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Abstract. Indole and its derivatives are extremely versatile structures that impact an extraordinary broad
range of disciplines in the chemical sciences. They represent a useful platform in organic synthesis which
allows diverse functionalizations and are key scaffolds in both medicinal chemistry and the dye industry.
Indeed, introducing an indole derivative in a molecule influences its absorption properties significantly and
renders them interesting substructures in the construction of organic photoactuators. Specifically, as
building block of molecular organic photoswitches and motors, they can be used to efficiently convert the
energy applied by means of a light stimulus into motion on the molecular scale. Here, we will discuss the
application of indole and its derivatives as core structures in various organic photoactuators and highlight
the impact of this structural motif with respect to its isosters.
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1. Introduction

Indole and its derivatives (Figure 1A) represent one of the essential and versatile cores that the
synthetic organic chemist can exploit in their path towards the synthesis of a target molecule. The degree of
aromaticity and increased electron-richness of indole compared to its isosteres benzofuran and
benzothiophene are one of the key factors that allow multiple routes towards its selective
functionalization.'* Moreover, the N-atom in its structure provides a handle for easy derivatization and an
additional site that assists its asymmetric derivatization.*

Indole derivatives are without any doubt privileged structures in medicinal chemistry and drug
development. These scaffolds are indeed incorporated into a diverse range of molecules characterized by
high potency towards a diverse set of biologically relevant targets.' This peculiarity might not come as a
surprise to the reader, considering the ubiquity of indole moieties in many alkaloids, plant hormones, and
several pharmacologically active compounds, as well as the essential amino acid tryptophan (Figure lB).5 i1
The prominent role of indoles in biochemical actuators is equally matched by their preeminence as the core
component of metal-free organic dyes. Introducing an indole derivative in a molecule can indeed modify the
absorption properties of the molecule itself. Indigo, the overcrowded alkene dimer of 3-oxindole, is the
archetypal indole-based derivative that revolutionized the pigment industry and the coloration of fabrics, due
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to its broad, intense absorption in the visible range, with a band peaking at 440 nm.'? Related structures,
isoindigo and indirubin, among them compose the family of indigoid dyes represented in Figure 1C.
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Figure 1. A. Structures of indole and its derivatives. B. Indole-based biologically relevant structures
and an exemplarily indole-based scaffolded using in organic solar cells. C. Indigo and its structural
isomers indirubin and isoindigo.

Among all the possible external stimuli, light possesses a fascinating flavor. Irradiation with an
electromagnetic wave of a given frequency promotes the molecule to an excited state, an energetic detour
that skips the ground state thermal barriers (Figures 2A and B)."* Moreover, photons represent the perfect
environmentally benign reagent because their action does not leave any trace in the reaction mixture.'* The
energy of the photons can be tuned to match the precise bandgap between the ground and excited states of
the molecules while their nature can be exploited to achieve spatiotemporal resolution during a
photochemical reaction. In this context, the natural electron-richness and the possibility to introduce further
substituents on the N makes indole derivatives an attractive donor component in organic dye-sensitized solar
cells.”” Due to its reactivity upon irradiation, an indolin-2-one based compound was designed as
photochemotherapeutic agent.'®

