo-
isomerization reaction (λex = 365 nm) [40]. For solutions of 1E
in the absence and presence of Ca2+, the measured quantum
yields were identical (0.08) suggesting that the ion does not in-
fluence the efficiency of the photoreaction.

In order to unambiguously prove the liberation of Ca2+ upon
photexcitation in solution, azobenzene macrocyle 1 was used as
a reversible Ca2+ photoejector in the presence of a Ca2+-selec-
tive “turn-on” fluorescent probe (3, Figure 7) [41]. The fluores-
cence of BODIPY dye 3 in the absence of calcium, is quenched
by an intramolecular photoinduced electron-transfer reaction,
while ion binding blocks this quenching pathway restoring
emission. Thus, ion liberation from 1 and transfer to 3 would
result in a fluorescence off–on switching of the latter.

To perform the ion-transfer experiment, the fluorescent dye is
loaded with one equivalent of Ca2+, giving rise to a highly fluo-
rescent species upon excitation at 485 nm. The fluorescence is
greatly diminished after the addition of 10 equivalents of 1E, as
the azobenzene macrocycle abstracts the Ca2+ ion from fluoro-
phore 3. Upon irradiation of the ensemble at 365 nm at these
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Figure 7: a) Reversible Ca2+ exchange between photoregulated host 1 and turn-“on” fluorescent probe 3. b) Blue: 3 (5 µM) in 0.1 M KCl and added
Ca2+ (5 µM) in aqueous 0.03 M MOPS buffer at pH 7.2, red: after the addition of 50 µM 1E, green: after photoirradiation at 365 nm. Inset: fluorescent
response over 5 cycles.

low concentrations, a small but reproducible increase in fluores-
cence intensity can be observed, directly corresponding to the
lower complexation/release of the Ca2+ ions in the PSS
(Figure 7b). Furthermore, several irradiation cycles were suc-
cessfully completed with this reversible system. The fatigue
study showed that more than 90% of the fluorescence enhance-
ment was recovered after each cycle despite a slight decrease of
fluorescence intensity due to some photoinstability estimated at
20% after 5 cycles (inset Figure 7b).

The aforementioned experiment is simply a demonstration that
calcium can be reversibly taken up and released in solution,
dilute solutions being convenient to simultaneously monitor the
state of the azobenzene and the fluorescence. In terms of
possible applications for reversible photodecaging in biological
systems, the amount of calcium required to be released to evoke
a change is very system dependent and as such it is impossible
to generalize precise quantities (although they would invariably

involve higher concentrations). However, we can take skeletal
muscle fibers as a representative example, where an increased
free calcium concentration promotes muscular contraction [16].
It is noted that 5 μM of free calcium is in principle sufficient to
induce a contraction (resting concentration of Ca2+ being
0.19–0.28 μM), but that the effective concentration should be
much higher as the fibers themselves can buffer free calcium.
This was effectively achieved (non-reversibly) with mM con-
centrations of the calcium-cage nitrophenyl-EGTA (Kd of
0.080 μM on excitation at 350 nm with a quantum yield of 0.23)
[16]. For comparison, molecule 1 has a similar Kd and the quan-
tum yield is in the same order of magnitude as nitrophenyl-
EGTA but is around 3 times lower, thus in principle it could
sequester calcium sufficiently well and show sufficient photoac-
tivity in this situation. However, the modest 2.5-fold difference
of binding affinity between complexing and non-complexing
forms, while comparable to the best-known photochromic vari-
ants [25,26], would need to be significantly increased (at least
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by an order of magnitude) to have sufficiently efficient ion
release and free calcium increase for biological application.
Indeed, this is the major challenge for photoswitchable variants,
efficient release being more dramatic and readily achieved in
versions with photodegradable, and hence non-switchable
binding sites.

Conclusion
In conclusion, a photochromic BAPTA-based calcium ion host
(1) incorporating an azobenzene photochrome is described. This
chelating molecule showed high affinity for Ca2+ under pseudo-
physiological conditions (Kd = 0.102 μM) and showed efficient
photochemical trans-to-cis switching in terms of quantum
yields (0.08) and PSS composition (88% cis). The calcium
binding affinity of the cis-form was diminished by circa 2.5-
fold with respect to the trans-form as the chelator was stretched
rendering the binding pocket ill-adapted to accommodate the
calcium, as suggested by molecular modelling. Reversible Ca2+

liberation and subsequent uptake was evidenced using a fluo-
roionophore. While the simultaneous observation of fluores-
cence and absorption was conveniently followed at low concen-
tration, any future biological practical use would undoubtedly
require use at much higher concentrations. In this regard a
higher release efficiency would equally undoubtedly be re-
quired than that shown by prototype 1 described herein. To this
end, shortening/rigidification of the hydrocarbon azobenzene-
BAPTA linkages in 1 may be anticipated to lead to an exalted
difference in trans/cis-binding affinity. However, in our hands,
the synthesis of such architectures using protocols similar to
those described herein proved inefficient in these more steri-
cally challenging variants.

Experimental
Materials and methods
All synthetic steps were performed under a dry nitrogen atmo-
sphere using standard techniques. Commercially available
reagents and solvents were used as received unless otherwise
stated. THF and diethyl ether were distilled over sodium/benzo-
phenone. Acetonitrile and dichloromethane were distilled over
calcium hydride immediately before use. Compounds 1a and 2
were synthesized according to literature procedures [35,42].
The progress of all reactions was monitored by thin layer chro-
matography on silica gel 40 F254. Column chromatography was
performed on silica gel 40 (0.230–0.400 mm or 40–63 μm,). 1H
and 13C NMR experiments were performed at 295 K on the
following spectrometers: Bruker DPX 200 (1H: 200 MHz) or an
Avance 300 (1H: 300 MHz, 13C: 75 MHz) spectrometer. Chem-
ical shifts are reported in ppm (δ) and are referenced to the
NMR solvent residual peaks. Abbreviations used are s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet. Reagent
grade tetrahydrofuran (THF) was distilled under argon over so-

dium benzophenone ketyl. CH2Cl2 was distilled over CaH2
under argon. Mass spectrometry was performed at the
CESAMO analytical center (University of Bordeaux, France)
on a QStar Elite mass spectrometer (Applied Biosystems). The
instrument is equipped with an electrospray ion (ESI) source
and spectra were recorded in the positive mode. High-resolu-
tion mass spectrometry (HRMS) measurements were per-
formed with an ESI source on a Q-TOF mass spectrometer with
an accuracy tolerance of 2 ppm (Fédération de Recherche
CBM/ICOA (FR2708) platform). The electrospray needle was
maintained at 5000 V and operated at room temperature. Sam-
ples were introduced by injection through a 20 μL sample loop
into a 4500 μL/min flow of methanol from the LC pump. Elec-
tronic absorption spectra were measured on a Varian Cary 5000
UV–vis–NIR spectrophotometer. Steady-state emission spectra
were recorded on a spectrofluorometer fitted with a PMT
detector and exciting with a 450 W Xe lamp across a double
monochromator, and were corrected for instrumental response.
Photoreaction quantum yields were determined upon excitation
at 365 nm using the couple potassium ferrioxalate–phenanthro-
line as a chemical actinometer on an optical bench equipped
with a 150 W Hg–Xe lamp and a monochromator [40]. Sam-
ples (40 μM) were stirred during the irradiation and the amount
of converted material was determined at 2 min intervals by
UV–vis spectroscopy following the disappearance of the band
at 362 nm. The error in the photoreaction quantum yield deter-
mination was estimated at ±15%. Calcium titration: Two
calcium calibration stock solutions were prepared, one contain-
ing 10 mM EGTA (0 μM Ca2+ buffer) and another with 10 mM
CaEGTA (39 μM Ca2+ buffer). In addition, both buffers were
charged with 100 mM KCl and 30 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) adjusted at pH 7.2. In both
buffers an equivalent amount of the Ca2+-binding probe was
dissolved with a final concentration between 1–10 μM. In order
to determine the dissociation constant (Kd), spectra have been
recorded after having adjusted the free Ca2+ concentration to
0.017 μM, 0.038 μM, 0.065 μM, 0.100 μM, 0.150 μM,
0.225 μM, 0.35 μM, 1.35 μM and 39 μM. Therefore, 2 mL of
the 0 μM Ca2+ sample was placed in a cuvette and the spectra
were recorded. Then, 200 μL of the sample were discarded and
replaced with 200 μL of the 39 μM Ca2+ sample. In that fashion
a concentration of 0.017 μM Ca2+ can be obtained without
changing the concentration of the analyte. The aforementioned
Ca2+ concentrations were then adjusted by discarding 250, 222,
250, 286, 333, 400, 500, 667 and 1000 μL and replacing the re-
moved volume with an equivalent volume of the 39 μM Ca2+

sample. For the calculation of the free Ca2+ concentration a
constant room temperature of 21 °C was assumed. The spectral
change at a given wavelength is then introduced into Hill plot,
where log (A − Amin)/(Amax − A) is plotted against the loga-
rithm of the free Ca2+ concentration as obtained from the Ca2+
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buffers and A is the absorption at a certain wavelength. The
x-intercept gives the log Kd. Molecular modelling: The molecu-
lar structure of 1E·Ca2+ and 1Z·Ca2+ were built with AMPAC
10.1. A geometry optimization was performed by energy mini-
mization using the PM6 method; solvation was not considered.

Synthetic procedures
Tetraethyl 2,2',2'',2'''-(1,2-ethanediylbis{oxy[5-(benzyloxy)-
2,1-phenylene]nitrilo})tetraacetate (1b). A mixture of 2,2'-
[1,2-ethanediylbis(oxy)]bis[5-(benzyloxy)aniline] [20] (1a, 3 g,
6.57 mmol), ethyl bromoacetate (9 mL, 78.87 mmol), Na2HPO4
(4.72 g, 33.25 mmol) and NaI (0.66 g, 4.37 mmol) in 90 mL
acetonitrile was heated under reflux conditions and the reaction
was followed by TLC (SiO2, pentane/AcOEt 7:3, v/v). After
48 h, the reaction was allowed to cool to room temperature and
the solvent was removed in vacuo. To the residue, 200 mL
water was added and the aqueous solution extracted with tolu-
ene (3 × 100 mL). A final crystallization from EtOH yielded the
title compound (4.69 g, 89%). 1H NMR (CDCl3, 200 MHz) δ
7.30–7.42 (m, 10H, CHAr), 6.75 (d, J = 9.2 Hz, 2H, CHAr),
6.43–6.48 (m, 4H, CHAr), 4.97 (s, 4H, CH2), 4.18 (s, 4H, CH2),
4.14 (s, 8H, CH2), 4.06 (q, J = 7.2 Hz, 8H, CH2), 1.16 (t, J =
7.2 Hz, 12H, CH3) ppm; 13C NMR (CDCl3, 75 MHz) δ 170.5,
152.8, 143.9, 139.7, 136.4, 127.6, 126.9, 126.6, 113.8, 106.4,
105.6, 69.6, 67.1, 59.9, 52.6, 13.2 ppm; HRMS–ESI (m/z):
[M + Na]+ calculated for C44H52N2O12Na, 823.3429; found,
823.3412.

Tetraethyl 2,2',2'',2'''-{1,2-ethanediylbis[oxy(5-hydroxy-2,1-
phenylene)nitrilo]tetraacetate (1c). A solution of 1b (4.13 g,
5.16 mmol) in methanol (150 mL) and 10% Pd/C (0.5 g) was
stirred vigorously under a H2 atmosphere for 24 h at room tem-
perature. The reaction mixture was subsequently filtered over
celite and the celite pad was washed with hot EtOAc. Column
chromatography (SiO2, EtOAc/petroleum ether 7:3, v/v)
yielded the title compound (2.76 g, 86%). 1H NMR (CDCl3,
300 MHz) δ 6.51 (d, J = 8.6 Hz, 2H, CHAr), 6.33 (d, J = 2.7 Hz,
2H, CHAr), 6.24 (dd, J = 8.6 Hz, J = 2.7 Hz, 2H, CHAr), 5.86
(br. s, 2H, OH), 4.04–4.16 (m, 20H, CH2), 1.17 ( t, J = 7.2 Hz,
12H, CH3) ppm; 13C NMR (CDCl3, 75 MHz) δ 171.9, 150.9,
144.0, 140.4, 115.7, 108.0, 106.7, 68.0, 61.1, 53.7, 14.2 ppm;
HRMS–ESI (m/z): [M + Na]+ calcd for C30H40N2O12Na,
643.2468; found, 643.2573.

Tetraethyl 2,2',2'',2'''-[1,2-ethanediylbis(oxy{5-[4-(4-nitro-
phenyl)butoxy]-2,1-phenylene}nitrilo)]tetra acetate (1d). A
solution of 1c (0.60 g, 0.97 mmol), Cs2CO3 (1.26 g, 3.87 mmol)
and 2 (1.35 g, 3.87 mmol) in 10 mL DMF was heated overnight
at 110 °C. After allowing the solution to cool to room tempera-
ture, the solvent was removed in vacuo and the residue redis-
solved in DCM. The organic layer was washed with 20 mL

H2O and subsequently dried over MgSO4. Column chromatog-
raphy (SiO2, 1: DCM/EtOAc 95:5 → 85:15, v/v; 2: petroleum
ether/EtOAc 1:1, v/v) yielded the title compound (0.55 g, 59%).
1H NMR (CDCl3, 300 MHz) δ 8.15 (d, J = 8.9 Hz, 4H, CHAr),
7.37 (d, J = 8.9 Hz, 4H, CHAr), 6.79 (d, J = 8.5 Hz, 2H, CHAr),
6.38–6.46 (m, 4H, CHAr), 4.20 (s, 4H, CH2), 4.18 (s, 8H, CH2),
4.10 (q, J = 7.1 Hz, 8H, CH2), 3.88–3.94 (m, 4H, O-CH2),
2.76–2.83 (m, 4H, CH2), 1.74–1.88 (m, 8H, CH2), 1.18 (t, J =
7.1 Hz, 12H, CH3) ppm; 13C NMR (CDCl3, 75 MHz) δ 171.4,
153.9, 150.2, 146.4, 144.7, 140.6, 129.2, 123.6, 123.2, 115.0,
107.1, 106.1, 68.1, 67.8, 60.7, 53.5, 35.5, 28.9, 27.5, 14.1 ppm;
HRMS–FD (m/z): [M]+ calcd for C50H62N4O16 974.4161;
found, 974.4144.

Tetraethyl 2,2',2'',2'''-[1,2-ethanediylbis(oxy{5-[4-(4-
aminophenyl)butoxy]-2,1-phenylene}nitrilo)]tetraacetate
(1e). A mixture of 1d (0.18 g, 0.23 mmol), 10% Pd/C (0.02 g)
and a few drops of triethylamine in 100 mL DCM/EtOH 1:1
(v/v) was stirred vigorously under a hydrogen atmosphere for
48 h. The reaction mixture was filtered over celite and the celite
pad washed with hot EtOAc. Column chromatography (SiO2,
EtOAc) yielded the title compound (0.17 g, 99%). 1H NMR
(CDCl3, 300 MHz) δ 7.02 (d, J = 8.2 Hz, 4H, CHAr), 6.80 (d,
J = 8.8 Hz, 2H, CHAr), 6.65 (d, J = 8.2 Hz, 4H, CHAr),
6.39–6.47 (m, 4H, CHAr), 4.06–4.23 (m, 20H, CH2-X),
3.87–3.93 (m, 4H, CH2), 3.60 (br. s, 4H, NH2), 2.56–2.63 (m,
4H, CH2), 1.67–1.68 (m, 8H, CH2), 1.21 (t, J = 7.6 Hz, 12H,
CH3) ppm; 13C NMR (CDCl3, 75 MHz) δ 171.4, 154.0, 144.6,
144.3, 140.6, 132.3, 129.2 115.2, 114.9, 107.0, 106.2, 68.3,
68.1, 60.8, 53.5, 34.8, 28.9, 28.1, 14.1 ppm; HRMS–FD (m/z):
[M]+ calcd for C50H66N4O12, 914.4677; found, 914.4668.

Azobenzene-BAPTA tetraester (1f). To a solution of 1e
(238 mg, 0.26 mmol) in 128 mL pyridine was added CuCl
(260 mg, 2.62 mmol), the flask was left open to the air and the
resulting mixture was stirred at room temperature for 48 h.
Then, the solvent was removed in vacuo and column chroma-
tography (SiO2, EtOAc/petroleum ether 2:8, v/v) yielded the
cyclized azobenzene (37 mg, 16%). 1H NMR (CDCl3,
300 MHz) δ 7.88 (d, J = 8.0 Hz, 4H, CHAr), 7.37 (d, J = 9.0 Hz,
4H, CHAr), 6.80 (d, J = 8.7 Hz, 2H, CHAr), 6.38–6.48 (m, 4H,
CHAr), 4.21 (s, 4H, CH2), 4.19 (s, 8H, CH2), 4.12 (q, J =
7.2 Hz, CH2), 3.87–3.97 (m, 4H, CH2), 2.74–2.83 (m, 4H,
CH2), 1.87–1.92 (m, 8H, CH2), 1.21 (t, J = 7.2 Hz, 12H) ppm;
13C NMR (CDCl3, 75 MHz) δ 171.4, 154.0, 151.2, 145.6,
144.6, 140.6, 129.1, 122.8, 115.0, 107.1, 106.2, 68.1, 60.8, 53.5,
35.5, 29.7, 29.0, 27.8, 14.1 ppm; HRMS–FD (m/z): [M]+ calcd
for C50H62N4O12, 910.4364; found, 910.4368.

Hydrolyzed azobenzene-BAPTA (1). To a solution of 1f
(87 mg, 0.040 mmol) in 11 mL THF/MeOH 5:1 (v/v),
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LiOH∙H2O (51 mg, 1.21 mmol) was added and the reaction
mixture stirred overnight at room temperature. The solvent was
removed in vacuo (at 30 °C) and the residue was sonicated
briefly in 10 mL DCM/EtOAc 1:1 (v/v) and filtered. The solid
is solubilized in Milli-Q water and acidified with HCl. The re-
sulting suspension was centrifuged, the supernatant removed
and the precipitate washed with a small volume of water. Then,
the precipitate was redissolved by adding a small volume of a
KOH solution and the solvent removed. 1H NMR (DMSO-d6,
300 MHz) δ 8.09 (d, J = 3 Hz, 2H, CHAr), 7.82 (dd, J = 9 Hz
and 3 Hz, 2H, CHAr), 7.70 (d, J = 9 Hz, 4H, CHAr), 7.40 (d, J =
9 Hz, 2H, CHAr), 6.89 (d, J = 9.0 Hz, 4H, CHAr), 4.52 (s, 4H,
CH2), 4.27 (s, 8H, CH2), 3.63 (t, J = 7 Hz, 4H, CH2), 3.41 (t,
J = 7 Hz, 4H, CH2), 1.75 (m, 4H, CH2), 1.51 (m, 4H, CH2)
ppm.

Supporting Information
Supporting Information File 1
Electronic absorption spectra, NMR and mass spectra.
[https://www.beilstein-journals.org/bjoc/content/
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Abstract
We have developed photochromic probes for the nicotinic acetylcholine receptor that exploit the unique chemical properties of the
tetrafluoroazobenzene (4FAB) scaffold. Ultraviolet light switching and rapid thermal relaxation of the metastable cis configuration
are the main drawbacks associated with standard AB-based switches. We designed our photoprobes to take advantage of the excel-
lent thermodynamic stability of the cis-4FAB configuration (thermal half-life > 12 days at 37 °C in physiological buffer) and
cis–trans photostationary states above 84%. Furthermore, the well-separated n–π* absorption bands of trans- and cis-4FAB allow
facile photoswitching with visible light in two optical channels. A convergent 11-step synthetic approach allowed the installation of
a trimethylammonium (TA) head onto the 4FAB scaffold, by means of an alkyl spacer, to afford a free diffusible 4FABTA probe.
TAs are known to agonize nicotinic receptors, so 4FABTA was tested on mouse brain slices and enabled reversible receptor activa-
tion with cycles of violet and green light. Due to the very long-lived metastable cis configuration, 4FAB in vivo use could be of
great promise for long term biological studies. Further chemical functionalization of this 4FAB probe with a maleimide function-
ality allowed clean cross-linking with glutathione. However, attempts to conjugate with a cysteine on a genetically modified nico-
tinic acetylcholine receptor did not afford the expected light-responsive channel. Our data indicate that the 4FAB photoswitch can
be derivatized bifunctionally for genetically-targeted photopharmacology whilst preserving all the favorable photophysical proper-
ties of the parent 4FAB scaffold, however, the tetrafluoro motif can significantly perturb pharmacophore–protein interactions. In
contrast, we found that the freely diffusible 4FABTA probe could be pre-set with green light into an OFF state that was biological-
ly inert, irradiation with violet light effectively "uncaged" agonist activity, but in a photoreversible manner. Since the neurotrans-
mitter acetylcholine has fully saturated heteroatom valences, our photoswitchable 4FABTA probe could be useful for physiological
studies of this neurotransmitter.
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Introduction
Starting in 1937, azobenzenes (ABs) have attracted much atten-
tion because they undergo a photoreversible chemical transfor-
mation of the thermodynamically favored trans configuration
into the corresponding cis configuration [1]. The reverse reac-
tion can be initiated with a different wavelength. In a biological
context, this photochromism was exploited first by Erlanger and
colleagues for enzyme inhibitors in 1968 [2], and ion channels
in 1971 [3]. Their ingenious approach was utilized further in
collaboration with Lester [4-6], but the power of AB photo-
chemistry for biochemistry and cell physiology was then largely
forgotten until 2000, when it was revived by Woolley and
co-workers in a seminal paper [7]. Since that time, AB photo-
chromes have been exploited by many research groups to
control a wide variety of biological process photoreversibly
[8,9]. Furthermore, chemists have paid attention to spectral
tuning of the AB chromophore [10,11].

Recently, an improved set of fluorine-substituted AB photo-
chromes was developed by Hecht and co-workers [12,13]. ABs
with two or four fluorines and electron-withdrawing groups at
the para substituents all maintained the superb chemical proper-
ties of the parent tetrafluoro-(4F)AB chromophore [12]. Mild
electron donation effectively destroys the beautiful separation
of absorption bands of the n–π* transitions, and with it the
excellent high isomeric content of both photostationary states
(PSSs). For example, with para-diamide substituents the PSS
can be either 85% trans and 69% cis (nitrogen attached to ring
[12]) or 96% trans and 92% cis (carbonyl attached to ring [13]).

Since many modern neurobiological applications of AB-based
photoprobes require asymmetric substitution of the photo-
chrome, we decided to explore the effects of changing one para
substituent of 4FAB so as to allow the attachment of different
substituents from our first 4FAB photoprobe [14]. Specifically,
we were attracted by the application [15] of a regular AB-based
photoswitch called "MAHoCh" [16]. The MAHoCh probe was
originally designed [16] to activate nicotinic acetylcholine re-
ceptors in vivo. However, it was found that the trimethylammo-
nium (TA) head group blocked acetylcholine binding when the
photoprobe was cross-linked to the channel near the neurotrans-
mitter binding site, via a (still) mysterious mechanism [15,16].
Normally, TA-based drugs can activate nicotinic acetylcholine
receptors, as shown, for example, by Trauner and co-workers
[17] (azo-choline, Scheme 1).

Here we explore the effects of addition of the tetrafluoro motif
onto such regular AB photoprobes. We have developed a syn-
thetic route that allows the production of asymmetrically substi-
tuted 4FAB photoprobes (1 and 2, Scheme 1). Importantly, the
cis and trans PSS are both >84%, and the thermal half-life of

the cis configuration is 12 days in physiological buffer and tem-
perature. The maleimide-substituted compound 1 reacted with
the cysteine of glutathione, however, we found that this "4FAB
version" of MAHoCh (Scheme 1) did not enable significant per-
turbation of nicotinic acetylcholine receptor currents used with
MAHoCh [16]. However, when 4FABTA analog 2 was tested
as a freely-diffusible photoprobe, photopharmacological control
of native nicotinic acetylcholine receptors (shown schemati-
cally in Scheme 1) with neurons on the medial habenula was
possible.

Results and Discussion
Acetylcholine receptors (AChR) are expressed in many organs,
and these receptors fall into two fundamentally different cate-
gories which were defined, historically, using pharmacology.
The neurotransmitter-gated ion channels are activated by the
drug nicotine, and these are called nicotinic (n)AChR. The
G-protein-coupled receptors are activated by the drug
muscarine, and these are called muscarinic (m)AChR. The
structural difference between the native acetylcholine and nico-
tine are striking, and their diversity reflects the complexity of
structure–activity relationships of ligands for nicotinic acetyl-
choline receptors. For example, the drug homocholine phenyl
ether (HoChPE) is an agonist of the nicotinic acetylcholine re-
ceptors, but the drug MG-624 is an antagonist (Scheme 1).

In our design of photochromes for the nicotinic acetylcholine
receptor we were determined to preserve all the excellent chem-
ical properties of the parent 4FAB whilst incorporating this new
AB into a "4FAB version" of MAHoCh. Since the latter has an
oxygen atom para to the azo group we tested the feasibility of
adding such a strong electron donor to an analog of a difluoro-
(2F)AB Hecht photochrome [13] by making "MeO-2FAB"
(Figure 1, see Supporting Information File 1 for synthesis).
Since 2FAB and 4FAB photochromes with electron-with-
drawing groups at the para positions consistently show a sepa-
ration of the n–π* transitions of the trans and cis configuration
[13], we concluded the presence of one methoxy group in MeO-
2FAB effectively destroyed this beautiful separation (a repre-
sentative example of a 4FAB spectrum is shown in Figure 1).
Our data is similar to that recently reported by Gorostiza and
co-workers for a monofluorinated AB photochrome [18] (core
structure shown in Figure 1 as "1FAB"). This monofluoro-
(1)FAB chromophore is much less electron rich than MeO-
2FAB, so it is perhaps not surprising that 2FAB cannot tolerate
such strong electron-donating group. Hecht and co-workers had
shown in their original paper that two amides connected to
2FAB and 4FAB via nitrogen atoms also lost much of the
excellent features of the parent 4FAB chromophore [12]. (Note,
"1FAB" also has a very short thermal half-life of the cis config-
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Figure 1: Fluoro-AB derivatives and spectra. Structures of 4FAB-diamides [13] cis and trans configurations, and the associated absorption spectra of
these compounds (left). Note, the analogous difluoro-ABs have similar spectra to 4FABs [13]. Effect of electron donation on the fluoro-AB absorption
spectra, the cis-MeO-2FAB (pink dots) is the green photostationary state of the photochrome (right). Structure of the photochrome core of a mono-
fluoro-AB (1FAB) [18]. Spectra in HEPES, pH 7.4 at rt.

uration of 10 min at rt [18], compared to 2 years for 4FAB,
implying that mild electron donating also destroys the other
distinctive property of 4FAB.) Next, we tested if the mildly
electron-donating methyl group could be tolerated better by
Hecht photochromes [13]. We found that such a derivative did
not perturb all the excellent chemical properties of 2FAB (data
not shown). Thus, we synthesized a "4FAB version" of
MAHoCh (i.e., 1) as shown in Scheme 1.

The synthesis of photochromes 1 and 2 is outlined in Scheme 1.
Sonogashira coupling of difluoroiodobenzene and 3-butynol
gave 3, which was reduced by catalytic hydrogenation to 4 fol-
lowed by protection with TBDMS to give 5 in 63% yield for
three steps. The synthesis of the other half of the photochrome
started with bromination of difluorinated aniline to give 6 fol-
lowed by copper-catalyzed cyanation to 7 in 62% overall yield.
Diazonization of 7 with nitrosonium tetrafluoroborate gave 8
(54% yield). The two parts of the chromophore were coupled
starting by treatment of 5 with n-butyllithium at −78 °C, which

was coupled in situ with 8 to AB 9 (17% yield). Copper-cata-
lyzed hydration of 9 gave amide 10, which was treated with
TBAF to alcohol 11 in 42% overall yield. Installation of the
cationic head was performed in two steps: first bromination of
11 via Appel reaction, followed by treatment with trimethyl-
amine to give 2 in 35% overall yield. Photoswitch 2 is the first
example of a bifunctional, asymmetrically substituted 4FAB
chromophore that actually maintains the near-ideal chemical
properties of Hecht’s 4FAB chromophores [12,13] (see below).
The final synthetic challenge was the installation of a male-
imide onto chromophore 2. The original AB photoswitchable
probes which were cross-linked to cysteine mutants had amides
with a reverse orientation [19,20] compared to 2, so a simple
one-step route can be used to install the maleimides. It is this
functionality that allows coupling (often called "tethering",
symbolized as "t" for tetherable in Scheme 1) of the probe with
mutant proteins. In our case, we developed a three-step route to
install the maleimide using hydroxymethylation with formalde-
hyde, followed by treatment with thionyl chloride to give a
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Scheme 1: Synthesis of 4FABTA. a) Reagents and conditions: (a) 3-Butynol, PdCl2(PPh3)2, CuI, THF, rt, 93%; (b) H2, PtO2, EtOH, rt, 71%;
(c) TBDMS-Cl, imidazole, DCM, rt, 96%; (d) n-BuLi, THF, −78 °C to −50 °C; (e) NBS, ACN, rt, 89%; (f) CuCN, NMP, 202 °C, 70%; (g) NOBF4,
EtOAC, −10 °C, 54%; (h) THF, −78 °C, 17%; (i) Et2NOH, Cu(OAc)2, MeOH, rt, 49%; (j) TBAF, THF, rt, 71%; (k) PPh3, CBr4, THF, rt, 64%;
(l) N(CH3)3, THF, rt, 53% (m) CH2O, K2CO2, H2O, 50 °C, 95%; (n) SOCl2, THF, −10 °C; (o) maleimide, DIPEA, THF, rt. Counter anion not shown for
clarity. b) Structures of nicotinic acetylcholine receptor ligands. c) Illustration of how cis and trans agonists interact with ligand-gated ion channels.
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chloromethyl intermediate, which was reacted in situ with male-
imide to give 1 in 6% overall yield. Crucially, photochrome 1
also maintained the near-ideal photochemical properties of
Hecht’s 4FABs [12,13], specifically the spectral separation of
the n–π* transitions of the trans and cis configurations.

Since the maleimide functionality of 1 is quite hydrolytically
sensitive at neutral pH, we characterized precursor 2. This
photochrome underwent the expected trans–cis isomerization
(Figure 2a). The absorption spectrum of the all trans-2 in
aqueous solution (HEPES, pH 7.4, no organic co-solvent,
Figure 2a) is very similar to the parent 4FAB chromophore
(Figure 1). Irradiation with a 532 nm laser gave the cis PSS
having the expected hypsochromically shifted n–π* band
(Figure 2b, full spectra Figure S1, Supporting Information
File 1) containing 91% of cis-2 (Figure S2, Supporting Informa-
tion File 1). Irradiation of this mixture with a 405 nm laser
generated the trans PSS containing 84% trans-2 (Figure S2,
Supporting Information File 1). As already noted, cis-4FAB is
remarkably thermodynamically stable, some photochromes
have a thermal half-life at rt of about 2 years [12]. We used
UPLC to measure the thermal half-life of cis-2 under physiolog-
ical conditions, namely 37 °C and pH 7.4. We found, under
these conditions, that cis-2 decayed with a half-life of >12 days
(Figure 2c). This datum suggests that even though the electron
donor effect of the methylene substituent decreases the thermo-
dynamic stability of the cis form compared to that report by
Hecht [13], protein conjugates of 1 would be highly stable in
vivo over the course of a typical daily mouse behavioral experi-
ment [15]. cis-MAHoCh has a significantly shorter thermal
half-life of about 75 min at rt [16], a value that would be much
lower at physiological temperatures

Next we tested the chemical reactivity and stability of 1 in
physiological buffer. First, we tested the thermal stability of 1
in physiological buffer (HEPES, pH 7.4). We found that in
absence of any thiol, the maleimide functionality was reason-
ably stable, with 80% hydrolysis occurring over 22 h (Figure
S3, see also LC–MS in Supporting Information File 1). Reas-
sured by these data, 1 was mixed with a stoichiometric amount
of glutathione, at 37 °C rapid reaction gave peak with a shorter
retention time on UPLC (Figure 3). LC–MS analysis revealed a
molecular ion confirming the addition product 12. Under
the conditions we used for this chemical reaction it was com-
plete within a few minutes. It has been reported that
maleimide–peptide conjugates undergo hydrolysis of the
succinimide to give a more flexible product of type 13
(Figure 3a) [21]. Thus, we monitored the stability of 12 by
UPLC at 37 °C and pH 7.4 and found that it was converted to
two new peaks (13) in about 5 h (Figure 3b). To our knowledge
this is the first report of the stability of a tethered photoswitch

Figure 2: Photochemistry of 4FABTA (2), and thermodynamic stability
in physiological buffer. a) Trans–cis photochemical reaction of 2.
b) Absorption spectra of all trans-2 (black), cis-2 PSS (from 532 nm
laser), and trans-2 PSS (from 405 nm laser) in HEPES (pH 7.4) at rt.
c) Time course of thermal decay of cis-2 PSS in HEPES (pH 7.4) at
37 °C.

[22] under physiological conditions. The broad success [22] of
this strategy since 2004 [19] suggests that even though careful
in silico modeling is a standard step in photoprobe develop-
ment [22], this is always performed with unhydrolyzed conju-
gates. Perhaps for long-term use in vivo an additional modeling
step involving hydrolyzed succinimides could be useful.

Our data (Figure 2 and Figure 3) suggested that t-4FABTA (1)
could be used to replace MAHoCh in the labeling of geneti-
cally tagged nicotinic acetylcholine receptors on living cells.
Thus, we co-transfected the nicotinic acetylcholine receptors α4
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Figure 3: Reaction of t-4FABTA (1) with thiols, and thermal stability of initial conjugate. a) Chemical reaction of 1 with glutathione in HEPES (pH 7.4)
at 37 °C to coupled conjugate 12, and hydrolysis to 13. b) UPLC chromatograms of chemical reactions shown in (a). Elution 0.75 to 1 mL/min,
2–100% acetonitrile in water for 4 min.

subunit with β2E61C mutant or β2 wild-type (as a control)
subunits in HEK293 cells. Cells were treated with 1 for 20 min
in the dark, then washed with normal artificial cerebral spinal
fluid. First, we compared the basic biophysical properties of
cells with mutant and WT β2 subunits, the values were as
follows: the resting membrane potential (Rp) = 29.3 ± 3.9 mV
and 28.3 ± 7.6 mV; holding currents at −40 mV were
77.65 ± 30.0 pA, and 76.96 ± 38.9 pA; and the input resistance
(RInput) = 215.2 ± 36.1 MΩ and 209.1 ± 40.7 MΩ (mutant vs
WT, n = 5 cells each). These data show treatment with 1 does
not change the electrical activity and health of cells.

Next we examined if 1 could serve as a photoswitchable antag-
onist of nicotinic acetylcholine receptors having α4β2E61C
mutant as predicted from previous results [16]. After labeling
HEK293 cells as described above, we recorded the currents

evoked by puffing the agonist carbachol (CCh) for 1 s under
three conditions: no light, or full field irradiation with green or
violet light. Both wild-type and mutant channels were tested.
Wild-type channels showed substantial inward currents
(Figure 4a, grey) which were not perturbed by light (Figure 4a,
green and violet, summary Figure 4b). This result was expected
as these receptors have no cysteine available for drug conjuga-
tion. Surprisingly, similar results were seen with α4β2E61C
mutant receptors (Figure 4c,d). We surmise from these data that
the mysterious antagonism of cis-MAHoCh when conjugated to
same mutant receptor is unfortunately perturbed. Since
MAHoCh was initially predicted to be a tethered activator in
the trans configuration, we would conclude the presence of the
4F substituents or the lack of oxygen atom in our version of this
photoswitchable probe disturbs crucial drug–protein interac-
tions essential for allosteric inhibition. It is noteworthy to
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Figure 4: Testing photo-antagonism of 1 with genetically tagged nicotinic acetylcholine receptors. Currents from HEK293 cells were measured using
the whole-cell patch-clamp method. Cell were transfected with either wild-type (WT) α4β2 or mutant (E61C) nicotinic acetylcholine receptors [16].
Cells with successful ion channel expression co-expressed YFP visualized using epi-fluorescence microscopy. Cover slips were treated with all
trans-1 (0.05 mM in physiological buffer) for 20 min in the dark. The cellular bathing solution was then exchanged for normal buffer before patch
clamping. Currents were evoked by local puffing of the agonist carbachol (CCh, 1 mM, black bar). a) Representative currents from WT receptors
before illumination (grey), followed by green light (530 nm, 3 mW, 2 min) or violet light (405 nm, 10 mW, 2 min). Irradiation started 100 s prior to
puffing and ended 20 s after puffing. b) Summary of four experiments as in (a). Current amplitudes were normalized to the currents in the dark. Data
are the mean ± s.e.m, n = 4 cells. c) Representative currents recordings from identical experiments to those on WT channels carried out on mutant re-
ceptors. d) Summary of the currents from six cells. Current amplitudes were normalized to the currents in the dark. Data are the mean ± s.e.m, n = 6
cells.

mention that without puffing any CCh agonist, irradiation of
green or violet light did not evoke any detectable currents in
patch-clamped cells.

Finally, we tested the synthetic precursor of our tetherable
t-4FABTA probe (i.e., photochrome 2) as a potential, freely
diffusible optical probe of nicotinic acetylcholine receptors in
situ. We chose neurons in the medial habenula brain region, as
these cells endogenously express a very high density of acetyl-
choline receptors (mainly α3β4, but also α6, β2, β3 and α4
[23]). First, we puffed all trans-2 (0.2 mM) onto a neuron and
recorded excitatory postsynaptic currents (EPSCs) from nico-
tinic acetylcholine receptors in whole-cell voltage clamp mode.
We isolated these currents by including TTX (blocker of
voltage-dependent Na+ channels), APV and CNQX (antago-
nists of NMDA and non-NMDA receptors), bicuculline and
gabazine (GABAergic antagonists), and atropine (muscarinic
acetylcholine receptor antagonist) in the artificial cerebral
spinal fluid bathing solution. Thus, puffing all trans-2 for 1 s
evoked large EPSCs (ca. 40 pA). In contrast, puffing cis-2
(0.2 mM) in the green PSS (i.e., 91% cis) did not evoke any
detectable currents (Figure 5a). Next we identified whether
cis-2 could be photoswitched quickly to trans-2 to function as
an agonist in real time. We puffed cis-2 (0.2 mM) in the green
PSS onto a patch-clamped neuron for 1 s, and irradiated the full

field of the microscope with violet light. We found that currents
were evoked almost as quickly (Figure 5b, right) as those
detected from use of all trans-2 (Figure 5a, top). Thus, under
these conditions the green PSS functions effectively like a
"caged agonist", with violet irradiation rapidly producing an
"uncaging-like" biological response. Since the neurotransmitter
acetylcholine seems impossible to derivatize with a photochem-
ical protecting group, a biologically inert photo-activatable
agonist such 2 could be useful for neurophysiological studies.
The long-term thermal stability of the 4FAB core allows a
"stock" of the biologically inert cis PSS to be made. Since ther-
mal decay is slow at 37 °C, frozen [14] such solutions could be
used for many days without any change in pharmacological
efficacy.

Our final set of biological experiments with photochrome 2 ex-
amined its ability to work as a dynamic, bidirectional photo-
switchable drug for nicotinic acetylcholine receptors
(Scheme 1c). To test this, we puffed all trans-2 for 1 s onto a
patch-clamped medial habenula neuron. As expected this drug
configuration evoked an inward current (Figure 5c, upper
trace). Irradiation of the application pipette during a subsequent
puff with either green or violet light caused rapid photo-
switching of 2 (Figure 5c, colored traces). The time between
these sweeps was 3 min. Since we used full field illumination
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Figure 5: Photopharmacology with 4FABTA (2). Currents from neurons in the medial habenula in acutely isolated brain slices were measured using
the whole-cell patch-clamp method. Signals from nicotinic acetylcholine receptors were isolated by blocking voltage-dependent Na+ channels,
muscarinic, GABAergic, and glutamatergic receptors. Photochrome 2 was puffed locally for 1 s (0.2 mM, black bar). LEDs centered at 405 and
530 nm were used for photoswitching. a) Representative responses evoked by all trans-2 and cis-2 in the green PSS. b) Representative responses
evoked by cis-2 in the green PSS without and with violet light (10 mW). c) Sequential responses from the same neuron when all trans-2 was applied
without irradiation (top) or with either green or violet light. The interval between sweeps was 3 min. d) Summary of the responses in the first three
sweeps (dark-green-violet) from experiments shown in (c). The amplitudes of currents were normalized to the 1st dark response for each cell, n = 7
cells, *** indicates P < 0.001 in paired t-test.

through the epi-fluorescence port of the microscope for our ex-
periments, the light not only illuminates an area around the cell,
but much of the volume of the puffer pipette reservoir (illus-
trated in Figure S4, Supporting Information File 1). Figure 5d
summarizes 7 independent experiments showing that irradia-
tion of green light significantly decreased the evoked currents
(42.8 ± 8.6% of trans-evoked currents), while irradiation with
violet light reverted evoked currents back to the initial level
(106.7 ± 9.1% of initial trans-2). Taken together, our studies
suggest that photochromic drug 2 acts as a fast, reversible
photoswitch for modulating the activity of nicotinic acetyl-
choline receptors on neurons in living brain slices.

Conclusion
Acetylcholine is one of the two major excitatory neurotransmit-
ters. We have synthesized a photoswitchable tetrafluoroazoben-
zene (4FAB) agonist of nicotinic acetylcholine receptors that is

biologically inert at sub-millimolar levels in the cis AB configu-
ration. Photoswitching of the chromophore on neurons with
violet light rapidly activates inward currents. We designed our
photoprobe to take full advantage of high thermodynamic
stability of the cis configuration of 4FAB, thus our probe can be
pre-set to ON or OFF and used for extended periods without
change of function.

Experimental
Chemical synthesis
Full experimental synthetic details can be found in Supporting
Information File 1.

Absorption spectroscopy
UV–vis spectra were recorded using a Cary 50 spectropho-
tometer (Agilent, Santa Clara, CA, USA) at rt in quartz cuvettes
with a 1 cm path length in HEPES buffer at pH 7.4.
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UPLC
Chromatography was performed using a Waters Acuity Arc
using Cortecs C-18 column (4.6 × 50 mm, 2.7 μm) monitored at
443 nm. Elution was isocratic (Figure S2 and Figure S3, Sup-
porting Information File 1), or used a linear gradient (Figure 3),
as specified. Both solvents contained 0.1% TFA.

Cell culture and electrophysiology
HEK293 cells were split and maintained in 0.1% gelatin-coated
coverslips in a 12-well plate with the culture media (DMEM +
10% FBS + 1x Pen Strep). When the confluence reached ≈60%,
0.3 μg NACHO, 0.3 μg α4+eGFP and 0.3 μg β2E61C+eGFP or
β2+eGFP WT were co-transfected into cells by Lipofectamine
3000 reagents (Thermo Fisher Scientific, USA) in each well.
2–4 days after transfection, cells simultaneously expressed
nACh receptors and eGFP separately due to IRES elements in
the vectors were used for photoswitch experiments.

Cells which were labeled in a recording chamber with com-
pound 1 for 20 min, were then washed with external solution.
Before and after labeling, labeling solutions were checked by
UPLC. The external solution was (in mM): 140 NaCl, 2.8 KCl,
2 CaCl2, 2 MgCl2, 10 HEPES, 12 glucose (pH 7.3 with NaOH).
Compound 1 (0.05 mM) was dissolved in external solution and
sonicated for 5 min.

HEK293 cells with green fluorescence were chosen for
recording. Patch pipettes were filled with an internal solution
containing (in mM): 135 potassium gluconate, 4 MgCl2, 10
HEPES, 4 Na2-ATP, 0.4 Na2-GTP, 10 Na2-phosphocreatine,
pH 7.35. Good recordings were identified only when resting
membrane potential (Rp) < −20 mV, holding current < 200 pA
at −40 mV, and Rs 10–20 MΩ. When recording nACh receptor
currents, cells were held at −60 mV. Carbachol (1 mM) was
puffed into the cells with a patch pipette for 1 second. For
photoswitch, cells were irradiated with green LED (530 nm,
3 mW, 2 min) or violet LED (405 nm, 10 mW, 2 min). Irradia-
tion started 100 s prior to puffing and ended 20 s after puffing.

All animal studies were approved by Mount Sinai IACUC
review. C57BL/6J mice (2–3 month old) were anaesthetized
with isoflurane and the brain was quickly removed. Coronal
brain sections (300 μm) were made in ice-cold cutting solution
containing (in mM): 60 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7
MgCl2, 0.5 CaCl2, 26 NaHCO3, 10 glucose, 100 sucrose, 3 so-
dium pyruvate, 1.3 sodium ascorbate equilibrated with 95% O2/
5% CO2 (pH 7.3–7.4). The brain slices were then incubated for
15 min at 33 °C in artificial cerebrospinal fluid (ACSF, mM:
125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 26
NaHCO3, 10 glucose, 3 sodium pyruvate, 1.3 sodium ascorbate;
95% O2/5% CO2, pH 7.3–7.4) and held at room temperature.

Brain slices were then transferred to the recording chamber of a
BX-61 microscope (Olympus, PennValley, PA, USA) and
superfused with ACSF at room temperature. Medial habenula
neurons were visualized under a 60× objective (Olympus) and
infrared differential interference contrast optics. Whole-cell
recordings were made with an EPC-10 amplifier using Patch-
master (Heka Instruments, Bellmore, NY, USA) in voltage-
clamp mode (Vhold = −60 mV). Patch pipettes were filled with
an internal solution containing (in mM): 135 potassium
gluconate, 4 MgCl2, 10 HEPES, 4 Na2-ATP, 0.4 Na2-GTP, 10
Na2-phosphocreatine, pH 7.35. The red fluorescent dye Alexa
594 (0.05 mM, ThermoFisher Scientific, Waltham, MA, USA)
was added to visualize the morphology of the neurons. Normal
ACSF was added with the drug cocktails during photoswitch
experiments. The cocktail is 10 μM CNQX, 100 μM APV,
1 μM TTX, 20 μM bicuculline, 20 μM gabazine and 2 μM
atropine. For each photoswitch experiment, 0.2 mM 4FABTA
(2) was locally puffed into a cell concurrently without irradia-
tion or with either 1 s green (530 nm, 3 mW) or 1 s violet light
(405 nm, 10 mW).