One of the most fascinating transformations, that can be triggered by light, is the £-Z isomerization of
double bonds (Figure 2C)."” This reaction represents the cornerstone behind the concept of photochemically
driven molecular motion. The study of artificial molecules able to interconvert between different forms upon
light irradiation (photoactuators) dates back to the early 20™ century with the discovery of the
photochromism of the C=C and N=N bonds in stilbene and azobenzene (Figure 2C). Later, also other types
of photochromic molecules, such as diarylethenes (DAEs, Figure 2C), which respond to light via an
electrocyclization  reaction, were discovered.'® In  contrast, fulgides,lg fulgimides,20 the
spiropyran/merocyanine photochromic couple,”’ and donor-acceptor Stenhouse adducts” (DASAs, Figure
2C) exhibit more complex, multi-step photochemical isomerization mechanisms.
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Upon irradiation, these photoswitches® (Figure 2C) can populate a metastable form which can be
reverted to the initial isomer using another photochemical (P-type photoswitch) or thermal (T-type
photoswitch) stimulus, depending on the substituents.** These transformations are accompanied by notable
structural and electronic changes in the chromophore. The different properties of the metastable state in
terms of geometry, electronics and thermal stability can be exploited by the chemist to induce changes in the
properties of the molecule and on its environment upon light irradiation. The introduction of point and
helical chirality elements in the photoactive molecule allowed the development of light-driven unidirectional
molecular motors based on overcrowded alkenes in 1999 (Figure 2B).” With this particular example, a
succession of photochemical and thermal events imparts directionality to the C=C isomerization, a
significant mechanistic advantage compared to the otherwise stochastic nature of the motion in
photoswitches.
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Figure 2. A. Simplified potential energy diagram of a photoswitch reversibly isomerizing between its
thermodynamically stable and photochemically generated, metastable isomer upon irradiation with
different light stimuli. B. Simplified potential energy diagram of a molecular motor characterized by
a thermal ratcheting step. The thermodynamically stable state isomerizes photochemically, generating
the metastable isomer. In this design, the metastable form can revert thermally to the initial stable
isomer or, due to introduction of point and helical chirality elements into the molecular structure,
isomerize to a second stable state (STABLE') via thermal helix inversion (THI) through a lower
thermal barrier. C. Representation of different prototypical molecular switches and motors
associated with the respective photochemical isomerizations: E/Z isomerizations around C=C,
N=N, and C=N bonds as present in stilbene, azobenzene, and imine-based photoswitches;
electrocyclizations, as represented by diarylethenes'® (DAEs); photoswitches that isomerize
in more complex, multistep mechanisms such as the spiropyran/merocyanine photochromic
couple,”’ fulgides,'® fulgimides,” and donor-acceptor Stenhouse adducts® (DASAs).
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This chapter will discuss the application of indole derivatives as ideal core motifs in the design of
various classes of photoswitches and motors, with particular attention to the one reported in Figure 2C. We
will discuss their photophysical properties while focusing on their photochemical and thermal isomerization
behaviour. We will highlight the peculiarities that characterize these heteroaromatic compounds compared to
the homoaromatic parent molecules, showing the potential challenges and applications of this scaffold in
building photochemical actuators.

2. Indigo and indigoid photoswitches
2.1. Indigo, indirubin, and the peculiarity of isoindigo

In the second half of the 19™ century, the structure of indigo was determined by Nobel laureate Baeyer,
who later also developed the synthesis of the dye from ortho-nitrobenzaldehyde 1 and acetone 2 (Scheme 1)
together with Drewsen.”®?’ Later, Heumann used 3 as starting material to synthesize indigo under alkaline
conditions and heat. The formed intermediate 4 readily decarboxylates under the reaction conditions and
condensates to indigo. Shortly after Heumann presented his approach, Pfleger demonstrated a similar
protocol using N-phenylglycine S as starting material, which is cyclized to indoxyl 6 and spontaneously
condensates to indigo. The procedure developed by Pfleger nowadays still represents the lion’s share of the
industrial synthesis of indigo.”®
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Scheme 1. Different synthetic approaches towards indigo.
In contrast to the related thioindigo,**** the photochromism of indigo was not extensively studied until
recently.* This discrepancy is mostly related to the predominant de-excitation pathway of the excited state
of indigo, an excited state intramolecular proton transfer (ESIPT) (Scheme 2A), which leads to the high
photostability of the popular dye.'****® Due to the small energy gap between the ground state and excited
state,”’ the extended indole scaffold of indigo can be addressed with green to red light which drives the
So—S; transition. After having populated the excited state, the molecule can access a conical intersection
(Coln) that drives the ultrafast nonradiative decay of the molecule to the ground state along the coordinate of
the single NH proton transfer (Scheme 2A) to the neighbouring ketone, obtaining the corresponding mono