Data were analyzed in Patchmaster software (Heka). The ampli-
tudes of currents were calculated as the difference of the peak
and baseline. All data were present as the mean ± SEM. One-
way ANOVA was used to determine whether there are any
statistically significant differences between the means of the
three groups (i.e., dark, green and violet), and paired t-test was
used for post hoc comparisons. P < 0.05 indicates statistically
significant.

Supporting Information
Supporting Information File 1
Additional figures, full synthetic details and NMR spectra,
LC–MS of compounds 12 and 13 and LC–MS of the
hydrolysis of compound 1.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-274-S1.pdf]
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Abstract
A series of hemi-indigo derivatives was synthesized and their photoswitching properties in aqueous medium were studied. The
dimethoxy hemi-indigo derivative with the best photochromic performance in water was identified as a promising platform for the
development of photoswitchable binders for biomolecules. The synthetic approach towards the introduction of the alkylamino
pendant to the dimethoxy hemi-indigo core was developed that allowed to obtain an RNA-binding hemi-indigo derivative with
photoswitchable fluorescent properties.
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Introduction
The application of organic photochromes in biological systems
is fraught with their poor solubility and reduced photo-
switching efficiency in aqueous medium. In many cases, ap-
proaches to improve the water solubility by chemical modifica-
tion of the photochromic scaffolds are not straightforward
because the introduction of substituents often interferes with the
desired photochemical properties. Along these lines, special
efforts have been devoted to design, for example, water-soluble
derivatives of spiropyran [1-3], azobenzene [4,5], diarylethene
[6-8], or chromene [9] that keep efficient photochromism in
aqueous medium. Although a significant progress has been
made in the development of water-soluble photochromes, there
is still an emerging search for new types of photochromic com-
pounds for applications in biological systems. In particular,

nowadays the development of photopharmacology is based
mainly on azobenzene chemistry [10,11] and, therefore, finding
of new biocompatible photochromes with complementary prop-
erties is highly desirable to speed up the progress in this impor-
tant field. In this context, an emerging class of hemi-indigo
photoswitches attracted special attention [12-17]. Despite the
fact that the hemi-indigo dyes are known for more than
100 years [18], their photochemical properties are still underex-
plored and no targeted studies on their photoswitching in
aqueous media were performed. The hemi-indigo scaffold
exists in two forms that can be photoswitched reveresibly. In
most cases, the Z-isomer of hemi-indigo is thermodynamically
stable whereas the E-isomer is metastable. However, if the
indoxyl nitrogen is substituted with alkyl or aryl groups, both

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 2: Synthetic routes to alkylamino-substituted dimethoxy hemi-indigo Z-1c.

isomers of hemi-indigo have very close energies and none of
them is clearly preferred thermodynamically [13]. The absorp-
tion spectrum of the E-isomer is bathochromically shifted rela-
tive to the one of the Z-isomer. Depending on the substitution
pattern, the thermal lifetimes of metastable E-isomers at 25 °C
vary from hours to days and sometimes even years [12-14].
Remarkably, for sterically hindered hemi-indigo derivatives,
thermal lifetimes of the metastable states beyond 3000 years
have been achieved [14]. Unlike most of the widely applied
photochromes (spiropyrans, spirooxazines, chromenes,
dithienylethenes, etc.), both forms of hemi-indigo absorb in the
visible light region. Therefore, photochemical switching does
not require the use of the UV light, which is of high importance
for biological applications.

Herein, the synthesis and adjustment of the substitution pattern
of hemi-indigo derivatives for the efficient photoswitching in
aqueous medium are described. Detailed characterization of the
photoinduced isomerization of hemi-indigo derivatives in water
is provided. Additionally, synthetic peculiarities of the introduc-
tion of an RNA-affine alkylamino substituent to the hemi-
indigo scaffold are discussed.

Results and Discussion
Synthesis of hemi-indigo derivatives Z-1a–c
The synthesis of hemi-indigo derivatives Z-1a–c with different
substitution patterns of the phenyl ring was performed through
the aldol condensation of indoxyl-3-acetate with the corre-
sponding benzaldehydes under alkaline conditions (Scheme 1)

[13]. All compounds 1a–c were obtained in good yields as pure
Z-isomers as supported by the NMR data (Figures S5–S13 in
Supporting Information File 1).

Scheme 1: Synthesis of hemi-indigo derivatives Z-1a–c.

Introduction of an alkylamino substituent to
the hemi-indigo scaffold
Based on the data on photoswitching in water (vide supra), the
dimethoxy-substituted hemi-indigo Z-1c was selected as a core
structure for the design of RNA binders with photoswitchable
properties [12]. To increase the solubility in aqueous medium
and potential RNA-binding properties, the dimethylamino-
propyl substituent [19] was introduced to hemi-indigo Z-1c.
Two synthetically straightforward approaches of the alkyl-
amino group introduction were considered: (i) N-alkylation of
the indoxyl core and (ii) O-alkylation of the dimethoxyphenyl
residue (Scheme 2).
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Figure 1: Photoswitching of hemi-indigo derivatives: (A) Z-1a, c = 20 μM in H2O with 10% (v/v) DMSO, λex = 420 nm; (B) Z-1b, c = 20 μM in H2O with
2% (v/v) EtOH, λex = 470 nm (forward reaction) and 590 nm (backward reaction); (C) Z-1c, c = 20 μM in H2O with 2% (v/v) EtOH, λex = 470 nm
(forward reaction) and 590 nm (backward reaction); (D) Z-2, c = 15 μM in H2O, λex = 470 nm (forward reaction) and 590 nm (backward reaction),
20 °C. Spectra of the initial Z-isomers: black; PSS420: orange; PSS470: blue; PSS590: red.

Surprisingly, compound 3 (method I) could not be obtained due
to the cleavage of the C–C double bond in the course of the
reaction followed by extensive destruction of the heterocyclic
fragment. Variation of the reaction conditions, e.g., reduction of
the reaction temperature and time, changing the ratio of the
reactants and addition of NaI as a catalyst, did not suppress this
decomposition to a significant extent. A possible reason for this
side process is the reactivity of the double bond carbon atom
(Michael acceptor) [20]. The intramolecular nucleophilic attack
of the introduced alkylamino group can possibly lead to the
immediate double-bond cleavage in 3. This results in formation
of unstable indoxyl that undergoes further destruction and vera-
traldehyde that is detected in the reaction mixture by NMR.
This assumption is supported by the observation that only one
hemi-indigo derivative bearing an alkylamino substituent of a
shorter length on the indoxyl N atom has been reported so far
[20].

Modification of the phenyl ring by method II was successful
and allowed to obtain the desired hemi-indigo 2 as a pure

Z-isomer with 24% yield (Scheme 2) [12]. Importantly, the syn-
thesis of Z-2 required milder conditions and shorter reaction
times than that of derivatives Z-1a–c. Thus, the use of the
water/methanol mixture as a solvent, heating and extended reac-
tion times of more than 2 h resulted in the destruction of the
desired product Z-2. At the same time, performing the reaction
at room temperature in pure ethanol allowed to increase the
yield of Z-2 and to reduce the number of side-products. Purifi-
cation of hemi-indigo Z-2 by conventional column chromatog-
raphy was not efficient. However, pure product Z-2 could be
obtained by gel filtration chromatography on sephadex
(MeOH); the isolated compound Z-2 is stable in its free base
form whereas its hydrochloride salt slowly decomposes.

Optical properties and photoswitching in
aqueous medium
Hemi-indigo derivatives Z-1a–c display intense long-wave-
length absorption bands, whose maxima are clearly dependent
on the strength of the electron-donating substituent in the 4-po-
sition of the phenyl ring (Figure 1, Table 1). Thus, the exchange
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Table 1: Photochemical and photophysical properties of hemi-indigo derivatives 1a–c and 2 in water.

Species λabs (Z)/nm ε (Z)/
L mol−1

cm−1

λabs (E)/
nma

ε (E)/
L mol−1

cm−1a

PSS470/
(% Z/E)a

PSS590/
(% Z/E)a

ΦZ-E/ΦE-Z /
10−2 b

ΔG*/
kcal
mol−1 c

t1/2 25 °Сd

1ae 521 26039 n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f

1b 479 11922 508 6727 28/72 n.d.g 3.8/n.d.g 26.5 47 d
1c 479 12086 515 7127 21/79 93/7 2.6/0.2 26.2 31 d
2 478 10549 515 6368 24/76 97/3 2.4/0.1 26.1 25 d
2h 478 10456 514 6289 20/80 97/3 2.7/0.2 23.7 11 h

aCalculated according to Fischer [21]. bPhotoisomerization quantum yields of the forward ΦZ-E (at 470 nm) and backward ΦE-Z (at 590 nm) reactions.
cFree activation enthalpies for the thermal E–Z isomerization. dHalf-lifes of the E-form at 25 °C. eIn water containing 10% (v/v) DMSO. fCompound
shows very weak photochromism in aqueous medium. gThe backward switching was not complete due to precipitation of the compound after 2 h of ir-
radiation. hThe data were obtained in aqueous 10 mM Na-phosphate buffer containing 0.1 M NaCl, pH 7.0 [12].

Scheme 3: Photoswitching of hemi-indigo derivatives.

of the 4-dimethylamino group in Z-1a for a 4-methoxy group in
Z-1b resulted in a significant blue shift of the absorption
maximum (Δλ = 42 nm). Notably, the introduction of a second
methoxy group to the 3-position of the phenyl ring in Z-1c did
not shift the absorption maximum and just slightly affected the
extinction (Table 1). Hemi-indigo derivatives Z-1a–c are not
fluorescent in aqueous solution.

To assess the potential applicability of hemi-indigo derivatives
Z-1a–c in biological systems, photoswitching of these com-
pounds was tested in aqueous medium (Scheme 3). The forward
reaction was performed upon irradiation at 360 (UV), 420 nm
(violet), 470 nm (blue) and 520 nm (green) light (Figure 1 and
Figures S1 and S2 in Supporting Information File 1).

Surprisingly, almost no switching of the dimethylamino-substi-
tuted hemi-indigo Z-1a was observed in water with 10%
DMSO, i.e., only irradiation with violet light (420 nm) led to
the residual isomerization (Figure 1A). Additionally, the hemi-
indigo Z-1a was hardly soluble in aqueous medium and rather
fast precipitation took place even in the presence of the co-sol-
vent. The comparison with the reported data on Z-1a [13] and
related hemi-indigo derivatives containing a 4-amino group in
the phenyl ring [13] allowed to conclude that this substitution

pattern is unfavorable for photoswitching in aqueous medium.
Thus, a higher content of organic co-solvents (20–30% of
DMSO, DMF or THF) or/and the presence of triethylamine was
required to stimulate the photoswitching of the reported
compounds with a 4-amino group in the phenyl ring [13].
Considering the limitations imposed on the nature and
content of organic co-solvents used in biological studies, the
dimethylamino derivative Z-1a was excluded from further
studies.

In contrast, mono- and dimethoxy-substituted hemi-indigo de-
rivatives Z-1b and Z-1c showed pronounced spectral changes
upon irradiation indicating an efficient Z–E isomerization of the
C–C-double bond (Figure 1B and Figure 1C). The most com-
plete Z–E conversion for both compounds Z-1b and Z-1c was
achieved upon irradiation with blue light (470 nm) (cf. Figures
S1 and S2, Supporting Information File 1). The photoreactions
proceeded rather fast and the photostationary state PSS470 was
reached within 2.5 min for compound Z-1b and within 3.0 min
for compound Z-1c. The backward E–Z conversion from
PSS470 was performed by irradiation with 590 nm (amber) light
and occurred much slower (Table 1). In the case of
monomethoxy derivative E-1b, the backward reaction from
PSS470 proceeded successfully during ca. 2 h of irradiation after
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Figure 2: Absorption spectra of the Z-isomer (black), two photostationary states obtained upon irradiation with 520 nm (red) and 470 nm (blue) light
for (A) 1b, (B) 1c, (C) 2 in water, c = 20 μM, 20 °C. Grey dashed line represents the spectra of the corresponding E-isomers calculated by the Fischer
method.

which the isosbestic point was lost and the absorption intensity
started decreasing due to slow precipitation of the compound
from the aqueous solution (Figure 1B). The presence of the
second methoxy group ensured a better stability of aqueous
solutions of the dimethoxy derivative Z-1c. In this case, the
backward E–Z isomerization of E-1c from PSS470 took place
within 5 h resulting in almost complete restoration of the initial
absorbance of Z-1c in the PSS590 (Figure 1C). Investigation of
the photostationary mixtures by fluorescence spectroscopy
revealed that the photoinduced isomers E-1b and E-1c are not
fluorescent in aqueous medium. The analysis of the isomeric
compositions of the photostationary states was performed by
the Fischer method [21] because NMR-spectroscopic analysis
was precluded by insufficient solubility or/and possible aggre-
gation at higher concentrations. Thus, the Fischer method
allowed to calculate the absorption spectra of pure E-isomers of
1b and 1c in water (Figure 2) as well as to evaluate the extent of
the Z–E conversion in PSS470 and PSS590 (Table 1).

The dimethoxy derivative Z-1c showed better Z–E conversion
in PSS470 and a larger difference between the absorption
maxima of the Z- and E-forms. At the same time, the introduc-
tion of the second methoxy group to the phenyl ring resulted in
a decrease of the Z–E isomerization quantum yield and reduced
the thermal half-life of E-1c in comparison to E-1b (Table 1).
Nevertheless, the dimethoxy-substituted hemi-indigo Z-1c was
selected as a core structure for the design of photoswitchable
RNA binders due to its higher conversion and better solubility
in water.

The introduction of the alkylamino group provided compound
Z-2 with much better solubility in water. At the same time, the
presence of the alkylamino substituent only slightly influenced
the photochemical and photophysical characteristics of the
hemi-indigo Z-2 in comparison with the parent compound Z-1c
(Figure 1D, Figure 2C, Table 1). Thus, the positions of the

absorption maxima of both, the Z- and E-forms, the extent of
conversion in PSSs, the photoisomerization quantum yields as
well as the half-lifes of the photoinduced forms appeared to be
almost independent of the presence of the alkylamino substitu-
ent. Interestingly, a comparison with the data obtained for Z-2
in aqueous 10 mM Na-phosphate buffer containing 0.1 M NaCl,
pH 7.0 [12], showed that the increase in the ionic strength of the
medium resulted in a drastic decrease of the half-life of the pho-
toinduced form E-2 whereas other characteristics remained
almost unaffected (Table 1). This indicates that the highly ionic
medium reduces the energy barrier in the ground state that is re-
sponsible for the rate of thermal E–Z isomerization pointing out
the importance of the Coulomb interactions between hemi-
indigo and buffer components. A possible explanation of this
observation can be provided by the comparison with struc-
turally related hemi(thio)indigo dyes [22]. Thus, in the case of
hemi(thio)indigo, the energy maximum in the ground state cor-
responds to the 90° rotation about the central double bond re-
sulting in formation of a state with biradical-like character that
is polarized along the molecule’s long axis [22]. The close
structural similarity allows to expect a similar character of the
transition state for the hemi-indigo derivatives. Therefore, a
highly ionic medium can stabilize the transition state of the
hemi-indigo leading to the decrease of the energy barrier be-
tween Z- and E-isomers and, therefore, reducing the half-life of
the E-form. However, further studies are required to provide
detailed explanation of this effect.

Recently, a proof-of-principle for the application of hemi-
indigo derivative Z-2 as a binder for the human immunodefi-
ciency virus type 1 (HIV-1) RNA with photoswitchable fluores-
cent properties was provided [12]. It was shown that hemi-
indigo Z-2 associates with the regulatory elements of HIV-1
genome RNA with high affinity (Kb ≈ 105 M−1) while keeping
its photoswitching properties. Both, the initial Z-2 and photoin-
duced E-2 forms remain bound to RNA. Most notably, the
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interaction of Z-2 with HIV-1 RNA produces a remarkable
light-up effect whose extent depends on the particular sequence
of RNA. Photoswitching of the RNA-bound hemi-indigo Z-2 to
the E-form results in emission quenching. The ON–OFF fluo-
rescence switching of Z-2–RNA complexes can be performed
reversibly by repeated irradiation with blue (470 nm) and amber
(590 nm) light.

Conclusion
To sum up, hemi-indigo derivatives with different substitution
patterns in the phenyl ring were synthesized and their photo-
chemical behavior in aqueous medium was studied. The pres-
ence of a methoxy group in the 4-position of the phenyl ring
was identified as a necessary condition for the efficient photo-
switching of hemi-indigo in water. At the same time, the pres-
ence of a strong electron-donating dimethylamino group at this
position is unfavorable for the photoswitching in water. It was
also shown that the introduction of a second methoxy group in
the 3-position of the phenyl ring improves the water solubility
of the photoswitch and increases the red shift of the absorption
maximum of the E-isomer. As a further step, the synthetic ap-
proach towards the attachment of the RNA-affine alkylamino
substituent was developed. Overall, the hemi-indigo derivatives
were introduced as promising photoswitches for aqueous media
possessing valuable properties for bioapplications.

Experimental
Materials and equipment
Reagents and solvents were obtained from commercial sources
(Acros, Merck, Fischer) and used as received. Reactions were
monitored on POLYGRAM® SIL G/UV254 (Macherey-Nagel)
TLC plates with detection by UV light irradiation (254 nm or
366 nm). Column chromatography was performed on
Sephadex® columns. 1H NMR and 13C NMR spectra were re-
corded on a JEOL ECZ 500 spectrometer at 25 °C using 5 mm
tubes. Chemical shifts were determined with accuracy of
0.01 ppm and 0.1 ppm for 1H and 13C spectra, respectively, and
are given relative to the residual signal of the solvent that was
used as internal standard (DMSO-d6: δH = 2.50 ppm, δC =
39.5 ppm). Spin–spin coupling constants for the proton spectra
were determined with accuracy of 0.2 Hz. The proton NMR
signal assignments were performed using COSY and ROESY
2D NMR techniques. The carbon NMR signal assignments
were performed by means of HSQC and HMBC 2D NMR tech-
niques. Mass spectra (ESI) were recorded on a Finnigan LCQ
Deca mass spectrometer. Elemental analysis was performed
with a HEKAtech EUROEA combustion analyser by Mr.
Rochus Breuer (Universität Siegen, Organische Chemie I).
Melting points were measured with a BÜCHI 545 (BÜCHI,
Flawil, CH) melting point apparatus in open capillaries and are
uncorrected. Electronic absorption spectra were measured on a

Cary 100 Bio two-beam spectrophotometer and a Specord 600
(Analytik Jena AG) diode-array spectrophotometer. Fluores-
cence spectra were recorded on a Cary Eclipse spectrofluo-
rimeter. Optical spectroscopy measurements were performed in
thermostated quartz sample cells of 10 mm pathlength. Prepara-
tion and handling of the solutions were carried out under red
light. Photochemical reactions were performed using the
following LED light sources: LUMOS (360 nm); Roithner
H2A1-H420 130 mW (420 nm); Roschwege HighPower-LED
Blau (470 nm); Roschwege HighPower-LED Grün (520 nm);
Roschwege HighPower-LED Amber (590 nm).

Synthesis
The synthesis and characterization of hemi-indigo derivative
Z-2 are described in detail in [12].

General procedure for the synthesis of hemi-indigo
derivatives Z-1a–c
Under argon gas atmosphere, a solution of indoxyl-3-acetate
(200 mg, 1.14 mmol) in aqueous NaOH (1.5 M, 6.2 mL,
degassed) was heated at 100 °C for ca. 15 min. Then, the mix-
ture was cooled to 0 °C and a solution of the corresponding
aldehyde in 1–2 mL MeOH (Ar degassed) was added upon
vigorous stirring (for compound Z-1a: 4-(dimethylamino)benz-
aldehyde (170 mg, 1.14 mmol); for compound Z-1b: p-anisalde-
hyde (155 mg, 1.14 mmol); for compound Z-1c: veratraldehyde
(189 mg, 1.14 mmol)). After the addition of the aldehyde, the
mixture was warmed to ambient temperature and stirred for
3 days. Then, the mixture was neutralized with 1 M aq HCl and
extracted with EtOAc. The combined organic layers were dried
with Na2SO4 and the solvent was removed in vacuo. The ob-
tained solid was redissolved in EtOH and filtered to remove the
insoluble precipitate of indigo side-product. After filtration, the
solvent was partially removed and the pure Z-isomer of the cor-
responding product was crystallized at −20 °C.

(Z)-2-(4-(Dimethylamino)benzylidene)indolin-3-one
(Z-1a)
Deep violet needles, yield 86% (259 mg, 0.98 mmol); mp
232–234 °С (lit. [13]: 235–236 °С); Rf 0.67 (hexane/EtOAc 1:1,
v/v); 1H NMR (500 MHz, DMSO-d6) δ 3.00 (s, 6H, H-17), 6.64
(s, 1H, H-10), 6.78 (d, J = 9.0 Hz, 2H, H-13, H-15), 6.88 (ddd,
J = 7.8, 7.0, 0.7 Hz, 1H, H-5), 7.14 (d, J = 8.1 Hz, 1H, H-3),
7.47 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H, H-4), 7.55 (d, J = 8.3. Hz,
1H, H-6), 7.61 (d, J = 8.8 Hz, 2H, H-12, H-16), 9.55 (s, 1H,
H-1) ppm; 13C NMR (126 MHz, DMSO-d6) δ 39.7 (2C, C-17),
112.1 (2C, C-13, C-15), 112.5 (1C, C-3), 112.6 (1C, C-10),
119.1 (1C, C-5), 120.5 (1C, C-7), 121.3 (1C, C-11), 123.7 (1C,
C-6), 131.72 (2C, C-12, C-16), 131.68 (1C, C-9), 135.3 (1C,
C-4), 150.3 (1C, C-14), 153.3 (1C, C-2), 185.2 (1C, C-8); Anal.
calcd for C17H16N2O: C, 77.25; H, 6.10; N, 10.60; found: C,
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77.05; H, 6.13; N, 10.39 %; ESIMS (MeOH, m/z): 263
[Z-1a − H]−, 264 [Z − 1a]+, 265 [Z-1a + H]+.

(Z)-2-(4-Methoxybenzylidene)indolin-3-one (Z-1b)
Brownish-golden powder, yield 60% (172 mg, 0.68 mmol); mp
180–181 °С (lit. [20]: 180–181 °С); Rf 0.75 (hexane/EtOAc 1:1,
v/v); 1H NMR (500 MHz, DMSO-d6) δ 3.82 (s, 3H, H-17), 6.65
(s, 1H, H-10), 6.90 (t, , J = 7.8 Hz, 1H, H-5), 7.04 (d, J =
8.8 Hz, 2H, H-13, H-15), 7.14 (d, J = 8.1 Hz, 1H, H-3), 7.51
(ddd, J = 8.4, 7.1, 1.1 Hz, 1H, H-4), 7.57 (d, J = 7.6 Hz, 1H,
H-6), 7.71 (d, J = 8.8 Hz, 2H, H-12, H-16), 9.68 (s, 1H, H-1)
ppm; 13C NMR (126 MHz, DMSO-d6) δ 55.3 (1C, C-17), 110.5
(1C, C-10), 112.6 (1C, C-3), 114.6 (2C, C-13, C-15), 119.5 (1C,
C-5), 120.2 (1C, C-7), 123.9 (1C, C-6), 126.6 (1C, C-11), 131.7
(2C, C-12, C-16), 133.1 (1C, C-9), 136.0 (1C, C-4), 153.9 (1C,
C-2), 159.6 (1C, C-14), 186.0 (1C, C-8) ppm); Anal. calcd for
C16H13NO2: C, 76.48; H, 5.21; N, 5.57; found: C, 76.31 H,
5.15; N, 5.50 %; ESIMS (MeOH, m/z): 250 [Z-1b − H]−.

(Z)-2-(3,4-Dimethoxybenzylidene)indolin-3-one
(Z-1c)
Orange crystals, yield 66% (211 mg, 0.75 mmol); mp
191–192 °С; Rf 0.56 (hexane/EtOAc 1:1, v/v); 1H NMR
(500 MHz, DMSO-d6) δ 3.82 (s, 3H, H-18), 3.85 (s, 3H, H-17),
6.66 (s, 1H, H-10), 6.91 (t, J = 7.8 Hz, 1H, H-5), 7.06 (d, J =
8.4 Hz, 1H, H-15), 7.14 (d, J = 8.1 Hz, 1H, H-3), 7.29 (d, J =
2.0 Hz, 1H, H-12), 7.35 (dd, J = 8.7, 2.0 Hz, 1H, H-16), 7.51
(ddd, J = 8.3, 6.9, 1.1 Hz, 1H, H-4), 7.58 (d, J = 7.6 Hz, 1H,
H-6), 9.66 (s, 1H, H-1) ppm; 13C NMR (126 MHz, DMSO-d6)
δ 55.6 (1C, C-18), 55.7 (1C, C-17), 111.1 (1C, C-10), 112.0
(1C, C-15), 112.7 (1C, C-3), 113.8 (1C, C-12), 119.6 (1C, C-5),
120.4 (1C, C-7), 123.3 (1C, C-16), 123.9 (1C, C-6), 126.8 (1C,
C-11), 133.3 (1C, C-9), 136.0 (1C, C-4), 148.9 (1C, C-14),
149.5 (1C, C-13), 154.0 (1C, C-2), 186.0 (1C, C-8) ppm; Anal.
calcd for C17H15NO3: C, 72.58; H, 5.37; N, 4.98; found C,
72.80; H, 5.27; N, 4.89 %; ESIMS (MeOH, m/z): 280
[Z-1c − H]−.

Supporting Information
Supporting Information File 1
Additional spectral data, detailed description of the
experiments performed, NMR of compounds Z-1a–c and
LED characteristics.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-275-S1.pdf]
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Abstract
Aminoazobenzene derivatives with four ortho substituents with respect to the N–N double bond are a relatively unexplored class of
azo compounds that show promise for use as photoswitches in biology. Tetra-ortho-methoxy-substituted aminoazobenzene com-
pounds in particular can form azonium ions under physiological conditions and exhibit red-light photoswitching. Here, we report
the synthesis and characterization of two bis(4-amino-2-bromo-6-methoxy)azobenzene derivatives. These compounds form red-
light-absorbing azonium ions, but only under very acidic conditions (pH < 1). While the low pKa makes the azonium form unsuit-
able, the neutral versions of these compounds undergo trans-to-cis photoisomerization with blue-green light and exhibit slow
(τ1/2 ≈ 10 min) thermal reversion and so may find applications under physiological conditions.

3000

Introduction
The application of photoswitches to control biological targets
has been a driving force for the development of photoswitches
that operate at wavelengths that are compatible with cells and
tissues. While many classes of photoswitches are known [1,2],
few of these are easily adaptable to controlling targets, such as
proteins [3], while simultaneously exhibiting robust photochem-
istry in the red or near-infrared (NIR) regions of the spectrum
[4-7]. Azonium ions – protonated forms of azobenzenes – have
recently been found to exhibit photoswitching properties suit-

able for in vivo use [8-10]. Typically, the formation of azonium
ions from aminoazobenzenes occurs at pH < 3.5 [11,12], how-
ever, the pKa of the trans-azonium ion 1 is ca. 7.5 in aqueous
solution (Figure 1) [9,10]. The elevated pKa of 1 has been attri-
buted to resonance stabilization of the azonium cation together
with intramolecular H-bonding between the azonium proton and
methoxy groups in ortho-position to the azo double bond [10].
Since the azonium ion 1 forms under physiological conditions,
i.e., at neutral pH value in an aqueous solution, it is useful as a
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Figure 1: Structures of azonium ions studied.

photoswitch for the photocontrol of biomolecules [6]. It absorbs
red light, undergoes trans-to-cis photoisomerization, and
relaxes to the trans isomer in the dark on the timescale of
seconds so that pulses of red light can be used to drive multiple
isomerization cycles [10]. Efforts to apply 1 to photocontrol
protein–protein interactions have recently been reported [13].

Despite the usefulness of 1 as a photoswitch, compounds under-
going photoisomerization at longer wavelengths (>700 nm)
would be valuable since the penetration of light through tissue
is enhanced in the NIR window [7]. Longer-wavelength absorp-
tion is achieved by compounds 2, 3, and related derivatives
(Figure 1) [9]. However, the lifetime of thermal reversion of the
cis isomer of 2 is only ≈1 ms at a neutral pH value, and the pKa
for trans-azonium ion formation is ca. 2.6. The low pKa was at-
tributed to a steric clash between the methoxy groups in meta-
position to the azo double bond and the six-membered
morpholino ring [9]. The rapid thermal reversion was attributed
to the removal of two ortho-methoxy groups, leading to dimin-
ished steric strain in the transition state for reversion [9]. In
compound 3, all four ortho-positions are substituted, and the
meta-oxygen substituents are part of dioxane rings so that the
steric clash with the para-amino substituents is reduced. Com-
pound 3 and derivatives with pyrrolidino groups in the para-po-
sitions were shown to be effective NIR switches, undergoing
isomerization with 720 nm light under physiological conditions
[8]. While the photoswitching properties of 3 are suitable for
the use in biological systems, the overall size of 3 may limit the
possibilities for the use as a component of photopharmaceutical
agents. Currently, most photopharmaceutical agents are

constructed by adding a photoswitchable unit to a pharma-
cophore [14,15], thereby significantly increasing the size of the
compound and decreasing its potential as a drug. Therefore, we
were interested in exploring other substitution patterns for these
aminoazobenzene derivatives. To allow for the possibility of
intramolecular H-bond formation, we wished to retain at least
one methoxy group. To reduce the rate of thermal reversion,
only derivatives with substituents in all four ortho-positions
were considered. Time-dependent density functional theory
(TD-DFT) calculations were used to predict the absorption
wavelengths of possible derivatives. Based on these considera-
tions, we carried out the synthesis and photochemical character-
ization of compounds 4 and 5.

Results and Discussion
Computational chemistry
Calculations were performed using density functional theory
(DFT) methods (B3LYP/6-31+G**) to optimize geometry, and
TD-DFT with a Solvation Model based on Density (SMD) to
calculate absorption wavelength maxima. These computational
methods have been used successfully with related compounds
[16,17]. The relative stability of different conformations of the
molecule was calculated, i.e., with the methoxy substituents on
the same or on the opposite side of the N–N double bond. The
conformation where both methoxy groups were on the opposite
side was found to be the most stable one, although the confor-
mation where both methoxy groups were on the same side was
also predicted to be significantly populated at 20 °C (see Sup-
porting Information File 1). Calculating the effect of the substi-
tution pattern on the pKa value is problematic [18] and was not
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Figure 2: a) Structures of model compounds used for computations (see Experimental section; in calculations, water was set as the solvent).
b) Calculated spectra of neutral forms i and ii (black spectra) and azonium forms iii and iv (red spectra), carrying either para-piperidino (i and iii,
dashed lines) or para-pyrrolidino (ii and iv, dash-dotted lines) substituents. Solid lines show experimental spectra of 4 in DCM (c ≈ 15 µM) without
(black) or with TFA added (red).

attempted here. Figure 2 shows calculated structures and spec-
tra of the neutral forms of simplified models of 4 and 5, with
either a pyrollidino or piperidino substituent in para-position, as
well as the corresponding azonium ions. Calculations indicated
that the nature of the respective amino substituent did not have
a large effect on the positions of wavelength maxima. These
models predicted that compounds 4 and 5 should absorb at
longer wavelengths than 1 [10]. Figure 2 also shows experimen-
tal spectra, which are discussed below.

Synthesis
The overall synthetic route that was taken is shown in
Scheme 1. The azo compound 8, carrying two ortho-methoxy
groups, was prepared from 7 using an oxidative coupling ap-
proach [19]. The para-chloro substituents were then replaced by
amino substituents using a Buchwald–Hartwig coupling [20].
Since calculations predicted that 5- and 6-membered rings
would have similar effects on the positions of the absorption
maxima, we opted to use 6-membered rings, specifically a
morpholino substituent and a piperazino substituent in an
attempt to enhance water solubility. Late-stage functionaliza-
tion of the ortho-position was carried out through a
palladium(II)-catalyzed C–H activation, resulting in ortho-bro-
minated azobenzenes [21].

Photochemical characterization
Despite the morpholino substituent, compound 4 was found to
be insoluble in water. We therefore dissolved 4 in DCM to
obtain the UV–vis spectrum of the neutral form. Addition of
TFA to this solution produced the corresponding azonium ion,
and the spectra of the neutral and azonium forms of 4 are shown
as solid lines in Figure 2. Observed absorption maxima were at
426 (neutral form) and 640 nm (azonium form). While the ob-
served absorption maximum wavelength was close to that pre-
dicted for the neutral form, the observed absorption maximum
wavelength of the azonium ion was significantly higher than
predicted, although the signal’s tail was less pronounced. The
absorption maximum wavelength of the azonium ion was also
higher than that observed for compound 1 [10], as predicted.

We confirmed that the neutral form of 4 underwent photoisom-
erization. Exposure of a solution of 4 in DCM to 440 nm light
led to a photostationary state (PSS) in which the absorbance at
440 nm was diminished and that at 330 nm slightly enhanced
(Figure 3). An estimated PSS of ca. 60% Z-isomer was calcu-
lated as described in the Experimental section. Thermal relaxa-
tion from the PSS was monitored by UV–vis spectroscopy,
recording a spectrum every minute. As shown in Figure 3, a
half-life of 6.5 minutes was obtained at room temperature.
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Scheme 1: Synthesis of bis(4-amino-2-bromo-6-methoxy)azobenzene compounds.

Figure 3: a) UV–vis spectra of 4 in DCM (ca. 15 µM) at the PSS and
440 nm irradiation (thick dotted line; ca. 60% Z-isomer), and during
thermal reversion to the dark-adapted state (solid black line). b) Time
course of thermal reversion at 22 °C. Data were fitted to a single expo-
nential decay equation (solid line).

To enhance the compounds’ water solubility, the morpholino
substituents were replaced by piperazino groups because the
secondary amino groups on the piperazino units were expected
to have pKa values near 10 [22], and so should be protonated at
neutral pH, creating a doubly charged species. As anticipated,
compound 5 was found to be much more water-soluble than 4.

The UV–vis spectrum of 5 at a neutral pH value is shown in
Figure 4. Irradiation with blue light at 440 nm produced the

PSS (dotted line). Thermal reversion from the cis isomer was
monitored by UV–vis spectroscopy, recording a UV–vis spec-
trum every 3 minutes, and a half-life of 12.6 minutes was ob-
tained.

The formation of the azonium ion of 5 in aqueous solution was
explored thereafter. Addition of hydrochloric acid to a neutral
solution of 5 was carried out. Spectra at different pH values are
shown in Figure 4c. As can be seen, the formation of the
azonium ion of compound 5 required strongly acidic conditions.
Even at pH ≈ 0.1, a substantial fraction of the neutral species
was still present, implying that the pKa value of the azonium ion
was below ca. 0.2. This pKa value was at least 7 pH units lower
than for the tetra-ortho-methoxy compound 1. As noted above,
the presence of the piperazino amino groups made compound 5
doubly positively charged at a neutral pH value. This feature
was expected to reduce the pKa value of the azonium ion
through electrostatic effects [23]. The first pKa value of substi-
tuted piperazines falls in the range ca. 4–6 (vs 9–10 for the
second pKa value) [22]. In addition, the electron-withdrawing
bromine atoms were also expected to lower the azonium ion’s
pKa value (the pKa values of 2-bromobenzoic acid and unsubsti-
tuted benzoic acid are 2.85 and 4.2, respectively [24]). While
electrostatic effects on the pKa value could be ameliorated
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Figure 4: a) UV–vis spectra of 5 in aqueous solution (c ≈ 15 µM, 5% methanol, pH 7) at the PSS and 440 nm irradiation (thick dotted line; ca. 60%
Z-isomer) and during thermal reversion to the dark-adapted state (solid black line). b) Time course of thermal reversion at 22 °C. Data were fitted to a
single exponential decay equation (solid line). c) Spectra of an aqueous solution of 5 upon addition of hydrochloric acid, as indicated by pH values.
The wavelength of the absorption maximum of the azonium ion was 575 nm.

(i.e., by adding negatively charged groups), this would place ad-
ditional constraints on the general applicability of the com-
pounds. In addition, unlike compound 4, the wavelength of the
absorption maximum of the azonium ion of 5 was not red-
shifted relative to that of 1. Conceivably, the wavelength of
maximum absorbance was affected by the charged piperazino
groups; calculations were done with uncharged piperidino sub-
stituents, as shown in Figure 2. Nevertheless, the lack of a red-
shift, combined with the significantly lowered pKa value, made
5 unsuitable as an azonium photoswitch under physiological
conditions.

Despite this undesired effect on the pKa value, the steric bulk
introduced by the bromine substituents did appear to slow ther-
mal relaxation of the neutral (unprotonated) azo forms of these
compounds. Species 5 could be switched with blue and green
light under physiological conditions and be thermally relaxed
with a half-life of 12 minutes. This relaxation rate was substan-
tially lower than other blue-green-absorbing azo compounds
without substituents in all four ortho-positions relative to the
azo unit, which showed half-lives ranging from 50 ms [25] to a
few seconds [26,27]. Instead, compounds 4 and 5 exhibited
photoswitching properties similar to those reported for tetra-
ortho-thiol-substituted azobenzenes [17].

Conclusion
Substitution of p-aminoazobenzene with ortho-bromo and
ortho-methoxy groups (i.e., a 2-bromo-6-methoxy substitution
pattern) was found to lower the pKa of the azonium ion such
that it fell outside the normal physiological range. The neutral
version of this compound nevertheless underwent trans-to-cis
photoisomerization in the presence of blue-green light and
exhibited slow thermal relaxation (τ1/2 ca. 10 min).

Experimental
General
All commercial materials (solvents, reagents, and substrates)
were used as received. SilicaFlash silica gel, P60, 40–63 µm
particle size (SiliCycle) was used for column chromatography.
High-performance liquid chromatography was performed on a
PerkinElmer Series 200 pump with a Waters 2487 Dual λ Ab-
sorbance Detector connected to an eDAQ PowerChrom 280
recorder. One-dimensional 1H and 13C NMR spectra were re-
corded on a Varian UnityPlus 500 MHz or Varian Mercury
400 MHz spectrometer. Chemical shifts are reported in ppm,
and the signals were referenced to residual undeuterated sol-
vent signals. Mass spectra were recorded using an Agilent 6538
mass spectrometer with a Q-TOF ionization source or a JEOL
AccuTOF mass spectrometer with a DART ionization source.

Synthesis and characterization
4-Chloro-2-methoxyanilinium chloride (7): (1) 2-Amino-5-
chlorophenol (6, 3.5 mmol, 500 mg) was dissolved in THF at
room temperature. Then, Boc2O (7 mmol, 1.52 g) was added
and the resulting mixture was stirred for 18 h at room tempera-
ture. The reaction progress was monitored by TLC. When the
reaction was complete, the solvent was removed under reduced
pressure, resulting in a yellowish oil. This was purified by
column chromatography using hexane/ethyl acetate, 4:1, v/v as
eluent. The product, phenol tert-butyl (4-chloro-2-hydroxy-
phenyl)carbamate, was used directly in the next step. (2) tert-
Butyl (4-chloro-2-hydroxyphenyl)carbamate (2 mmol, 500 mg)
was dissolved in DMF. Then, an aqueous solution of K2CO3
(6 mmol, 828 mg) was added, together with methyl iodide
(Caution: toxic, potential carcinogen; 6 mmol, 851 mg). The
mixture was stirred for 18 h until the starting reagent was con-
sumed. Then, the solvent was removed under reduced pressure,
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resulting in a brown oil. This was poured into water and
extracted three times with DCM. The organic fractions were
collected and evaporated under reduced pressure. The product,
tert-butyl (4-chloro-2-methoxyphenyl)carbamate, was used
directly in the next step. (3) tert-Butyl (4-chloro-2-methoxy-
phenyl)carbamate (400 mg, 1.16 mmol) was dissolved in 3 mL
of ethyl acetate. Then, 9 mL of fuming hydrochloric acid were
added dropwise to the reaction mixture with vigorous stirring.
The resulting mixture was stirred for 1 hour. Then, the solvent
was evaporated under reduced pressure, giving a brown oil.
This was added to 30 mL of hexane in an ice bath to precipitate
the title compound. Finally, the product 7 (420 mg, 77% over
three steps) was isolated by filtration. 1H NMR (400 MHz,
methanol-d4) δ 7.36 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 2.1 Hz,
1H), 7.11 (dd, J = 8.4, 2.1 Hz, 1H), 3.99 (s, 3H).

(E)-1,2-Bis(4-chloro-2-methoxyphenyl)diazene (8): 4-Chloro-
2-methoxyanilinium chloride (7, 2.5 mmol, 400 mg) was dis-
solved in acetic acid (2 mL), and boric acid (2.11 mmol,
135 mg) was added to the mixture, followed by sodium perbo-
rate (2.5 mmol, 680 mg) in three portions over 15 minutes.
Then, the reaction mixture was heated at 70 ºC for 18 hours.
The reaction progress was monitored by TLC, and when the
reaction was complete, the solvent was removed under reduced
pressure. The resulting oil was poured into water and extracted
with DCM three times. The organic fractions were collected,
and the solvent was removed. The resulting oil was purified by
column chromatography using hexane/ethyl acetate, 4:1, v/v as
eluent. This way, 250 mg (32%) of 8 could be obtained.
1H NMR (300 MHz, chloroform-d) δ 7.59 (d, J = 8.6 Hz, 2H),
7.07 (d, J = 2.1 Hz, 2H), 6.98 (dd, J = 8.6, 2.1 Hz, 2H), 4.01 (s,
6H); 13C NMR (75 MHz, chloroform-d) δ 157.4, 141.4, 138.3,
121.2, 118.5, 113.3, 56.7; HRMS (m/z): [M + H]+ calcd for
C14H15N2O2Cl2, 311.0349; found, 311.0341.

(E)-1,2-Bis(2-methoxy-4-morpholinophenyl)diazene (9):
(E)-1,2-Bis(4-chloro-2-methoxyphenyl)diazene (8, 100 mg,
0.32 mmol) was dissolved in toluene in an Ace pressure tube
(10.2 cm × 8 mm). Then, morpholine (84 mg, 0.96 mmol),
t r is(dibenzylideneacetone)dipal ladium(0) (29.3 mg,
0.032 mmol), RuPhos (29.8 mg, 0.064 mmol), and cesium
carbonate (302.4 mg, 0.96 mmol) were added. The mixture was
heated at 100 ºC in the pressure tube for 24 hours. The reaction
progress was monitored by TLC until the starting reagent was
consumed. The solvent was evaporated under reduced pressure,
and the resulting oil was extracted with DCM three times. The
resulting crude product was purified by column chromatogra-
phy using hexane/ethyl acetate, 1:4, v/v as eluent to obtain
95 mg (72%) of 9. 1H NMR (400 MHz, chloroform-d) δ 7.71 (s,
2H), 6.48 (m, 4H), 4.01 (s, 6H), 3.87 (m, 8H), 3.28 (m, 8H);
13C NMR (101 MHz, chloroform-d) δ 158.1, 154.0, 136.7,

118.5, 107.7, 98.9, 66.9, 56.7, 48.6; HRMS (m/z): [M + H]+

calcd for C22H29N4O4, 413.2189; found, 413.2186.

(E)-1,2-Bis(2-bromo-6-methoxy-4-morpholinophenyl)-
diazene (4):  (E)-1,2-Bis(2-methoxy-4-morphol ino-
phenyl)diazene (9, 30 mg, 0.07 mmol) was dissolved in DCM.
To this solution, palladium acetate (1.6 mg, 0.007 mmol) was
added, and the resulting mixture was stirred for 15 minutes.
Then, N-bromosuccinimide (28.6 mg, 0.16 mmol) was added to
the reaction. The reaction mixture was stirred for additional
30 minutes until completed. The solvent was evaporated under
reduced pressure, and the resulting oil was purified by column
chromatography using hexane/ethyl acetate, 1:2, v/v as eluent to
obtain 29 mg (70%) of 4. 1H NMR (300 MHz, chloroform-d)
δ 7.91 (s, 2H), 6.67 (s, 2H), 4.03 (s, 6H), 3.89 (m, 8H), 3.17 (s,
8H); 13C NMR (101 MHz, chloroform-d) δ 157.3, 153.7, 138.8,
122.6, 110.8, 104.9, 67.0, 58.6, 51.9; HRMS (m/z): [M + H]+

calcd for C22H27Br2N4O4, 569.0393; found, 569.0393.

Di-tert-butyl 4,4'-(diazene-1,2-diyl)bis(3-methoxy-4,1-
phenylene)-(E)-bis(1λ4-piperazine-1-carboxylate) (10):
(E)-1,2-Bis(4-chloro-2-methoxyphenyl)diazene (8, 100 mg,
0.32 mmol) was dissolved in toluene in a pressure tube. Then,
1-Boc-piperazine (180 mg, 0.96 mmol), tris(dibenzylideneace-
tone)dipalladium(0) (29.3 mg, 0.032 mmol), RuPhos (29.8 mg,
0.064 mmol), and cesium carbonate (302.4 mg, 0.96 mmol)
were added. The mixture was heated at 100 ºC in a pressure
tube for 36 hours. The reaction progress was monitored by TLC
until the starting reagent was consumed. The solvent was evap-
orated under reduced pressure, and the resulting oil was
extracted with DCM three times. The final mixture was puri-
fied by column chromatography using hexane/ethyl acetate, 1:3,
v/v as eluent to obtain 130 mg (65%) of the product 10.
1H NMR (400 MHz, DCM-d2) δ 7.57 (m, 2H), 6.50 (m, 4H),
3.99 (s, 6H), 3.58 (m, 8H), 3.29 (m, 8H), 1.47 (s, 18H).