385

enol form.'>*® On the other hand, NR functionalized indigos avoid the ESIPT pathway and are known to
undergo E-Z photoisomerization with red light since the 1950s.%® The alkylated indigos possess negative
photochromism, consequently the absorption spectrum of the metastable isomer is hypsochromically shifted
compared to the stable one, in this case of around 100 nm in the blue (from 546 to 438 nm in di-'Boc indigo),
and show switchable fluorescence.” However, the thermal lifetimes of the metastable Z isomers of
compounds functionalized with electron neutral alkyl derivatives are very short (<5 s) at ambient conditions
and hence, not suitable for many applications necess1tat1ng bistable photoswitching, i.e. a lifetime of the
metastable state usually longer than the hour range.*>*!

More recently, the range of N-substituents was further extended and the associated photophysical and
photochemical properties were systematically studied.*** In particular, functionalization with electron
withdrawing aryl substituents on the indolic nitrogen resulted in indigo derivatives with thermal half-lives in
the minute to hour range, extending significantly the potential applications of this category of photoswitches
by stabilizing the metastable form of the switch. ‘Boc functionalization of the nitrogen increases the lifetimes
to >120 min.*® These compounds differently substituted at the nitrogen retained the inherent visible-light
responsiveness of indigo derivates and are able to stabilize pronounced structural changes upon
photoisomerization.** Hecht and co-workers studied the tunability of the photochromism in the indigo family
(Scheme 3 for different approaches to post-functionalize indigo to obtain bis-alkylated 7, bis-arylated 8, and
mixed compounds 9), focusing the attention on the modifications of the nature of the nitrogen substituents to
vary the thermal stability of the Z-form (Scheme 2B).** An interesting finding that underscores the potential
of this switches is the relatively limited effect of the substituents on the photophysical properties (in terms of
wavelength associated with the maximum of absorption of the stable and metastable forms and respective
absorptivities) compared to the more pronounced effect on the thermal back isomerization rates. As an
example, bis-arylation on the N with two p-substituted MeO affords an absorption of 645 nm of the
E-isomer and 599 nm of the Z, with a thermal half-life of the latter of 58 s. Conversely, the E-indigo
bis-arylated with two phenyls with NO, in para position absorbs with maximum at 620 nm and, when
irradiated, the maximum of absorption shifts at 577 nm. This Z-form is stable at room temperature with half-
lives of 408 min.** Interestingly, also the distribution of the two isomers when the so-called photostationary
state is reached favour the compound decorated with electron-withdrawing groups. In the former, only 52%
of the mixture is characterized by the Z-form, while in the latter the photostationary distribution is enriched
with 80% of the metastable isomer.
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Scheme 2. A. Proposed mechanism of the excited state intramolecular proton transfer (ESIPT). 12,36

B. General representation of the photochemical isomerization of differently N-functionalized indigos.
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On the other hand, mono-arylated indigos exhibit thermal lifetimes in the minute range and the
unsubstituted NH can be used to fine-tune the thermal stability of the metastable form by the amount of
water present in solution, which facilitates an intramolecular relaxation pathway.* The peculiar role of the
NH in tuning the lifetime of the metastable form of the photoswitch have been observed also in other classes
of indigoid and more generally indole-based photoswitches (vide infi-a).
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Scheme 3. Various strategies to achieve N-functionalization explored by Hecht and co-workers.*

Indirubin was first synthesized alongside with its constitutional isomer indigo as a side-product during
the synthesis of the latter.* Specifically, the common intermediate indoxyl 6 can be easily oxidized to isatin
10 under the same reaction conditions (Scheme 4A). Isatin 10, thanks to the more reactive carbonyl in
benzylic position, can then undergo a condensation reaction with a second indoxyl molecule to result in
indirubin instead of the (desired) indigo. As the parent compound, indirubin is strongly coloured and absorbs
readily in the visible range of the electromagnetic spectrum (561 nm in xylene).* Another similarity is its
high photostability, which can possibly be ascribed to an ESIPT deexcitation pathway, analogous as the one
observed in indigo.*® Consequently, alkylation of both NH units prohibits that pathway and facilitates the
reversible photoisomerization of the central double bond, as reported very recently by Dube and
coworkers.*” The authors of the study point out that to allow photochemical isomerization, at least the NH
proton of the indigo fragment needs to be alkylated. The N-functionalization of the isatin half is more
independent from these requirements, as it can be derived from its position relative to the C=0 group of the
indoxyl moiety, which does not allow for a facile intramolecular interaction.

The different indirubin derivatives studied were synthesized from 3-acetly indoxyl 13 and differently
substituted isatins (e.g. 11) (Scheme 4B and C), reacted as is or previously functionalized via nucleophilic
aromatic substitution (compound 12) (Scheme 4B) to afford compound 14. The latter were alkylated with
n-iodopropane 15 under basic conditions to result in the final series of compounds 16 (Scheme 4C), which
were studied regarding their photophysical and photochemical properties. Propylation (or in general
alkylation, preferably with branched alkyl chains) allows for better solubility of these photoswitches in
organic solvents.

Both isomers of indirubin exhibit absorption in the green-red region (between 500 and 700 nm). In
contrast to the parent indigo, the UV/Vis absorption does not change dramatically, influencing the
percentage of the other isomer that can be populated upon light irradiation.
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Scheme 4. A. Classical synthesis of indirubin as a side-product of indigo by Baeyer and Emmerling,**
B-C. Synthesis of substituted isatins and indirubins to make photoswitchable derivatives by Dube.*’

When unsubstituted indirubin is considered, the thermally more stable Z isomer can be irradiated with
625 nm light to form the metastable £ form. This transition is characterized by negative photochromism, due
to the hypsochromic shift of the absorption maximum (Scheme 5A) (e.g. for unsubstituted indirubin the
absorption maximum shifts from about 590 nm to 575 nm). In addition to the very similar absorption
spectra, the £ form can be enriched only up to 46% in toluene also due to the higher quantum yield of the
competing E—Z isomerization (0.8% Z—FE vs. 1.8% E—Z). In contrast, in DCM, the metastable form can
be accumulated up to 62%. In this case, selective E—Z isomerization can be triggered either with 425 nm
light, giving the thermally favour Z isomer up to 90%, or occur thermally in 2.6 min-2.7 h at 20 °C,
depending on the solvent and on the nature of the substituents on the nitrogens of indirubin.

The authors employed a supramolecular approach to increase the amount of the £ form that can be
accessed by photoisomerization. Using the fully NH substituted compound, the photostationary distribution
can be significantly increased by adding Schreiner’s thiourea organocatalyst (STC), which preferentially
interacts with the metastable isomer via H-bond interactions (Scheme 5B and C). As a result, up to 84% of
the E isomer can be formed upon irradiation with 625-650 nm. Adding STC, the system responds with
positive photochromism, because the absorption spectrum of the E-indirubin-STC complex is
bathochromically shifted up to the NIR region. Consequently, photochemical E—Z isomerization can be
achieved with 730 nm light, rendering indigo a photoswitch operating fully with red-light. The better
performance of the supramolecular system relies mainly on the photoisomerization quantum yields, mostly
the one of the E—Z reaction, being affected by the presence of STC (0.7% Z—E vs. 0.4% E—Z) as the band
separation at the wavelengths of irradiation is not pronounced. The E—Z back-isomerization can
additionally be addressed with blue light and thermally allowing quite some flexibility for tuning of the
over4a711 system for various applications while replying exclusively on visible light and/or heat (Scheme
5A).
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Scheme 5. N-functionalization of indirubin and its supramolecular complexation by Dube and coworkers.*’

Similar to indigo and indirubin, also their structural isomer isoindigo (Scheme 6A) bears a central,
overcrowded alkene that is simultaneously a stiff-stilbene derivative, and is intrinsically absorbing in the
visible region of the electromagnetic spectrum.*® The molecule is used to build optoelectronic materials**>'
and of interest for biological applications.”>> As the parent dye, isoindigo is known to be photochemically
extremely stable. However, alkylation or arylation of isoindigo does not facilitate photoswitching. This
chemical functionalization, which proved successful in avoiding competing ESIPT pathways in indigo and
indirubin (vide supra) is not effective in this case.
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Scheme 6. A. Condensation of 2-oxindole and isatine to isoindigo.*® B. Excitation of the thermally stable
E-isoindigo does not result in photoisomerization despite N-functionalization, but in ultrafast relaxation
via intramolecular singlet fission.>*