Di-tert-butyl 4,4'-(diazene-1,2-diyl)bis(3-bromo-5-methoxy-
4,1-phenylene)-(E)-bis(1λ4-piperazine-1-carboxylate) (11):
Di-tert-butyl 4,4'-(diazene-1,2-diyl)bis(3-methoxy-4,1-
phenylene)-(E)-bis(1λ4-piperazine-1-carboxylate) (10, 30 mg,
0.04 mmol) was dissolved in DCM, palladium acetate (1 mg,
0.004 mmol) was added, and the resulting mixture was stirred
for 15 minutes. Then, N-bromosuccinimide (22 mg, 0.1 mmol)
was added to the reaction. The reaction mixture was stirred for
additional 30 minutes until completion. The solvent was evapo-
rated under reduced pressure and the resulting oil was purified
by column chromatography using hexane/ethyl acetate, 1:1, v/v
as eluent to obtain 19 mg (50%) of the product 11. 1H NMR
(400 MHz, DCM-d2) δ 7.74 (s, 2H), 6.61 (s, 2H), 3.93 (s, 6H),
3.53 (m, 8H), 3.00 (m, 8H), 1.39 (s, 18H); 13C NMR
(126 MHz, DCM-d2) δ 152.9, 150.2, 149.4, 134.1, 117.5, 106.2,
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75.1, 52.1, 47.0, 23.7; HRMS (m/z): [M + H]+ calcd for
C32H45Br2N6O6, 767.1767; found, 767.1762.

(E)-1,2-Bis(2-bromo-6-methoxy-4-(piperazin-1-yl)-
phenyl)diazene (5): Di-tert-butyl 4,4'-(diazene-1,2-diyl)bis(3-
bromo-5-methoxy-4,1-phenylene)-(E)-bis(1λ4-piperazine-1-
carboxylate) (11, 15 mg, 0.02 mmol) was dissolved in 5 mL of
DCM, and 0.25 mL of TFA was added. The resulting mixture
was stirred for 16 hours. 1 mL of a 10% aqueous solution of
sodium bicarbonate was added to neutralize the compound.
Then, the solvent was evaporated to produce the product 5
(90%) without further purification needed. 1H NMR (400 MHz,
DCM-d2) δ 7.92 (s, 2H), 6.97 (s, 2H), 4.11 (s, 6H), 3.45 (m,
8H), 3.00 (m, 8H); 13C NMR (126 MHz, DCM-d2) δ 158.9,
154.0, 140.2, 123.0, 111.5, 107.2, 66.9, 57.3, 45.1; HRMS
(m/z): [M + H]+ calcd for C22H29Br2N6O2, 567.0719; found,
567.0713.

UV–vis spectroscopy
UV–vis spectra were recorded on a PerkinElmer LAMBDA 35,
Shimadzu UV-2401PC, or an Ocean Optics USB4000 diode
array spectrophotometer. The temperature was maintained at
22 °C for all measurements (Quantum Northwest temperature
controller), and 10 mm or 1.5 mm quartz cuvettes (Hellma
Analytics) were used. Samples were prepared in sodium phos-
phate buffer, pH 7.0, or in DCM, as described, at nominal con-
centrations of 15 µM. The pH value was adjusted by adding
microliter volumes of aq HCl or NaOH (as to not change the
total volume of the sample solutions significantly). The pH
values were measured directly in the samples using a combina-
tion pH electrode.

Photoisomerization
UV irradiation was performed by placing a 365 nm LED (897-
LZ440U610; LED Engin) operating at 68 mW/cm2 above the
sample tube for 1 minute. For blue light irradiation, a 440 nm
LED (Luxeon III Star LED Royal Blue Lambertian; Luxeon
Star LEDs) operating at 40 mW/cm2 at 700 mA was used in the
experiments.

Estimates of the percentage of cis/trans
isomers in PSSs
Based on NMR spectra, we assumed that the fraction of
Z-isomer present at equilibrium in the dark was negligible.
Since UV–vis spectra obtained during thermal reversion exhib-
ited an isosbestic point, we assumed that only E- and Z-isomers
contributed to the spectrum at any time. An estimate for the
spectrum of pure Z-isomer could therefore be obtained simply
by subtracting the contribution of the E-isomer from the spec-
trum of the PSS, with the restriction that the absorbance of the
Z-isomer could not be less than zero at any wavelength. With

this approach, estimated PSS values of 60% (±10%) Z-isomer
were obtained.

Thermal relaxation rates
The cuvette was irradiated with blue light for 1 minute, gently
mixed by pipetting, then immediately capped with Parafilm to
prevent evaporation, and placed inside the spectrophotometer.
The sample was periodically scanned (250 to 600 nm for each
scan; integration time: 2s; scan speed: 480 nm/min) in 2-minute
intervals. Absorbance data vs time were then fitted to a single
exponential equation to obtain thermal relaxation half-lives
using Equation 1.

(1)

Computational methods
DFT calculations were performed using the Gaussian 09 suite
of programs at the B3LYP level of theory using a 6-31+G(d,p)
basis set [28]. Optimizations were followed by harmonic oscil-
lator frequency calculations at the same level of theory to verify
the absence of imaginary frequencies. Though an exhaustive
conformational search was not performed for any of the species,
the following calculations were performed: To ensure that the
conformation shown in Figure 2 was the thermodynamically
most stable arrangement around the azo moiety, free energies
for two alternative arrangements – conformer 2: with both
bromine atoms on the same side of the N–N double bond and
conformer 3: with a bromine atom in the position of the me-
thoxy group that H-bonded with the azonium proton (see Sup-
porting Information File 1) – were calculated for each com-
pound at 298.15 K. Both alternate conformers were predicted to
have higher energies in vacuo (conformer 2: 1.1 kJ/mol for the
6-membered ring and 2.2 kJ/mol for the 5-membered ring;
conformer 3: 20 kJ/mol for the 6-membered ring and 19 kJ/mol
for the 5-membered ring). Thus, conformer 2 was slightly
higher in energy than conformer 1 and should be populated at
room temperature. However, we did not carry out TD-DFT
calculations for conformer 2. Second, for the neutral species,
the N=N–C–C dihedral angles in the optimized structures were
manually set to 20° to generate new input files. Reoptimization
yielded the same structures and free energies. The optimized
geometries of all structures were subjected to TD-SCF calcula-
tions using the same functionals and basis set, assuming the first
15 singlet excitations, and by applying a SMD (assuming water
as the solvent) to implicitly approximate the effect of the sol-
vent [29]. TD-SCF data were used to generate the simulated
UV–vis spectra by applying a Gaussian function with 0.333 eV
peak half-width at half-height to each transition. For the lowest-
energy conformer of both protonated species, single point
calculations were performed at B3LYP/6-31+G(d,p) with a
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SMD (assuming water as the solvent), and molecular orbitals
corresponding to HOMO and LUMO were visualized using
GaussView, with the isovalue set to 0.02. HOMO-to-LUMO
transitions correspond to the longest wavelength with high
oscillator strength. In general, HOMOs were found to be more
delocalized than LUMOs (see Supporting Information File 1).

Supporting Information
Supporting Information File 1
NMR spectra and further computational data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-296-S1.pdf]
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Abstract
This study evaluates the embryotoxicity of dithienylethene-modified peptides upon photoswitching, using 19 analogues based on
the β-hairpin scaffold of the natural membranolytic peptide gramicidin S. We established an in vivo assay in two variations (with ex
vivo and in situ photoisomerization), using larvae of the model organism Danio rerio, and determined the toxicities of the peptides
in terms of 50% lethal doses (LD50). This study allowed us to: (i) demonstrate the feasibility of evaluating peptide toxicity with
D. rerio larvae at 3–4 days post fertilization, (ii) determine the phototherapeutic safety windows for all peptides, (iii) demonstrate
photoswitching of the whole-body toxicity for the dithienylethene-modified peptides in vivo, (iv) re-analyze previous structure–tox-
icity relationship data, and (v) select promising candidates for potential clinical development.
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Introduction
Biologically-active peptides as a class of chemotherapeutic
compounds are uniquely positioned between traditional small
organic molecule drugs and high-molecular weight biologics
[1,2]. Since recent breakthroughs in peptide synthesis technolo-
gy [3,4] have enabled peptide production at industrial scales,
the exploration of therapeutic peptides as potential drugs is

rapidly developing [4-6]. It has been shown that peptide drugs
are less immunogenic than biologics and can hit the “undrug-
gable” space of molecular targets [2,7,8]. As a result, the
market for peptide drugs (e.g., hormones, receptor antagonists,
anticancer, or antibiotic agents) grows faster than that of many
other chemotherapeutics [9]. Significant general disadvantages
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Figure 1: DAE photoswitch and photoswitchable peptides explored in this study. (A) The reversible photoisomerization of the dithienylethene photo-
switch core. (B) Photoconversion between ring-open and ring-closed photoforms of DAE-derived peptides. (C) Structures of the non-photoswitchable
cytotoxic peptide GS (1), and one of our first photoswitchable prototypes 2 in the ring-open photoform.

of peptides as pharmacological agents are their poor oral
bioavailability, low plasma stability in vivo, limited under-
standing of their mechanisms of action, and high in vivo toxici-
ty. The former two drawbacks are being adequately resolved [9]
(e.g., by modifying the peptide backbone [10], macrocycliza-
tion [11], or by use of unnatural amino acids [12]), and mecha-
nistic understanding of the relevant molecular mechanisms is
gradually improving [13]. However, the safety consideration
still poses a considerable challenge. Hence, the understanding
and decreasing of the in vivo toxicity of peptides is of para-
mount importance for their development as drugs.

In recent years, photopharmacology [14-16] has emerged as a
successful approach to enhance spatiotemporal selectivity of
chemotherapeutics, decreasing the overall toxicity and increas-
ing the safety of drugs. Various compound classes are currently
being explored as photopharmacology agents [16-21], includ-
ing peptides [19-21]. The idea behind photopharmacology is
based on the design and use of drugs containing a reversibly
photoisomerizable fragment (“molecular photoswitch”) as part
of their structure. Importantly, the photoisomerizable fragment
should – in one of its photoforms – destroy or mask the pharma-
cophore (the drug is “switched OFF”), whereas the other photo-
form should restore the biological activity of the active element
(the drug is “switched ON”). Correspondingly, an inactive drug
(the OFF photoform) can be safely administered, and subse-
quently it can be locally activated for the therapy (converted to
the ON photoform) by applying light of a specific wavelength,

precisely at the desired site of action. Spatiotemporal resolution
of such light-mediated drug delivery is limited mainly by the
technical characteristics of the medical devices used for light
application and by the light propagation in tissues.

Among several known photoswitches [18] that are being used in
peptides [19-23], diarylethenes (DAE) have increasingly at-
tracted attention in recent years [22,23]. Photoswitchable DAE-
derived molecules offer several advantages for medical applica-
tions, as their photoforms are thermally irreversible and highly
fatigue resistant [24-26]. Light-induced reversible pericyclic
reactions toggle the structure of DAE between a flexible ring-
open isomer and a planar rigidified ring-closed form
(Figure 1A). Irradiation of the ring-open isomer with UV light
(<400 nm) generates the ring-closed isomer, while irradiation
with visible light (>400 nm) converts the ring-closed isomer
back to the ring-open photoform (Figure 1B), thereby affecting
the structure and flexibility of the immediate molecular sur-
rounding.

We have constructed a number of DAE-containing peptides by
incorporating a DAE photoswitch into the backbone of grami-
cidin S (1, GS), which is an intrinsically biostable cyclic
peptide, as exemplified by one of our first prototypes com-
pound 2 (Figure 1C). This natural antimicrobial agent has an
amphipathic structure, whose functional mechanism is attri-
buted to the permeabilization of bacterial membranes, with con-
siderable side-effects also on eukaryotic cell membranes
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[27,28]. Compared to the ring-closed (deactivated, OFF) photo-
form, the ring-open (active, ON) isomer of 2 indeed displayed a
much stronger in vitro toxicity against several tumor cell lines
[29,30]. Using the photoswitchable analogue 2 in an allograft
mouse model, the first in vivo photopharmacology application
for a DAE-derived peptide as an anticancer agent has been
demonstrated [29]. In order to optimize 2, we have recently per-
formed a structure–activity relationship (SAR) study using a
library of photoswitchable derivatives of 2 [30]. The library
contained 29 compounds grouped into several series: with
natural amino acid mutations affecting the amphipathicity
(series i), with point mutations that modulate polarity and con-
formational stability of the β-structural elements (series ii), with
backbone N-alkylation and side-chain hydroxylation modifica-
tions (series iii), with macrocycle ring-size variations (series
iv), and with macrocycle homodimerization (series v). We
systematically screened the ring-open and ring-closed photo-
forms of all 29 compounds in vitro, using a range of cellular
toxicity assays (against Gram-positive bacteria, Gram-negative
bacteria, HeLa cells, and human erythrocytes) and were able to
rationalize the specific impact of our modifications onto cell
selectivity indices. Though all compounds demonstrated
distinctly different cell toxicities in the ring-open and the ring-
closed photoforms, we noticed that there was generally a poor
correlation between the antibacterial activity on the one side,
and the cytotoxicity against HeLa cells on the other side, and
erythrocytes as a third scenario. Different compounds could
thus be regarded as potential leads for chemotherapy of either
infectious diseases caused by Gram-positive or -negative
bacteria, or for anticancer applications. We hypothesized that
the lack of correlation between cell types might not only reflect
different mechanisms of killing (possibly even within any pair
of isomers), but that it may also be due to unique differences of
erythrocytes compared to other somatic cells. Although easily
measured, hemolytic activity gives only a rough estimate of
toxicity for peptide therapeutics. Erythrocytes are terminally
differentiated non-adherent organelle-free cells, densely packed
with oxygen-carrying proteins; their homeostasis and pharma-
cokinetics are highly specialized, and many molecular targets
are absent in them [31].

Aiming at applications of photoisomerizable drugs in human
healthcare, investigators cannot be limited to in vitro toxicity
assays. Furthermore, preclinical drug development programs
specifically require the inclusion of in vivo toxicity studies
using vertebrate animal models. (For example, toxicity studies
of anticancer chemotherapeutics are requested by the Interna-
tional Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) to include at least
two mammalian species, whereby one of them must be a non-
rodent [32]). Comprehensive in vivo toxicity studies are obvi-

ously lengthy, significantly more expensive than in vitro assays,
and are hampered by strict bioethics regulations. We therefore
looked for an alternative toxicity assay that would be as techni-
cally simple as hemolysis, and at the same time would make the
data more relevant to human toxicity. Hence, we selected the
zebrafish embryotoxicity assay as a potential compromise. Due
to their small size, cheap husbandry and maintenance, fast
embryogenesis, extracorporeal development, known genome
and accessibility of several thousand transgenic lines [33],
zebrafish (Danio rerio) is an excellent model for develop-
mental biology and phenotypic genetics [34]. The zebrafish
species are attractive to utilize them in toxicity studies due to
several reasons. Optimum maintenance and breeding condi-
tions for D. rerio are well described in the literature [35], as
well as complete details of its embryogenesis [34]. Further-
more, the vertebrate body plan of the zebrafish is, in its basic
structure, similar to mammals [36,37], and up to 80% of the
known human drug targets are present in the D. rerio genome
[38]. Since 2005, a zebrafish embryotoxicity test is used as a
standardized ISO assay for sewage water testing in Germany
[39,40]. Due to its manifold advantages, zebrafish larvae could
be used as a cost-effective vertebrate animal model, yet sophis-
ticated enough for pharmacological toxicity evaluations, espe-
cially for preclinical drug candidate screenings. However, to the
best of our knowledge, such applications for therapeutic
peptides are still sparse [41-45]. Notably, zebrafish embryos are
transparent, which makes them ideal for in vivo manipulation of
photosensitive compounds [46]. This has been advantageously
used by other authors in studies of azobenzene-containing
photoswitchable bioactive agents [47-50]. Finally, according to
the recent edition of EU directive 2010/63/EU, zebrafish em-
bryos of up to 5 days post fertilization (dpf), as the larvae are
still feeding on the yolk [51], are excluded from the legislation
governing animal testing, i.e., experiments do not require
ethical approval.

In this study, we selected 19 photoswitchable DAE-modified
cytotoxic peptides from our previous SAR evaluation [30] and
established with them the D. rerio embryotoxicity assay. For
each photoswitchable peptide, we determined the lethal dose of
both photochromic forms, using two assay variations, and these
in vivo toxicity values could then be compared with the known
in vitro cytotoxicities.

Results and Discussion
All peptides (Table 1) were synthesized as was previously de-
scribed [30] and initially handled as ring-open photoforms
under ambient (visual, vis) light conditions. Each of the ring-
open photoforms was converted into the ring-closed photo-
forms by UV irradiation in a solution of denaturing agents,
reproducing previously documented results [29,30,52]. All
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Table 1: Nomenclature, sequences, molecular masses of the peptides synthesized and explored in this study. The photoswitchable peptides are
grouped in series (i–v) according to their original design [30].

Peptide Linear sequencea Molecular mass, m/z
calculated measured

1 fPVOLfPVOL 1141.4 1141.2
2 DAE-VOLfPVOL 1280.7 1280.1

analogues with point mutations affecting amphipathicity (series i)

3 DAE-VOLfPVOA 1238.6 1238.1
4 DAE-AOLfPVOA 1210.6 1210.1
5 DAE-OOLfPVOL 1295.7 1295.1

mutations affecting polarity and stability of β-structures (series ii)

6 DAE-TOVfPVOV 1254.6 1254.1
7 DAE-AsniPr-OVfPVOV 1309.7 1309.3
8 DAE-DabiBu-OVfPVOV 1323.7 1323.3
9 DAE-IOLpPIOL 1258.7 1258.5

analogues with N-alkylation and hydroxylation modifications (series iii)

10 DAE-IOIf-LeuN-Me-LOI 1338.8 1338.8
11 DAE-IOLf-LeuN-Bu-IOL 1380.9 1380.4
12 DAE-LeuOH-OVfPVOV 1282.7 1282.3
13 DAE-VOVfP-LeuOH-OV 1282.7 1282.4
14 DAE-VOVfPVO-LeuOH 1282.7 1282.4
15 DAE-LeuOH-OVfP-LeuOH-OV 1312.7 1312.4

analogues with extended macrocycles (series iv)

16 DAE-VKLKVfPLKVKL 1777.4 1776.2
17 DAE-VKLKVfPLkVKV 1763.3 1762.2
18 DAE-VKLKVfPKLVKV 1763.3 1762.2

“click”-chemistry connected homodimers (series v)

19 DAE-LeuOH-OLf-OrnN3
N-Me-VOLb 2773.5c 2773.1c

20 DAE-OrnN3-OLfPVOLb 2681.4c 2681.0c

aCanonical amino acids and ornithine (designated O) are given in one-letter code. Lower case letters are for amino acids with ᴅ-configuration. Non-
canonical amino acids are presented by three-letter code. Superscript indices N-Me and N-Bu, next to a three-letter abbreviation, indicate N-methyla-
tion and N-butylation, respectively. LeuOH = (2S,3R)-β-hydroxyleucine; AsniPr = Nγ-isopropylasparagine; DabiBu = Nγ-isobutyryldiaminobutyric acid;
OrnN3 = L-δ-azidoornithine; DAE photoswitching fragment = 4-(2-(5-((ʟ-prolyl-2-methylthiophene-3-yl)cyclopent-1-en-1-yl)-5-methylthiophene-2-
carboxyl); bmonomers (as listed here) were dimerized through azides of the azidoornithines via propargyl ether by means of Cu(I)-catalyzed “click”
reaction [29]; cmolecular masses are for final ether-conjugated dimers.

studied compounds were prepared in >95% purity using prepar-
ative-scale high-performance liquid chromatography (HPLC).

To establish the assay for screening the photoswitchable
peptides, we first studied the toxicity of our prototype 2 by
varying the assay conditions. The parent peptide GS 1 was used
as a control. Although the parent 1 does not contain a photo-
switchable moiety, it was treated throughout the assay in the
same fashion as 2, in order to account for both (i) the light ap-
plication effects as well as (ii) the expected [53] developmental

changes of the embryos during the experiment. We measured
the doses causing the death of 50% embryos (LD50). We tested
two different assay variations: in one version, the LD50(open)
was determined after direct application of 1 or of the ring-open
form of 2. In the other variant, the photoswitchable peptide was
applied in the ring-closed photoform in the darkness, its
LD50(closed) was recorded, and then in situ illumination (“pho-
toactivation”) was applied to switch into the ring-open photo-
form and obtain the respective LD50(opened) values (see
Figure 2 for the study design and the killing curves).



Beilstein J. Org. Chem. 2020, 16, 39–49.

43

Figure 2: Two versions of the D. rerio embryotoxicity assay for DAE-modified peptides: timelines, peptide photostates, ages of larvae, and definitions
of the measured characteristics. (A) Direct application of the non-photoswitchable parent GS 1 or of the ring-open photoform of our prototype 2, and
the corresponding killing curves for 1 (C, top, black) and 2 (C, bottom, red). (B) “Photoactivation” assay: initial application of the ring-closed photoform,
incubation in darkness, followed by in situ photoconversion into the ring-open(ed) photoform, with the corresponding killing curves for 1 (D, top) and 2
(D, bottom, green for ring-closed, red for ring-open isomers). The latter panel illustrates the “phototherapeutic safety window” (green arrow) as the
difference in toxicity between the ring-closed and the ring-open isomers upon photoactivation.

Each time, 12–15 or 18–20 zebrafish embryos at 3 dpf were
treated by applying the corresponding peptide dissolved in
dimethyl sulfoxide (final dimethyl sulfoxide concentration
was 0.2%). Double-concentrated peptide stock solutions
(64–512 µg/mL) were prepared by weighing lyophilized
peptides, dissolving in 10% dimethyl sulfoxide and construct-
ing two-fold dilution series with ten–eleven dilution steps. In
the photoconversion experiments, in order to prevent spontane-
ous photoswitching of the ring-closed peptides by vis light,
zebrafish embryos and peptides were kept in the dark before the
first readout, and the vials were sealed to avoid evaporation of

the embryonic medium (E3) at prolonged incubation times.
After the first screen, without exchanging any solution, the vials
with embryos and ring-closed photoforms were exposed to
intense illumination for 10 min (LUMATEC Superlite 410 light
source, λ = 570 nm, irradiance approximately 20 mW/cm2).
Mortality was then determined under ambient light conditions
at 1 h and 24 h after the illumination procedure.

As shown in Figure 2C, the control 1 (non-switchable parent)
and the ring-open isomer of our first prototype 2 displayed very
similar LD50 values upon direct application. After 24 h, 50% of
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Table 2: Toxicities and LD50(closed)24h/LD50(open)24h ratios for the photoswitchable peptides. The peptides are grouped in series (i–v) according to
their original design in [30].

Peptide Toxicities at different conditions, µg/mL ± STDa LD50(closed)24h/LD50(open)24h

ratio
LD50
(open)1h

LD50
(open)3h

LD50
(open)24h

LD50
(closed)24h

LD50
(opened)1h

LD50
(opened)24h

1 2.8 ± 2.7 2.0 ± 3.0 2.4 ± 0.2 – – – –
2 2.7 ± 1.0 1.7 ± 1.1 2.1 ± 0.3 34.2 ± 12.2 3.3 ± 0.7 0.7 ± 1.3 16.3

analogues with point mutations affecting amphipathicity (series i)

3 9.3 ± 7.8 4.8 ± 3.9 4.7 ± 0.1 31.1 ± 4.2 9.5 ± 1.3 6.2 ± 0.6 6.6
4 69.8 ± 10.5 40.6 ± 11.2 19.0 ± 1.3 197.7b 51.0 ± 7.7 12.9 ± 1.9 10.4
5 4.8 ± 2.2 2.8 ± 1.9 3.3 ± 0.7 8.1 ± 1.0 8.1 ± 1.0 5.3 ± 0.5 2.5

mutations affecting polarity and stability of β-structures (series ii)

6 30.8 ± 15.0 13.2 ± 13.3 8.6 ± 0.0 196.9b 20.6 ± 1.7 6.3 ± 2.3 22.9
7 15.9 ± 4.3 8.7 ± 9.1 5.8 ± 0.4 266.4b 18.2 ± 4.6 3.0 ± 2.5 45.9
8 12.0 ± 0.8 5.7 ± 0.4 3.9 ± 1.5 472.9b 9.6 ± 5.6 3.0 ± 2.7 121.2
9 2.0 ± 1.1 2.1 ± 0.8 1.6 ± 0.3 9.1 ± 2.7 2.2 ± 0.5 0.8 ± 0.1 5.7

analogues with N-alkylation and hydroxylation modifications (series iii)

10 1.3 ± 1.5 1.0 ± 0.6 1.0 ± 0.6 9.5 ± 0.1 2.2 ± 1.0 1.3 ± 1.5 9.5
11 3.0 ± 1.8 2.4 ± 0.7 1.6 ± 0.1 4.4 ± 0.2 4.0 ± 0.3 3.0 ± 1.0 2.8
12 9.2 ± 1.1 6.7 ± 0.4 3.6 ± 0.5 77.0 ± 19.4 6.2 ± 0.0 2.1 ± 1.0 21.4
13 4.8 ± 3.8 4.3 ± 3.8 2.2 ± 1.0 45.0b 6.4 ± 0.4 3.4 ± 0.5 20.5
14 8.1 ± 2.0 6.2 ± 0.7 2.0 ± 0.0 50.4 ± 27.2 9.1 ± 4.2 4.6 ± 2.0 25.2
15 36.5 ± 2.1 14.1 ± 6.0 7.2 ± 3.8 56.1 ± 12.2 22.9 ± 0.2 7.2 ± 0.7 7.8

analogues with extended macrocycles (series iv)

16 3.1 ± 1.0 1.6 ± 0.0 6.0 ± 0.1 5.6 ± 0.5 5.2 ± 0.5 3.8
17 10.5 ± 5.8 3.2 ± 0.2 9.9 ± 0.1 9.9 ± 0.1 9.4 ± 0.7 3.1
18 0.9 ± 0.4 0.4 ± 0.2 12.3 ± 1.5 12.3 ± 1.5 12.3 ± 1.5 30.8

“click”-chemistry connected homodimers (series v)

19 2.7 ± 1.7 1.2 ± 0.3 4.8 ± 0.3 4.7 ± 0.5 4.3 ± 1.3 4.0
20 3.7 ± 1.9 1.5 ± 0.0 10.7 ± 0.1 8.4 ± 3.3 3.5 ± 0.6 7.1

aSTD = standard deviation; bSTD was not calculated, the measurement was performed once.

embryos had died at a concentration of 2.4 ± 0.2 µg/mL GS 1
and 2.1 ± 0.3 µg/mL ring-open 2. With increasing incubation
time, lower concentrations were expected to achieve compa-
rable mortality; however, the difference between 1 h and 24 h
incubation was low for both peptides (Table 2).

The photoactivation assay, in which two photoisomers of 2
were tested, shows the anticipated difference between the non-
photoswitchable 1 and the photoswitchable 2 (Figure 2D and
Table 2). For 1, the dose-dependent mortality before and after
illumination was very similar, with only marginal deviation
caused by prolonged incubation time. In contrast, 2 displayed

an about 16-fold decrease in the LD50 value after in situ photo-
activation. This difference indicates that the ring-open isomer of
2 indeed possesses a higher toxicity than the ring-closed isomer,
and it demonstrates in vivo photoswitching of the whole-body
toxicity.

Since the determined LD50 values were practically identical in 3
independent experiments, both assays were used to evaluate the
entire library of 19 photoswitchable peptides (see Table 2).
Overall, the two assay versions gave comparable LD50 values
for each of the tested peptide, namely LD50(open)1h vs
LD50(opened)1h, and LD50(open)24h vs LD50(opened)24h. An
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exception was noted for the elongated analogues 16–18, where
the light-generated ring-opened forms did not restore the activi-
ty levels observed in the direct application experiment. This be-
havior could be explained by a decreased proteolytic stability of
these lysine-rich analogues. For the remaining 16 photoswitch-
able peptides, only minor differences in LD50 values between
the two types of assays were found. These slight discrepancies
are attributed to the different developmental stages of the em-
bryos in the two assays. In the direct activation assay the
zebrafish embryos were at 3 dpf, whereas in the photoactiva-
tion assay they were at 4 dpf when the ring-closed isomer was
converted into the ring-open isomer and subsequently measured
at 5 dpf. Also, shielding the embryos for 24 h from light expo-
sure might affect embryogenesis and sensitivity of the larvae
[53]. Furthermore, the uptake and accumulation of the ring-
closed and ring-open isomer could be different in each case.

Due to photochemical properties of DAE, a realistic DAE-
derived in vivo photopharmacology agent should have a low
toxicity in the ring-closed form and a high activity in the ring-
open form [29,30]. Therefore, analysis relating (undesired) tox-
icity of the closed form to the (desired) activity of the open
form is crucial for the drug candidate assessment. To compare
results from different assays and to visualize activity relations
of the two photoforms, phototherapeutic indices (e.g.,
HC50(closed)/IC50(open) and correlation analysis scatter plots
are convenient approaches [30]. Analyzing our data, it was
interesting to see that the structure–toxicity relationships turned
out to be more complicated than it had initially been anticipat-
ed and implemented in the original design of the peptide series.
Nonetheless, except for the peptides in series iv (16–18, with
increased charge densities) and one of the homodimers (19), the
difference in activity between the ring-open and the ring-closed
photoforms was significant. In all cases, the ring-open states
were more active than the corresponding ring-closed photo-
forms. For approximately half of the peptides (2, 7, 8, 9–13, and
20), the ring-open photoforms were even more toxic than the
non-switchable parent compound 1. For our prototype peptide
2, the ratio LD50(closed)24h/LD50(open)24h was equal to 16.3.
The largest drop in toxicity was observed for the inactive forms
of peptides 4, 6, 7 and 8 (LD50(closed)24 ≥ 200 µg/mL), fol-
lowed by the analogs with hydroxyleucine side chains 12, 13,
14, and 15 (with values in the range of 50–80 µg/mL). This
trend, naturally, translates into the safety windows being the
largest for these compounds. Peptides 7, 8, and – surprisingly –
18, significantly surpassed the safety window of the original
prototype 2.

The data in Table 2 reveals several structure–toxicity correla-
tions. Both of the tested dimers (19, 20) showed relatively inef-
ficient photoactivation. Given that 19 and 20 were observed to

photoisomerize readily between the ring-closed and ring-
opened isomers, we can presume that homodimerization may
affect the way in which the peptides interact with their molecu-
lar targets, or it may compromise their long-term biostability.
Likewise, an elongation of the β-sheet core and an increase in
cationic charge density (peptides 5, 15–17) was seen to de-
crease the photoactivation efficiency in vivo. The correspond-
ing LD50 values indicate that an uncharged polar amino acid
residue next to the DAE (compounds 6, 7, 8) and the presence
of hydroxyleucine residues (12, 13, 14) improve the photoacti-
vation efficiency compared to compound 2. Even though this
prototype 2 already had quite a large phototherapeutic safety
window (the ratio LD50(closed)24h/LD50(open)24h is 16.3), the
new mutants showed even higher safety, the best being peptide
8 (with a ratio LD50(closed)24h/LD50(open)24h of 121).

We have also analyzed the correlation between the empirical
low-pH hydrophobicity of the peptides (as assessed from the
retention times in reversed-phase HPLC) and toxicity against
zebrafish embryos. Independent on the photoisomeric state and
the type of toxicity assay, decreasing polarity of the peptides is
accompanied by an increase in toxicity against zebrafish em-
bryos (compare Figure 3A and 3B). Within the different series
of peptides (the series are marked with different colors in
Figure 3 for clarity) we get almost linear toxicity–hydrophobici-
ty correlations in most cases, and all the outliers are readily
explainable. For instance, in Figure 3A the peptides 19 and 20
are from series v (homodimers), compounds 16–18 have larger
(extended) macrocycles and together with 5 possess a higher net
charge and charge density than the rest of the peptides. For the
most hydrophobic peptide 11 in the ring-open form, which
deviates from the general trend, we observed a very low water
solubility and tendency to aggregate.

As can be seen from Figure 4, the toxicity against zebrafish em-
bryos is higher than hemolysis for the majority of the ring-open
isomers and for all ring-closed photoforms. This result suggests
that the lysis of red blood cells may not be the leading cause of
in vivo toxicity for these membranolytic peptides.

Based on the results described above, we wondered whether the
cytotoxicity against epithelial cells should be considered as an
important safety aspect for applications in humans, and whether
it should be monitored in preclinical evaluation of this type of
chemotherapeutics. It is known, that compounds from the sur-
rounding media are absorbed by the zebrafish mainly through
the skin and gills at embryonic stages and through the digestive
system during later larval stages [54], which points to epithelial
cells as the immediate target and should correspond to the
dermal route of administration or other through-epithelium
paths in human applications. Notably, it has been shown that
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Figure 3: The in vivo toxicity against D. rerio embryos appears to be correlated with the empirical hydrophobicities of GS 1 and its photoswitchable
analogues 2–20. LD50 values are plotted against the HPLC (C18) retention times upon elution with a standardized linear water/acetonitrile gradient:
both, for the ring-closed photoforms (A, filled circles), as well as for the ring-open photoforms (B, open circles). The compound numbers are shown
next to the data points. Values for the parent peptide 1 are shown as black filled circles; the original prototype 2 is color-coded in black; the data
points for peptides of series i (3–5) are shown in grey, series ii (6–9) in blue, series iii (10–15) in red, series iv (16–18) in green, and series v (19, 20)
in purple.

Figure 4: D. rerio embryotoxicity of GS 1 and the photoswitchable analogues 2–20 correlated with their in vitro hemolysis [30] for the ring-closed
photoforms (A, filled circles), and for the ring-open photoforms (B, open circles). The compound numbers are shown next to the data points, and the
color code is the same as in Figure 3.

toxicities against zebrafish larvae may correlate with rodent
inhalational toxicities [55], but to the best of our knowledge, no
such comparisons are known for peptides or peptidomimetics.

When plotting the D. rerio embryotoxicity LD50 values of the
ring-open (activated, ON) photoforms against the in vitro HeLa
cytotoxicity indicators, namely against IC50 [30] of the ring-
closed (deactivated, OFF) photoforms (Figure 5A), the data
points are correlated quite well along the diagonal. This corre-

spondence is in contrast to the comparison between hemolysis
and HeLa cytotoxicity (Figure 5B) that had been reported in our
earlier study, where the whole data set shows a systematic devi-
ation off the diagonal. Our new in vivo data, thus shows a much
better correlation of the toxicities between the two tested targets
– epithelial cells of the zebrafish embryo and human malignant
epithelial cells. Erythrocytes, on the other hand, are clearly less
suitable and constitute less representative cells to predict toxic
effects in humans. We can therefore expect an even lower in
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Figure 5: Phototherapeutic cytotoxic action against HeLa cells of GS 1 and its photoswitchable analogues 2–20, correlated with the new in vivo
results and earlier in vitro data. For each peptide, the HeLa cytotoxic concentrations of the ring-open photoforms (IC50(open)) are plotted against the
corresponding in vivo toxicities to D. rerio embryos (A, LD50(closed)24h), or against the in vitro hemolytic activities (B, HC50(closed), i.e., 50% hemol-
ysis]) of the ring-closed photoforms. The compound numbers are shown next to the data points. The in vitro data is from [30]. Values for the parent
peptide 1 are marked black, and a white filling highlights the initial prototype 2. Color codes for the remaining peptides are the same as in Figure 3.

vivo anticancer selectivity of our peptides than we had previ-
ously judged from the in vitro data on erythrocytes and HeLa
cells. Thus, a further increase of the phototherapeutic indices by
compound modifications is appropriate. Amongst the most
selective compounds against cancer cells, the modifications
implemented in series i, ii and iii are the most effective strate-
gies so far to enhance the phototherapeutic indices. The present
evaluation identifies peptides 2, 4, 7, 8, and 13 as the best
candidates in terms of the phototherapeutic index.

Conclusion
In this study, we have synthesized 19 photoswitchable membra-
nolytic peptides, derived from the cyclic parent gramicidin S.
The two photoforms of these dithienylethene-modified peptides
showed different retention times in reversed-phase HPLC, with
the ring-open forms being more hydrophobic. An in vivo toxici-
ty assay (using two approaches, giving essentially the same
results) was established in order to study the in situ photoactiva-
tion of these peptides using a zebrafish embryo model. We
systematically evaluated the toxicities of the two photoforms
and found that the activated ring-open isomers of our peptides
are more toxic than the inactivated ring-closed isomers, with up
to two orders of magnitude difference. The most promising
modifications of GS appear to be those where a single
uncharged polar amino acid has been introduced on the hydro-
philic face of the peptide.
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Abstract
It was demonstrated that styrylquinolizinium derivatives may be applied as photoswitchable DNA ligands. At lower ligand:DNA
ratios (≤1.5), these compounds bind to duplex DNA by intercalation, with binding constants ranging from
Kb = 4.1 × 104 M to 2.6 × 105 M (four examples), as shown by photometric and fluorimetric titrations as well as by CD and LD
spectroscopic analyses. Upon irradiation at 450 nm, the methoxy-substituted styrylquinolizinium derivatives form the correspond-
ing syn head-to-tail cyclobutanes in a selective [2 + 2] photocycloaddition, as revealed by X-ray diffraction analysis of the reaction
products. These photodimers bind to DNA only weakly by outside-edge association, but they release the intercalating monomers
upon irradiation at 315 nm in the presence of DNA. As a result, it is possible to switch between these two ligands and likewise be-
tween two different binding modes by irradiation with different excitation wavelengths.

111

Introduction
The association of DNA-targeting drugs with nucleic acids
[1-8] is considered one of the essential properties that deter-
mine their biological activity [9]. Specifically, a ligand may
occupy particular binding sites of DNA or induce significant
structural changes of the nucleic acid. In turn, both of these pro-

cesses interfere with biologically relevant recognition pro-
cesses between DNA and enzymes, e.g., topoisomerase [10].
Therefore, many potential lead structures of chemotherapeutic
anticancer drugs exhibit DNA-binding properties [1-10]. Never-
theless, most DNA-binding ligands have an insufficient selec-
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Scheme 1: Synthesis of styrylquinolizinium derivatives 3a–d.

tivity towards the targeted nucleic acid, and they also accumu-
late in healthy tissue, so that the chemotherapeutic treatment of
tumors with DNA-binding drugs still suffers from severe side
effects because of the intrinsic toxicity of the employed drugs
[11-13]. As a result, there is an urgent need for DNA-targeting
chemotherapeutic reagents that can be activated with an
external stimulus only at the desired point of action. In this
context, light offers several distinct advantages to switch on the
activity of an otherwise inactive substrate (prodrug) because
light is noninvasive, traceless, and easy to apply, and it enables
local and temporal control [14]. To this end, photochromic
systems appear to be highly attractive as a basis for photocon-
trollable substrates because they allow to switch the biological
activity on and off due to the reversibility of the photoreaction
[15]. Indeed, the application of light to induce and control
bioactivity of pharmaceuticals or bio(macro)molecules has been
convincingly demonstrated in the emerging field of photophar-
macology [16-18]. Consequently, several attempts have also
been made to develop photochromic DNA binders. Thus, it has
been shown with spiropyran [19-21], stilbene [22,23], azoben-
zene [24-28], dithienylethene [29-32], chromene [33], and
spirooxazine [34] derivatives that specifically modified photo-
chromic ligands bind to DNA only with one of the components
of the photochromic equilibrium. Moreover, these ligand–DNA
interactions can be photochemically switched between the
binding and nonbinding form. Interestingly, the photochromic
systems applied in this context are almost exclusively photo-
induced electrocyclization or E-to-Z isomerization reactions,
whereas  the wel l -es tabl ished photochromic cyclo-
addition–cycloreversion equilibrium to establish photoswitch-
able DNA binders has so far been widely neglected. In fact,
there is only one reported example for the use of the reversible
photoinduced dimerization of stilbene derivatives as photo-
switchable DNA ligand [35], and in this case, the structure of
the photoproduct was not fully identified. Also, it has been
shown that a DNA-binding azoniatetracene may be generated
by photoinduced [4 + 4] cycloreversion. However, this system

was not applied for photoinduced switching of binding proper-
ties [36]. Apparently, styryl-substituted aromatic derivatives
could fill this gap because the [2 + 2] photocyclization reaction
of stilbenes and derivatives thereof is a well-established revers-
ible photoreaction [37-46], and styryl dyes, in particular
cationic ones, were shown to be efficient DNA binders [47-58].
Nevertheless, the photochromic nature of DNA-binding styryl
dyes has not been applied to use them as photoswitchable DNA
binders. Although, there is one reported example that demon-
strates the deactivation of a stilbene tyrosine kinase inhibitor by
a [2 + 2] photocycloaddition [59].

As the quinolizinium ion has been established as a versatile
platform for the development of DNA intercalators [60], we
identified styryl-substituted quinolizinium derivatives as a
promising basis for the search for photoswitchable DNA
binders based on the photocycloaddition–photocycloreversion
equilibrium. In fact, some selected styrylquinolizinium deriva-
tives have already been shown to bind to DNA [61-67], howev-
er, their photocycloaddition reaction and the propensity of the
corresponding photodimers to release the DNA-binding ligand
have not been reported so far. Herein, we report on the photo-
chemical and DNA-binding properties of the selected
styrylquinolizinium derivatives 3a–d and demonstrate their
ability to operate as photoswitchable DNA ligands.

Results and Discussion
Synthesis
2-Methylquinolizinium tetrafluoroborate (1) was synthesized
according to published procedures [68]. The piperidine-cata-
lyzed reaction of the latter with the benzaldehyde derivatives
2a–d gave the 2-styrylquinolizinium derivatives 3a–d in
63–79% yield (Scheme 1). The known products 3a and 3c were
identified by comparison with literature data [69], and the new
compounds 3b and 3d were fully characterized by NMR spec-
troscopy (1H, 13C, COSY, HSQC, and HMBC), elemental
analyses, and mass spectrometry. In all cases, E-configuration
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Table 1: Absorption and emission data for styrylquinolizinium deriva-
tives 3a–d in MeCN and water.

MeCN H2O

λabs/nma λfl/nmb Φfl
c λabs/nma λfl/nmb

3ad 474 643 0.02 434 630
3b 404 548 0.17e 389 538
3cd 392 517 0.04 384 507
3d 368 419 <0.01f 371 –g

aLong-wavelength absorption maximum, c(3b/3d) = 20 µM.
bFluorescence maximum, λex = 394 nm (3b) and 370 nm (3d).
cEmission quantum yield, determined with Abs = 0.10 at λex, esti-
mated error of Φfl: ±10%. dTaken from [71]. eRelative to coumarin 152
(Φfl = 0.28) [71]. fRelative to coumarin 1 (Φfl = 1.00) [71]. gToo weak to
be determined.

Figure 1: Absorption spectra and normalized emission spectrum
(Abs. = 0.10, 3b: λex = 394 nm) of derivatives 3b (red) and 3d (black)
in MeCN.

of the alkene double bonds in 3a–d was indicated by character-
istic coupling constants of the alkene protons (3JH–H = 16 Hz)
[70].

Absorption and emission properties
The photophysical properties of the styrylquinolizinium deriva-
tives 3a and 3c have already been reported [69], while the ones
of 3b and 3d were determined in this work (Table 1 and
Figure 1). In acetonitrile, the derivatives 3b and 3d exhibited
long-wavelength absorption maxima at λabs = 404 nm and
368 nm, with emission bands at λfl = 548 nm and 419 nm. De-
rivative 3d was essentially nonfluorescent (Φfl < 0.01 in
MeCN), whereas compound 3b (Φfl = 0.17 in MeCN) had the
largest fluorescence quantum yield in comparison to the deriva-
tives 3a (Φfl = 0.02 in MeCN) and 3c (Φfl = 0.04 in MeCN). In
aqueous solution, the compounds exhibited long-wavelength
absorption maxima at 434 nm (3a), 389 nm (3b), 384 nm (3c),
and 371 nm (3d) as well as weak emission bands at 630 nm

(3a), 538 nm (3b), and 507 nm (3c). In contrast, the emission
intensity of 3d was too low to identify a maximum, as usually
observed with nitro-substituted fluorophores. Unfortunately, the
emission quantum yields of 3a–c could not be determined in
water because of the compounds’ tendency to dimerize even at
very low concentrations (see below). Overall, the absorption
and emission data revealed a significantly less pronounced
donor–acceptor interplay in the methoxy-substituted deriva-
tives 3b and 3c as compared to the strong donor–acceptor
system 3a, as clearly indicated by the blue-shifted absorption
and emission bands of 3b and 3c. Consequently, the absorption
bands of the electron acceptor-substituted derivative 3d were
shifted to even shorter wavelengths.

DNA-binding properties
The DNA-binding properties of the 2-styrylquinolizinium de-
rivatives 3a–d were investigated by spectrometric titrations of
calf thymus DNA (ct DNA) to 3a–d in a phosphate buffered
solution at pH 7.0 (Figure 2). During the photometric titrations,
the initial absorption maxima continuously decreased and new,
bathochromically shifted absorption maxima arose at 464 nm
(3a), 404 nm (3b), 399 nm (3c), and 378 nm (3d), respectively
(Figure 2), which clearly indicated the association of these
ligands with the nucleic acid [72]. In all cases, isosbestic points
developed at the beginning of the titration and eventually be-
came indistinct, which already indicated different binding
modes at particular stages of the titration.

The data from the photometric titrations are presented as
binding isotherms, and fitting of the experimental data to an
established theoretical model [73] gave the corresponding
binding constants Kb (cf. Supporting Information File 1).
Thus, the largest binding constant was determined for the
dimethylamino-substituted styrylquinolizinium derivative 3a
(Kb = 2.6 ± 0.1 × 105 M). The nitro-substituted derivative 3d
had a slightly lower affinity with Kb = 8.2 ± 0.2 × 104 M, and
the methoxy-substituted derivatives had the lowest binding con-
stants of Kb = 4.8 ± 0.1 × 104 M (3b) and 4.1 ± 0.1 × 104 M
(3c). Overall, these binding affinities resembled the ones of
known DNA-intercalating benzoquinolizinium derivatives [60].

In addition, the changes of the emission properties upon the ad-
dition of ct DNA to 2-styrylquinolizinium derivatives 3a–d
were determined in fluorimetric titrations (Figure 3). The inten-
sity of the rather weak emission bands of 3a, 3b, and 3c in-
creased significantly upon the addition of DNA. In the case of
derivative 3b, a blue-shift of the emission maximum by 10 nm
was also observed. Notably, compound 3a had the weakest
emission intensity, i.e., it was essentially nonfluorescent in
aqueous solution, but when it was bound to DNA, it showed a
strong light-up effect of the emission with a factor of I/I0 = 44.
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Figure 2: Spectrophotometric titration upon the addition of ct DNA to the styrylquinolizinium derivatives 3a (A), 3b (B), 3c (C), and 3d (D) in BPE
[cL = 20 µM, cDNA = 1.45 mM (A–C), cDNA = 2.45 mM (D), cDNA in base pairs]. The insets show the plots of absorption vs DNA concentration. The
arrows indicate the changes of absorption upon the addition of ct DNA.

Figure 3: Spectrofluorimetric titration upon the addition of ct DNA to the styrylquinolizinium derivatives 3a (A), 3b (B) and 3c (C) in BPE buffer
[cL = 5 µM (A, C), cL = 1 µM (B), cDNA = 1.45 mM, cDNA in base pairs]. The insets show the plots of relative emission intensity vs DNA concentration.
The arrows indicate the changes of emission intensity upon the addition of ct DNA.
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For compounds 3b and 3c, significantly smaller light-up factors
of I/I0 = 3.3 and 1.6, respectively, were observed. In contrast,
the very low emission intensity of 3d did not change upon the
addition of ct DNA. The fluorescence light-up effects of the
ligands 3a–c upon association with DNA resembled the ones
observed for other styryl-substituted quinolizinium derivatives
[62-67]. Accordingly, the emission enhancement most likely
resulted from the accommodation of the ligand in the con-
strained binding site of the DNA, which led to a restricted
conformational flexibility. As a result, conformational changes
of the styryl substituent in the excited state that lead to
radiationless deactivation in solution were significantly
suppressed within the binding site so that emission became
competitive.

The DNA-binding properties of the ligands 3a–d were further
investigated by circular dichroism (CD) and flow linear dichro-
ism (LD) spectroscopy [74,75] in phosphate buffer at different
ligand-to-DNA ratios (LDR). The mixtures of compounds 3a–d
with ct DNA showed clear induced circular dichroism (ICD)
and LD bands in the absorption region of the ligands that
further confirmed the binding of the ligands (Figure 4). In all
cases, a positive ICD signal developed, and with increasing
LDR, the characteristic CD bands of duplex DNA at 254 nm
and 277 nm [76] increased slightly. Ligand 3a exhibited a
strong positive and a weak negative ICD signal at 473 nm and
583 nm, respectively, in the presence of DNA, along with a
weaker positive signal at 346 nm (Figure 4A1). For LD spec-
troscopic analysis, the DNA molecules were oriented in a
hydrodynamic field of a rotating couette (flow linear
dichroism). The corresponding LD spectra were the result of the
differential absorption of linearly polarized light, which was
polarized parallel and perpendicular to a reference axis, respec-
tively, thus indicating the orientation of the transition moment
of the chromophores relative to the electric field vector of the
light [75]. The LD spectrum of DNA-bound 3a displayed a
negative band in the absorption range of the ligand at small
LDR (≤1.0) at 506 nm, whereas at higher values, a positive
band developed, which led to a distorted bisignate band. In the
case of ligands 3b and 3c, a similar development of LD bands
was observed with increasing LDR, however, the effect was
more pronounced with a strong positive LD signal at 397 nm
(3b) and 382 nm (3c) at LDR = 0.5 (Figure 4B2 and
Figure 4C2). Interestingly, the CD spectra of 3b and 3c did not
resemble the ones of 3a. Both ligands showed a clear positive
ICD band at 400–407 nm (3b) and 382 nm (3c), but only in the
case of 3b, a weak blue-shifted ICD band also appeared at
lower LDR (Figure 4B1 and Figure 4C1). Ligand 3d exhibited
positive ICD and negative LD signals at 382 nm upon binding
to DNA (Figure 4D). Altogether, the CD and LD spectra of
ligands 3a–c at low LDR as well as the ones of 3d in general

showed the characteristic signatures of DNA intercalators.
Namely, the negative LD bands of the bound ligands unambigu-
ously revealed an intercalative mode [75,76], whereas the posi-
tive ICD bands indicated an essentially perpendicular align-
ment of the transition dipole moments of the ligands relative to
the ones of the DNA base pairs [75,76]. Considering a dipole
moment of the donor–acceptor systems 3a–c along the long mo-
lecular axis, a binding mode in which the ligand is accommo-
dated in the intercalation site with its long molecular axis per-
pendicular to the long axis of the binding site could be deduced.
With increasing LDR, however, another binding mode became
predominant for the ligands 3a–c, as particularly indicated by
the development of a positive LD band in the absorption range
of the ligand that denoted groove binding [74-76]. It is pro-
posed that with increasing ligand concentration, i.e., at larger
LDR, the ligands tended to form aggregates, as commonly ob-
served for donor–acceptor dyes, that stacked along the grooves
of DNA.

Photocycloaddition reactions
The photochemical properties of the derivatives 3a–d were in-
vestigated. Firstly, the substrates were irradiated in acetonitrile
solution at 520–535 nm (3a), 420–470 nm (3b and 3c), and
>395 nm (3d), and the photoreaction was monitored photomet-
rically. Notably, the amino-substituted derivative 3a did not
react under these conditions, as indicated by only marginal
changes of the absorption spectrum (Figure 5A). Presumably,
the strong donor–acceptor system in 3a led to an intramolecu-
lar charge-transfer (ICT) state that did not lead to a subsequent
photoreaction [77]. In contrast, the absorption bands of the sub-
strates 3b–d decreased relatively fast upon irradiation, but the
maxima did not disappear completely (Figure 5B–D). Even
after 4 h, compound 3b exhibited a weak band at λabs = 404 nm,
whereas the newly formed band at λabs = 332 nm did not
increase further (Figure 5B). In this case, additional 1H NMR
spectroscopic analysis showed that the derivatives 3c and 3d
were initially converted to the Z-isomer by irradiation at
λ = 450 nm or λ = 360 nm in acetonitrile, as indicated by the
upfield shift of the signals of the alkene double bonds and the
characteristic coupling constants of Z-configured protons
(3JH–H = 12 Hz). Notably, the derivative 3c did not react any
further under these conditions (cf. Supporting Information
File 1). However, it was observed that further irradiation of the
nitro-substituted derivative 3d furnished the dimer in aceto-
nitrile, as shown by the development of the characteristic cyclo-
butane protons at 4.85–4.95 ppm. In contrast, the NMR-spec-
troscopic analysis in D2O showed that the derivative 3b gave
the corresponding cycloaddition product much faster, i.e.,
within a few minutes under these conditions, and the formation
of the corresponding Z-isomer proceeded only to a marginal
extent.
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Figure 4: CD and LD spectra of the styryl derivatives 3a (A), 3b (B), 3c (C), and 3d (D) with ct DNA in BPE buffer [cct DNA = 20 µM (A1, B1),
cct DNA = 50 µM (C1, D1), and cct DNA = 500 µM (A2–D2), with LDR = 0 (black), 0.5 (red), 1.0 (blue), 1.5 (green), and 2.0 (magenta), cct DNA in base
pairs).
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Figure 5: Spectrophotometric monitoring of the irradiation of styrylquinolizinium derivatives 3a (A), 3b (B), 3c (C), and 3d (D) in acetonitrile
[cL = 10 µM (A), cL = 20 µM (B, C, D)]. The arrows indicate the changes of absorption upon irradiation.

Figure 6: Absorption of the monomers (c = 20 µM, red) 3b (A) and 3c (B) and their dimers (black) 4b and 4c in H2O after 1.5 h and 4 h, respectively,
at ca. 450 nm.

In aqueous solution, the substrates 3a–d showed essentially the
same photochemical behavior, however, with different reaction
times and conversions. Thus, the photoreaction of derivative 3b
was complete after 90 min (Figure 6A), whereas the reaction of
derivative 3c took more than 5 h. The early stages of the photo-
reaction of substrate 3b in water were monitored in short time
intervals (1 s) to identify possible primary photoprocesses
(Figure 7A). The initial maximum of the monomer 3b de-

creased substantially by approximately half within a second,
whereas further reaction was indicated by the appearance of the
absorption maximum of 4b at 317–331 nm. Notably, no addi-
tional intermediate absorption band appeared, and three isos-
bestic points developed at 239 nm, 310 nm, and 337 nm after
the initial steps. These observations provided evidence that the
phototransformation of the styrylquinolizinium species 3b to its
photodimer 4b was a two-step process.
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Figure 7: Photometric monitoring of the photoreaction of 3b (c = 20 µM) to the dimer 4b by irradiation at ca. 450 nm in H2O (A) and of the photo-
induced cycloreversion of 4b (c = 20 µM) to the monomer 3b at 315 nm in H2O (B).

Figure 8: ORTEP drawings of cyclobutane derivatives 4b (A) and 4c (B) in the solid state (thermal ellipsoids indicate 50% probability). The tetra-
fluoroborate counterions were omitted for clarity.

Preparative-scale photoreactions were performed with the me-
thoxy-substituted derivatives 3b and 3c because the photomet-
ric studies (see above) indicated reasonable reaction times.
Unfortunately, it turned out that due to the low solubility of
these derivatives in water, the concentrations required for a
bimolecular reaction could not be accomplished. However, it is
well known that [2 + 2] photodimerizations can also be per-
formed in the solid state or with a thoroughly stirred suspen-
sion [37,43,78]. Therefore, suspensions of 3b und 3c in water
were irradiated with an LED lamp at 450–470 nm to give the
2,2'-(2,4-diphenyl-1,3-cyclobutanediyl)bisquinolizinium 4b and
4c as photoproducts in quantitative yield. The products 4b and

4c were fully characterized by NMR spectroscopy (1H, 13C,
COSY, HSQC, HMBC, and ROESY) and mass spectrometry,
which revealed a cyclobutane structure, specifically by the ap-
pearance of the characteristic NMR signals of the cyclobutane
at 4.89–5.00 ppm [42-46]. Unfortunately, detailed 2D NMR and
spectroscopic analyses did not allow a conclusive assignment of
the configuration of the products. Even in the ROESY NMR
spectra, only unspecific correlations were detected. However, as
both products could be obtained as single crystals after slow
evaporation, their structure was determined by single crystal
X-ray diffraction (XRD) analysis (Figure 8, cf. Supporting
Information File 1). The cyclobutane 4b crystallized from water
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Scheme 2: Possible pathways for the selective photodimerization of styrylquinolizinium derivatives 3b and 3c.

in the monoclinic space group P21/n, and the derivative 4c crys-
tallized from water in the triclinic space group . Both XRD
analyses clearly showed that both cyclobutane products were
formed as rctt configured dimers 4b and 4c (Figure 8).

The products 4b and 4c may have formed by a syn head-to-tail
dimerization of the E-configured substrate 3a and 3b or by an
anti head-to-tail photodimerization of the initially formed
Z-isomers Z-3a and Z-3b, with both processes generally being
possible starting from 3b and 3c (Scheme 2). On the one hand,
the photometric monitoring as well as the 1H NMR spectros-
copic studies of the photoreaction of 3b indicated a preceding
E-to-Z isomerization (cf. Supporting Information File 1) that
may have been followed by a [2 + 2] photodimerization
(Scheme 2). However, it is difficult to explain why the photo-
cycloaddition of the Z-isomers Z-3b and Z-3c led exclusively to
the dimer, because such a selectivity has not been reported so
far for (Z)-stilbenes. On the other hand, the reaction was per-
formed using suspensions, so that the reaction may also have
taken place with undissolved solid in which the E-to-Z isomeri-
zation was most likely suppressed due to the restricted space in
the confined medium. Thus, the selective formation of the
dimers 4b and 4c is reminiscent of the high stereoselectivity ob-
served for [2 + 2] photodimerizations in organized media or in
the solid state [37-41].

Considering the pronounced donor–acceptor interplay in 3b and
3c and the resulting strong dipole moment, it may be proposed
that these compounds form dimeric aggregates in the solid state
and even in solution through dipole–dipole interactions and
directional π stacking (Scheme 2), as observed, for example,
with donor-substituted benzoquinolizinium derivatives [79] or

donor-substituted styrylpyridinium derivatives [80-82]. Hence,
an ideal overlap of the π systems and antiparallel alignment of
dipole moments is realized in a syn head-to-tail complex where
irradiation would lead directly to the photodimers 4b and 4c in
a topochemical reaction (Scheme 2).

Notably, the cyclobutane derivatives 4b and 4c were not persis-
tent in solution for extended periods of time. As already shown
for several cyclobutane derivatives, these compounds tend to
isomerize to the corresponding rttt isomers [83-86].

With derivative 4b as a representative example, it was demon-
strated that the photodimers can be transformed back to the
monomers. Thus, upon irradiation of cyclobutane 4b at 315 nm
in H2O, the monomer 3b formed, as indicated by the develop-
ment of its characteristic absorption band (Figure 7B). After
30 min, the reaction was almost complete, however, dimer 4b
still remained in solution in the photostationary state.

Interactions of the photodimer 4b with DNA
The interactions of dimer 4b with DNA were investigated by
photometric titrations as well as by CD and LD spectroscopy
(Figure 9). Upon the addition of ct DNA to compound 4b in
buffered solution, the absorption maximum decreased slightly,
but apart from a broadening of the band at the long-wavelength
tail, the overall shape of the spectrum did not change (Figure 9).
Furthermore, only a small positive ICD band in the absorption
region of ligand 4b appeared at 300–350 nm that developed into
a significantly broader band with increasing LDR. At the same
time, the signal of the DNA did not change in the presence of
the ligand. Additionally, the LD experiment showed a small
positive signal at 300–350 nm, and the negative band of the ct
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Figure 9: A) Spectrophotometric titration of ct DNA to dimer 4b in BPE buffer (cL = 20 µM, cct DNA = 1.45 mM, cct DNA in base pairs). The arrow indi-
cates the changes of absorption upon the addition of ct DNA. B) CD spectra of the dimer 4b with ct DNA (50 µM) in BPE buffer with LDR = 0 (black),
0.5 (red), 1.0 (blue), and 2.0 (green). C) LD spectra of dimer 4b with ct DNA (c = 500 µM) in BPE buffer with LDR = 0 (black), 0.04 (red), 0.08 (blue),
and 2.0 (green).

DNA at 254 nm decreased. These spectroscopic data indicated a
very weak interaction of the substrate 4b with DNA, and the
band broadening in the absorption region already confirmed an
aggregation of the molecules along the DNA backbone at very
high ligand concentrations. Nevertheless, the CD and LD spec-
troscopic data revealed at least some specific binding interac-
tions of 4b with DNA that caused a distinct orientation of the
aromatic units relative to the host DNA. In particular, the weak
positive LD band indicated an alignment of the aromatic units
along the DNA grooves. In addition, the close vicinity of the
quinolizinium substituents to the DNA helix was further con-
firmed by the CD band in the absorption region of the quino-
lizinium moiety, as it resulted from the coupling of its transi-
tion dipole moment with the ones of the DNA bases. Overall,
these data revealed a loose binding of the cyclobutane deriva-
tive 4b to DNA through outside-edge binding of the ligand that
enabled the association of one or two aromatic units in the DNA
grooves.

Photoswitching of the DNA binding properties
Finally, it was tested whether the DNA-binding quinolizinium
derivative 3b could be released photochemically from cyclo-

butane 4b in the presence of DNA. For that purpose, a mixture
of the photodimer and DNA was irradiated at 315 nm using an
LED, and the reaction was monitored by absorption and CD
spectroscopy (Figure 10). In the course of the photoreaction, the
formation of 3b was indicated by the emergence of its charac-
teristic long-wavelength absorption band, whose shape and shift
matched its DNA-bound form. The association of the released
monomer 3b with DNA was also clearly demonstrated by the
ICD band of the DNA-bound ligand. It should be noted, howev-
er, that the photoinduced conversion of the dimer was not com-
plete, indicating a photostationary state. Noteworthy, irradia-
tion of the bound ligand at ca. 450 nm using an LED regener-
ated the cyclobutane dimer, as shown unambiguously by the
formation of the characteristic signature of its absorption and
CD bands and by the disappearance of the monomer’s signals
(Figure 10). Although the sequence of photocycloreversion and
photoaddition could be performed four times, a slight but steady
photobleaching or photodecomposition was observed. It should
be noted that the DNA-bound ligand did not dimerize upon irra-
diation because within the intercalation site, it could not ap-
proach another quinolizinium molecule that was required for
the photoreaction. Instead, the photodimerization most likely
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Figure 10: A) Photometric and B) CD spectroscopic monitoring of the photoinduced switching (4b: λex = 315 nm, 3b: λex = 450 nm) between 4b
(c = 20 µM, black) and 3b (red) in the presence of ct DNA (c = 20 µM) in BPE buffer. DNA concentration in base pairs.

Scheme 3: Photoinduced switching of the DNA binding properties of styrylquinolizinium compound 3b.

involved the free or loosely backbone-associated ligands that
were in a dynamic equilibrium with the respective
intercalator–DNA complexes, as shown for aryl stilbazonium
ligands [35]. At the same time, the photoinduced cyclorever-
sion may have taken place both with the free or DNA-bound
dimer. Specifically, the dimer is only loosely bound to the DNA
backbone so that the cycloreversion reaction does not experi-
ence steric constrains that may hinder the photoreaction.
Furthermore, it has been demonstrated that the photoinduced
cycloreversion of quinolizinium dimers is even enhanced in the
presence of DNA [36].

Conclusion
In summary, we have shown that appropriately substituted
styrylquinolizinium derivatives constitute a new class of photo-
switchable DNA ligands. It was shown that these ligands bind
to duplex DNA mainly by intercalation and that their syn head-
to-tail photodimers, obtained by selective [2 + 2] photocycload-
dition, bind to DNA only weakly by outside-edge association.
Most notably, it was possible to switch between those two
binding modes by irradiation with different excitation wave-
lengths (Scheme 3). Although the system still has to be im-
proved with respect to photostability, it may be considered as a
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promising complementary approach toward the development of
photoswitchable bioactive compounds.

Supporting Information
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Additional spectroscopic data, detailed experimental
procedures, 1H NMR spectra, and crystallographic data.
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Abstract
Background: Hemithioindigo is a promising molecular photoswitch that has only recently been applied as a photoswitchable phar-
macophore for control over bioactivity in cellulo. Uniquely, in contrast to other photoswitches that have been applied to biology,
the pseudosymmetric hemithioindigo scaffold has allowed the creation of both dark-active and lit-active photopharmaceuticals for
the same binding site by a priori design. However, the potency of previous hemithioindigo photopharmaceuticals has not been
optimal for their translation to other biological models.

Results: Inspired by the structure of tubulin-inhibiting indanones, we created hemithioindigo-based indanone-like tubulin inhibi-
tors (HITubs) and optimised their cellular potency as antimitotic photopharmaceuticals. These HITubs feature reliable and robust
visible-light photoswitching and high fatigue resistance. The use of the hemithioindigo scaffold also permitted us to employ a para-
hydroxyhemistilbene motif, a structural feature which is denied to most azobenzenes due to the negligibly short lifetimes of their
metastable Z-isomers, which proved crucial to enhancing the potency and photoswitchability. The HITubs were ten times more po-
tent than previously reported hemithioindigo photopharmaceutical antimitotics in a series of cell-free and cellular assays, and
allowed robust photocontrol over tubulin polymerisation, microtubule (MT) network structure, cell cycle, and cell survival.

Conclusions: HITubs represent a powerful addition to the growing toolbox of photopharmaceutical reagents for MT cytoskeleton
research. Additionally, as the hemithioindigo scaffold allows photoswitchable bioactivity for substituent patterns inaccessible to the
majority of current photopharmaceuticals, wider adoption of the hemithioindigo scaffold may significantly expand the scope of cel-
lular and in vivo targets addressable by photopharmacology.
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Introduction
The cytoskeletal scaffolding protein tubulin, a heterodimer
consisting of α and β subunits, each of various isotypes, revers-
ibly assembles into giant non-covalent polymeric microtubules
(MTs), which play a pivotal role as a dynamic scaffold for a
multitude of cellular processes. These include mechanostasis,
the completion of mitosis, cell motility, and cargo trafficking in
all cell types, as well as cell-type-specific roles, such as polari-
zation, cargo sorting, and trafficking in neurons; the regulation
and functioning of these processes is still not satisfactorily
understood [1-4]. The MT cytoskeleton is a finely tuned com-
plex system that is highly conserved through evolution. Direct
genetic modifications of tubulin that affect its functions risk
causing a diversity of effects, due to its many survival-critical
roles, as well as non-functionality of the modified tubulin prod-
uct. For example, knockout approaches have only been de-
scribed for single isoforms of α/β-tubulin, and these cannot
deliver the dynamic reversibility and effect-specificity that is
required for understanding MT biology; and optogenetic modi-
fications of tubulin have never succeeded. Instead, studies of
the roles of MTs in these processes overwhelmingly rely on
small molecule tubulin inhibitors [1].

Due to the non-invasiveness and high spatiotemporal precision
with which optical stimulation can be applied, photopharmaco-
logy has drawn great interest for studies of crucial biological
processes in a range of fields, from neuroscience [5,6] and
G-protein-coupled receptor (GPCR) function [7,8] to antibiotic
research [9]. Particularly in the context of MT biology, photo-
pharmacology is an attractive development beyond classical
small molecule inhibitors; since the spatiotemporal complexity
inherent to the diversity of tubulin-dependent cellular processes
may finally yield to studies that can leverage high-spatiotem-
poral-specificity optical control to deliver cell-specific, time-re-
versible modulation of native cytoskeleton function.

We and others have reported on photoswitchable azobenzene-
based inhibitors of tubulin polymerisation [10-13] that have
since been used in studies of neuronal trafficking [14] and
embryonic development [15,16], and we have recently reported
biologically robust heterostilbenes that deliver green fluores-
cent protein (GFP)-orthogonal MT photocontrol [17]. However,
in both azobenzene and heterostilbene scaffolds, the steric prop-
erties of the E- and Z-isomer are so different that the protein
binding site shape determines that the Z-isomer (the lit-form) is
the more bioactive one, without the possibility of sign inver-
sion by substituent shifts. To overcome this conceptual limita-
tion, we recently reported on the first use of hemithioindigos
(HTIs) as photoswitchable pharmacophores for optical control
of tubulin dynamics in vitro (cell-free) and MT-dependent pro-
cesses in cellulo [18]. We showed for the first time that the

Figure 1: a) The potent tubulin inhibitor colchicine as a lead scaffold
led to the development of the HOTub generation of HTI-based anti-
mitotics (e.g., HOTub-31). Changing the lead scaffold to indanocine
led to the development of up to ten times more potent HITubs (e.g.,
HITub-4). b) Straightforward, short, and high-yielding synthesis of
HITub-4.

pseudosymmetry of hemithioindigos can be used to enable a
priori design of HTI-based pharmacophores for a single binding
site, with higher bioactivity as either the lit-form E- or the dark-
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form Z-isomer, just by changing substituent patterns, and de-
veloped HTI-based antimitotics with cytotoxic potencies in the
low micromolar range (Figure 1a) [18].

In this work, we wished to enhance the bioactivity of the
distinctive dark-active HTI-based tubulin-binding antimitotics
while retaining the benefits of the HTI scaffold, namely robust,
fatigue-resistant, all-visible-light photoswitching.

Results and Discussion
Design strategy for HTIs
The HTI-based colchicinoid HOTubs (e.g., HOTub-31) that
we previously explored had the HTI photoswitch embedded
inside a methoxylation pattern, such that one isomer obeyed the
structure–activity relationship (SAR) of colchicine or its ana-
logue combretastatin A-4 and was bioactive, while the other
isomer clashed with their SAR and was less active [18]. That
approach of directly embedding a photoswitch motif inside the
pharmacophore seemed to be more promising for photopharma-
cology than the synthetically more straightforward attachment
of photoswitches on the pharmacophore periphery. We ex-
pected that embedding (which is referred to as azologization in
the case of azobenzene-based photopharmaceuticals [19])
should in general lead to more significant alterations of the
binding-relevant structure, and increase the differential potency
between isomers of the resulting photopharmaceutical, than
peripheral attachment (referred to as azo-extension in the case
of azobenzenes [18]). We therefore desired to maintain the
embedding strategy, yet to improve potency we chose to break
with substitution patterns strictly based on colchicine. It
is not the case that colchicine (or any other small-molecule
inhibitor) represents an ideal structure that colchicine domain
inhibitors (CDIs) should reproduce. Thus, our design focus was
to introduce reversible photoresponse to a CDI rather than
developing compounds with high similarity to colchicine per se,
aiming at compounds where one isomer would be almost
biologically inactive such that light can be used to effect
a photoisomerisation-based switch-on/switch-off of bioactivity.
The end-to-end distance of the HTI scaffold is significantly
longer than that in either the biaryl colchicine or the stilbene
combretastatin, and the torsion angle between the aryl blades
of the HTI is nearly planar (up to 4°), while that between the
rings of (Z)-combretastatin or colchicine is approximately
50–60° [20]. Thus, we assumed that the length and the near-
planarity of the HTI could suit it to different substituent patterns
to those of colchicine, and attempted to rationally determine
these.

Firstly, since the HTI scaffold is longer than a biaryl motif but
should occupy a similar volume in the pocket, we assumed that
we would have to reduce the substituent bulk present on

colchicine/combretastatin A-4. The middle methoxy group of
colchicine’s trimethoxy-substituted “south ring” (Figure 1a)
makes a beneficial polar contact in the binding pocket via the
oxygen atom, but upon demethylation, the potency is much
reduced, presumably from insufficient desolvation in the
colchicine site (which is known from work on podophyllotoxin
derivatives [20]). We therefore chose to keep that methoxy
group intact. However, colchicine’s methoxy group on the
"north ring" establishes a non-polar spacefilling interaction,
which can be replaced equipotently by an ethyl group. Thus, we
considered that the HTI scaffold could best be reduced in
volume by "shortening" this substituent, maintaining the above-
mentioned non-polar interaction.

Secondly, since the torsion angle of the HTI is far lower than
that of (Z)-stilbenes or biaryl compounds, we considered that
even with shortening, their SARs might not directly match.
Mainly, we assumed that re-orientation of the substituent
pattern on one or both rings (e.g., re-orientation of the
archetypal 3,4,5-trimethoxyphenyl south ring pattern to a 4,5,6-
trimethoxyaryl pattern) might be needed to occupy a similar
space.

A wealth of CDIs have been reported, including scaffolds such
as aurones that apparently reproduce the substituent pattern
SAR of combretastatins [21] while having closely similar scaf-
fold steric properties to HTIs. However, in light of the consider-
ations above, we rather selected indanocine as a starting point
for alternative substituent patterning (Figure 1a). Indanocine is
a cytotoxic indanone-based CDI (EC50 ≈ 10–40 nM) [22] with
similar cell culture potency to colchicine (EC50 ≈ 3–20 nM)
[23] that likewise disrupts MTs, arrests cells in the G2/M phase,
and induces apoptosis. Although the size and geometry of
thioindoxyl and indanone rings differ because of the S/CH2
replacement, we assumed that "mapping" the substitution
pattern of indanocine onto a hemithioindigo core should result
in a lead structure for tubulin-binding (Z)-HTIs, namely the
class of HITubs.

The para-hydroxy substitution of indanocine suggested that
HTI might be a more desirable photopharmaceutical scaffold
than the widely used azobenzene motif. While para-
hydroxyazobenzenes feature negligibly short cis-to-trans ther-
mal relaxation half- lives in aqueous media in the range of μs
[24,25], probably making them unsuitable for robust
photoswitching applications against intracellular targets, data
for para-hydroxy HTIs have not been reported so far. We
considered that if the para-hydroxy-HITubs featured
photoswitchable bioactivity in cellulo, implying suitable (E)-
HTI stability under cellular conditions, this would more gener-
ally commend them as a scaffold of choice for cellular photo-
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Figure 2: Chemical structures of HITubs. Key variations with respect to HITub-4 are highlighted in dashed boxes.

pharmaceutical use with strong electron-donating substituents,
such as amino or hydroxy groups in ortho- or para-position,
aiming at intracellular targets. This is an important scope of
substituents to address, since these small polar groups often
establish high-affinity ligand–target interactions, but otherwise
represent an obstacle to photoswitchability with azobenzene
compounds.

Preview: design of target HITubs
Our SAR-driven compound development path is described in
full later in the section on bioactivity, but in brief, we began the
series of indanocine-inspired HTI designs by replacing the
south ring amino unit of indanocine (which is attached in ortho-
position to the key south ring methoxy group) by a hydroxy
function, giving HITub-1 (Figure 2).

When HITub-1 later proved less bioactive than we had wished,
we explored steric and polarity changes to this south ring
hydroxy group by methylation (HITub-2), methylation
and shifting on the ring (HITub-3), or even its removal
(HITub-4). We additionally controlled against our design logic
of north ring substituent shortening (HITub-5). We also con-
trolled for the SAR observation that CDIs should not tolerate a
non-polar central north ring substituent (HITub-6), but can
support removal of this substituent altogether, with only small
potency loss (HITub-7) [20]. The progression and results of

this SAR study are explained below in the section on
bioactivity.

General synthetic access
Synthetic routes to HTIs are well established [26] and typically
involve aldol condensation of benzaldehyde onto thioindoxyls.
However, the key step is the formation (and where necessary,
isolation) of the thioindoxyl species. In our studies, the elec-
tron-rich dimethoxy- and trimethoxy-substituted thioindoxyls
were noted to be unstable to air, base, and silica gel during
chromatography, so it was sought to minimise their exposure to
these conditions during synthesis. In the end, we used two
routes to the thioindoxyls: either Friedel–Crafts acylation of
α-phenylthioacetic acids (which are easily accessible from
thiophenols by alkylation using 2-chloroacetic acid, Figure 1b)
or else, lithium diisopropylamide (LDA)-mediated cyclisation
of 2-(methylthio)benzamides, which were obtained by directed
ortho-metalation of the respective benzamides followed by
quenching with dimethyl disulfide [27] (Supporting Informa-
tion File 1, Scheme S1). In general, we found the LDA-medi-
ated cyclisation more convenient, as it generated fewer side
products and enabled faster, easier workup and purification. We
used these routes to synthesise the HITubs typically in good
(32% for HITub-4, Figure 1b) to excellent (93% for HITub-7,
Scheme S5) overall yields from commercial building blocks
(see Supporting Information File 1).
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Figure 3: Photocharacterisation of HITub-4. a) Photochemical and thermal isomerisation. b) UV–vis spectra after saturating illumination at λ = 450,
505, and 530 nm, respectively. c) Photoreversible switching upon alternating illumination (λ = 450 and 530 nm). d) Thermal relaxation at room temper-
ature after reaching the photostationary state at λ = 450 nm.

Photocharacterisation
Although some para-hydroxy-substituted HTIs have been de-
scribed [28,29], we are unaware of any report of the solvent-
and pH-dependency of their photochromism and thermal relaxa-
tion. Dube and co-workers have reported that in general, in-
creasing the electron-donating strength of groups in the
hemistilbene para-position of HTIs correlates to (a) a batho-
chromic shift of the S0 → S1 absorption band (up to
λmax ≈ 500 nm with julolidine substitution) and (b) decreased
thermal stability of the metastable E-isomer, i.e., faster thermal
relaxation [30]. However, they also reported that introducing
electron-donating groups (methoxy, dimethylamino) in
para-position to the thioindoxyl sulfur atom restored
E-stability while maintaining red-shifted absorption maxima.
This para-position was occupied by the key methoxy group in
all our HITub designs. With scant information available,
we could not predict the thermal stability of (E)-HITubs
in cellular conditions, so we turned to experimental measure-
ment.

Since we found no substantial differences between the photo-
chemical properties of the para-hydroxylated compounds
(Figure 3 and Supporting Information File 1, Figure S1), we
here describe the photocharacterisation of HITub-4 as a repre-
sentative example of the photoswitchable bioactive compounds

(for more detailed analysis see Supporting Information File 1).
In polar aprotic solvents, the HITub-4 Z-isomer (λmax ≈ 380,
460 nm) showed robust, reliable, and fully reversible
photoswitching (λ = 450 nm for Z → E and 530 nm for E → Z
switching), with the high fatigue resistance characteristic of
HTIs. The E-isomer's thermal half-life in EtOAc or DMSO was
ca. 40 s (Figure 3 and Supporting Information File 1, Figure
S3). Its absorption spectra and photoswitchability were
unaltered by the addition of acid, however, addition of base led
to a remarkable bathochromic and hyperchromic shifts of the
absorption band at ca. 550 nm, and no observed photoswitchab-
ility (Supporting Information File 1, Figure S2). We assumed
that this spectrum resulted from a quinoidal structure, formed
after deprotonation of the hydroxy group, and that the lack of
observable photoswitchability arose due to fast free rotation
around the C–C single bond connecting the thioindigo and
hemistilbene motifs. Interestingly, in neutral or acidic aqueous
media where the quinoidal structure is not present (λmax ca.
370, 480 nm), photoswitching could not be observed either,
which we presumed to be due to fast thermal relaxation. How-
ever, noting that typical CDIs are substantially biolocalised into
lipid environments within cells [31], we decided to explore
photoswitching-based cellular assays with these compounds
nonetheless (further discussion in Supporting Information
File 1).
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We found that the photochemical properties of the non-para-
hydroxylated control HITub-6 were similar to those of previ-
ously reported non-para-hydroxylated HOTubs [18], with
satisfactory photoswitching in both DMSO and phosphate-
buffered saline (PBS)/DMSO mixtures (Figure S1f,g in Sup-
porting Information File 1).

Bioactivity: SAR study of HITubs in cellulo
To begin evaluating the isomer-dependent bioactivity of HITub
photopharmaceuticals in cellulo, we first performed resazurin
(resorufin N-oxide) antiproliferation assays under different
lighting conditions (Figure 4). Inhibitors of tubulin polymerisa-
tion act as antimitotic cytotoxins in cell culture by preventing
formation of a functional mitotic spindle, resulting in mitotic
arrest and eventually cell death. The reduction of resazurin by
viable cells serves as a fluorogenic proxy readout for anti-
mitotic potency in cellulo, since the degree of resazurin
turnover scales to the number of cells still viable after com-
pound treatment, although the mechanism behind antiprolifera-
tive activity must later be determined using more specific
assays. We used the HeLa human cervical cancer cell line to
assess the biological activity of HITubs in all cellular experi-
ments shown in this work. Since tubulin is a highly conserved
protein target critical for survival in all cell types, we expected
that, as for other colchicine domain tubulin inhibitors, trends in
potency and in photoswitchability of potency determined in this
representative mammalian cell line can be translated to other
cell types, although their specific response (e.g., EC50 values)
would need individual determination. Nocodazole was used as a
benchmarking reference and mechanistic positive control in all
in cellulo assays since it is a potent inhibitor of the colchicine
binding site (EC50 ≈ 40 nM) with both appropriate solubility
and straightforward handling.

Self-made low-intensity LED arrays with relatively narrow
bandwidth were used for illumination of cells during assays,
with a pulsing regime of 75 ms every 15 s to maintain photosta-
tionary state equilibria in cellulo [10]. We cross-checked differ-
ent illumination wavelengths in cellular toxicity assays; in
accordance with the DMSO photoswitching studies, we ob-
served that 530 nm (ca. 97% Z-configuration, but additionally
controls for non-specific phototoxicity) delivered results equiv-
alent to dark conditions (exclusively Z-configuration), to which
450 nm (lit conditions, ca. 70% E-configuration) gave the
greatest difference in antiproliferative potencies.

We began our studies with HITub-1. This is a HTI analogue of
indanocine in which the indanocine amino function (in ortho-
position to the key south ring methoxy group) has been replaced
by a synthetically more accessible hydroxy group (delivered via
demethylation of a trimethoxy precursor through BBr3). The

Figure 4: a) Resazurin reduction assay for HITub-4 and nocodazole in
HeLa cells (n = 3), demonstrating the difference in antiproliferative po-
tencies at λ = 450 and 530 nm/dark conditions (75 ms pulsing every
15 s). b) EC50 values of HITubs from cellular antiproliferation assays
under dark conditions and at λ = 450 nm. The ratio of lit/dark EC50
values shows the fold change in photoswitchable bioactivity.

hydroxy and amino groups have similar size and polarity, and
can both act as H-bond donors or acceptors. Therefore, we ex-
pected HITub-1 to allow reliable evaluation of the indanocine
substituent pattern. (Z)-HITub-1 was already strongly bioac-
tive (EC50 ≈ 500 nM, Figure 4b), although one order of magni-
tude less so than indanocine (EC50 ≈ 10–40 nM, depending on
the cell line). Pleasingly, although we had not observed its
photoswitching in pure aqueous media, in the heterogeneous
cellular environment, we found that its overall toxicity under lit
conditions was reliably and reproducibly halved.

We then explored changes to the substituent pattern to deter-
mine whether we could improve both Z-isomer potency in an
absolute sense and the overall photoswitchability of potency
comparing E- and Z-isomers. We began by methylating the
south ring hydroxy group (HITub-2) to see how changes in size
and polarity affect the bioactivity; surprisingly, the potency loss
was not dramatic (indicating that this position is not a key
determinant of bioactivity), but the photoswitchability in-
creased substantially (3-fold with regard to the lit/dark ratio).
We took this as an encouraging indicator of the overall polarity
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required for binding, and now examined re-orienting the south
ring substituents by shifting the trimethoxy pattern on the ring
(HITub-3), which improved the potency dramatically
(EC50 ≈ 150 nM for the Z-isomer) while retaining the 3-fold
photoswitchability of bioactivity.

Since comparison of HITub-2 and HITub-3 showed that the
potency can be retained without substituents in ortho-position
to either the carbonyl group or the sulfur atom, for maximal
simplicity, we tested whether both substituents could be deleted
simultaneously (HITub-4). This proved to be the strongest-per-
forming compound of our studies, with the Z-isomer possessing
an EC50 value of ca. 110 nM and a 4-fold difference of
bioactivity between lit and dark conditions (λ = 450 nm). This
difference was surprisingly high, given that even in aprotic
media (e.g., lipid environment reservoirs within cells), there
should be ca. 30% residual Z-isomer at photoequilibrium [18],
and we had expected that any (E)-HITub entering the cytosol
(aqueous environment) would quickly relax to its more bioac-
tive Z-isomer before encountering its cytosolic protein target.
We theorised that fast cytosolic relaxation of the para-hydroxy
HITubs to their bioactive Z-isomer may actually be a decisive
factor in preventing the simple equilibration of the extracellular
HITub concentration (exclusively Z-configuration due to fast
relaxation, irrespective of illumination conditions) with the
cytosolic (Z)-HITub concentration available to bind to tubulin
(and which all experiments show is reduced under λ = 450 nm
illumination). Examining this in detail is beyond the scope of
this study, however, see Supporting Information File 1 for a
discussion on isomer-dependent subcellular biolocalisation
effects.

We first controlled against our design logic of north ring sub-
stituent shortening by changing the north ring apolar-contact
methyl groups to methoxy groups (HITub-5), and were satis-
fied when this abolished bioactivity. We also controlled for the
result, known from extensive SAR work at the colchicine site
[18,32], that CDIs should not tolerate a non-polar central north
ring substituent (HITub-6) but can support removal of this sub-
stituent altogether, with only small potency loss (HITub-7). We
considered that if the screened compounds obeyed this prin-
ciple, it would reinforce our mechanistic understanding of them
as CDIs. Indeed, HITub-6 proved inactive until it reached its
solubility limit, but (Z)-HITub-7 was relatively potent and
featured an only 4-fold reduction of bioactivity as compared to
its hydroxylated parent (Z)-HITub-4. Interestingly, however,
HITub-7 displayed no difference between dark (all-Z) and lit
(mostly E) conditions, and we were unable to rationalise this
with reference to either polarity or structure, in light of our prior
work on apolar HOTubs [18] (see also Supporting Information
File 1). We were, however, overall satisfied by these findings

(Supporting Information File 1, Figure S4), especially by the
potency and photoswitchability of HITub-4.

These results indicated that indanocine-inspired HTI-based
reagents are a potent, cellularly bioactive class of photoswitch-
ably antiproliferative agents, with the most potent light-con-
trolled antimitotic bioactivity reported for photoswitches de-
signed for tubulin: 10-fold enhancement compared to the prede-
cessor HTI generation HOTubs [18] and styrylbenzothiazole-
based SBTubs [17], and 5-fold superior to azocombretastatins
[10-12]. In view of the generally limited solubility of photo-
pharmaceuticals (associated with their extended flat aromatic
structures), this increase in potency renders the HITub com-
pound class a promising addition to the toolbox of photoswitch-
able antimitotics, which might prove valuable for future in vivo
studies.

We also noted that the para-hydroxy HITubs featured ca. 30%
residual (Z)-HITub at PSS λ = 450 nm in cell-free measure-
ments, and that for HITub-2–4, the PSS isomer mixture's cellu-
lar cytotoxicity at that wavelength was on average 3.3-fold
lower than the cytotoxicity of the corresponding (Z)-HITub
(Figure 4). This can be interpreted as indicative that the
E-isomers are essentially biologically inactive, similar to what
has been observed for heterostilbene SBTubs [17] and azoben-
zene photostatins (PSTs) [10]. If substantiated, HTI-like ana-
logues for which photostationary state (PSS) with enhanced
proportions of E-isomer can be photogenerated would represent
an exciting advance: they could, in contrast to the other
photoswitch types, allow all-visible, photoreversible, high-po-
tency switching while reproducing similarly beneficial
photoswitchability of bioactivity.

Mechanistic assessment of HITub action
We now determined to confirm the mechanism of action of the
HITub compounds. To evaluate the biological mechanism of
action behind the HITubs’ photoswitchable antimitotic activity,
we first checked their inhibition of polymerisation of purified
tubulin in a cell-free assay. The results showed almost identical
inhibition potency for HITub-4 at c = 10 μM as for the
archetypal CDI colchicine at c = 20 μM (Figure S5, Supporting
Information File 1), which we took to indicate that (Z)-HITub-
4 exerted its bioactivity by specifically binding to tubulin
directly in the cell-free system. This suggests that the same spe-
cific direct action can be reproduced in cellulo, and that effects
on auxiliary cellular systems dependent upon the MT cytoskel-
eton can likely be downstream effects of MT depolymerisation.
We next investigated the HITubs’ isomer-dependent effects on
the MT network inside cells, focusing on the active analogues
HITub-4 and HITub-2 in comparison with inactive HITub-5
as a control (Figure 5). By reducing tubulin polymerisation dy-
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Figure 5: Confocal microscopy images of immunofluorescently labelled MT networks after treatment with HITubs for 24 h under lit (λ = 450 nm) and
dark conditions. HITub-4 and HITub-2 caused light-dependent MT disruption at low concentrations (c = 1 and 5 μM, respectively) matching their cyto-
toxicities (EC50 = 1 and 5 μM, respectively). High concentrations of the structurally related negative control HITub-5, like the DMSO co-solvent
control, produced no effects under either illumination condition. MTs (anti-α-tubulin) are visualized in green while the nuclear stain 4′,6-diamidino-2-
phenylindole (DAPI) is visualized in blue. Scale bar length = 20 μm.

namics, CDI treatment should first disorganise and then depoly-
merise the cellular MT network. We performed immunofluores-
cence staining of the MT network within cells treated with
HITubs and documented the resulting disruption of the physio-
logical MT network integrity, and consequently also changes in
cell morphology by confocal microscopy. Cells exposed to
HITub-4 (1 μM) in the dark or under λ = 530 nm illumination
(to maintain exclusively Z-configuration) show near-complete
disruption of MT structures after 24 h, while treatment with
λ = 450 nm illumination caused no significant disruption of the
MT network compared to an untreated dark control (Figure 5).
Less potent HITub-2 also showed similar light dependency of
its biological effects at higher concentrations (Supporting
Information File 1, Figure S6). Pleasingly, SAR control
HITub-5 showed no impact on MT integrity at the highest
tested concentration under lit or dark conditions, which we took
as a promising indication for the absence of phototoxicity or of
other effects non-specific to tubulin disruption.

Lastly, to substantiate the causative link between the observa-
tions on MT disruption and cellular toxicity, we examined the
impacts of HITub-4 on the cell cycle. Tubulin-binding agents
whose major cellular mechanism of toxic action is the disrup-
tion of MT dynamics or structure should cause cell cycle arrest
in the G2/M phase by preventing the completion of mitosis [1].
We examined cell cycle repartition by quantification of cellular
DNA content via propidium iodide (PI) incorporation, which
was analysed by flow cytometry (Supporting Information

File 1, Figure S7). HeLa cells were treated for 24 h with
HITub-4 under λ = 530 and 450 nm irradiation, respectively,
with the synthetic tubulin-binding agent nocodazole (Noc) used
as a reference. As expected, HITub-4 showed highly light-de-
pendent bioactivity with near-complete G2/M phase arrest at a
concentration of 6 μM and λ = 530 nm irradiation (Figure 6a
and Figure 6b), but nearly no cell cycle interference at the same
concentration and λ = 450 nm irradiation (Figure 6c and
Figure 6d).

Conclusion
Taken together, these results indicate that the HITubs had
achieved their design aims, being a rationally-designed, poten-
cy-enhanced set of HTI-based tubulin-inhibiting photopharma-
ceuticals with photoswitchable bioactivity across cell biology
assays, allowing reliable photocontrol over tubulin polymerisa-
tion, MT network structure, cell cycle, and cell survival. They
feature mid-nanomolar potency in cellulo, the highest yet re-
ported for photopharmaceutical tubulin inhibitors, as well as
satisfactory photoswitchability of potency. We expect that due
to the HITubs’ potency of tubulin inhibition, they will prove a
powerful reagent system for biological studies on MT, espe-
cially where dark-isomer activity (compared to the currently
known, lit-active azobenzenes or styrylbenzothiazoles) is desir-
able, in particular for cell-free mechanistic studies [33]. More
broadly, this work also shows that the HTI scaffold robustly
enables the photoswitchable use of resonance-capable substitu-
ents that can establish high-affinity interactions (such as para-
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Figure 6: Cell cycle analysis of HITub-4-treated cells. a) and b) (Z)-HITub-4 caused significant G2/M arrest already at a concentration of 6 μM
(λ = 530 nm). c) and d) Under irradiation at λ = 450 nm, where a majority of (E)-HITub-4 was present, no mitotic arrest could be observed at compar-
able concentrations. a) and c) Representative histograms showing cell cycle arrest, with population binning as indicated. In b) and d), nocodazole
(Noc) was used as a positive control (c = 1 μM).

hydroxy groups), which are otherwise problematic for current
photopharmaceutical scaffolds to tolerate without loss of
photoswitchability. In the broader sense, this is of interest for
cell biology and further highlights the potential of HTIs as a
pharmacophore scaffold for expanding the scope of cellular
photopharmacology.

Supporting Information
Supporting Information File 1
Full experimental protocols for chemical syntheses,
photocharacterisation, biochemistry, and cell biology,
including NMR spectra.
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