The participation of this intramolecular de-excitation reaction in isoindigo can be indeed confidently
ruled out, due to the relative position of the C=O and NH groups, which cannot interact at the excited state
due to the prohibitive distance. On the other hand, the authors of a recent study postulate the possibility of an
intramolecular singlet fission pathway leading to ultrafast decay in the ps time scale. The authors identified
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the spectral signature of the 1(TT) state of isoindigo in solution thanks to its similarities with the transient
absorption spectrum of its triplet state, obtained by sensitization (Scheme 6B).>*

2.2. Hemiindigo and the related hemithioindigo

Hemiindigo (HI) ( Scheme 7A) is also known as azanaurone™ and consists formally of half indigo (an
indoxyl moiety) and half stilbene connected via a central C=C axle, about which the molecule can be
photochemically and thermally isomerized.*® The synthesis toward HI starts as the ones of the structurally
related indiribin (vide supra) and phenylimino indolinones (PIOs vide infra) from 3-acetly indoxyl 13
(Scheme 7B). The compound is treated with NaOH and then condensed with benzaldehye 17, resulting in
the unfunctionalized HI 18.”” The compound can be further modified at the indolic nitrogen by either
alkylation with alkyl iodides or by palladium-mediated cross-coupling reactions with aryl bromides to yield
functionalized His 19 (Scheme 7B). The so formed HIs exhibit an absorption maximum around 450 nm
showing that replacing one of the two benzene rings in stilbene with the indole derivative leads to a
pronounced bathochromic shift in the absorption properties of the switch (stilbene absorbs at 295 nm).*® The
UV/Vis absorption profile can be further tuned by attaching electron-donating substituents in para-position
of the stilbene moiety and by the polarity of the solvent. More polar solvents induced the stronger shift, to
eventually result in green-light responsive switches.>
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Scheme 7. A. The two photoisomers of hemiindigo (HI). B. Synthesis of (substitutes) HI.
C. The two photoisomers of hemithioindigo (HTI). D. Example of a HTI based molecular motor.

The thermodynamically favored Z form shows positive photochromism upon irradiation which is
accompanied by formation of the £ isomer. The E form absorbs typically between 500 nm and 600 nm and
can be switched back to the Z photochemically using light of a suitable wavelength.”” The photoinduced
interconversion between £ and Z isomer proceed close to quantitative in both directions, independently from
the polarity of the solvent, when moving from toluene, THF, to DMSO. The compound shows little to no
fatigue upon multiple series of photochemical isomerization cycles between the two isomers.’*’
Envisioning applications in a more biological scenario , HI can be readily (photo)isomerized achieving up to
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80% of the metastable £ form in water and organic solvent-water mixtures.”’ The aqueous medium,
however, lowers the band-separation between the two photoisomers.>* In contrast to indigo derivatives
(vide supra) or azoindoles (vide infia), the thermal stability of the metastable isomer in NH-containing HIs is
less affected by polar protic solvents. The metastable form exhibits thermal lifetimes in the range of several
days.” Attaching other substituents than H onto the indolic nitrogen causes the two photoisomers to become
energetically very similar. Consequently, heating of the pure £ or the pure Z form results in a mixture of
both (however, with extremely high thermal barriers that makes both forms stable with half-lives of about 83
years) (Scheme 7A).%7!

Despite being outside the scope of this review, we would like to make the reader aware that replacing
the nitrogen with sulfur results in hemithioindigo (HTI) (Scheme 7C), half thioindigo and half stilbene.
These compounds are emerging in various applications in recent years.’***** In contrast to the previously
discussed HI, HTI clearly favours a thermodynamically stable isomer, the Z, over a metastable one, the E.
The absence of the indolic nitrogen required more elaborate synthetic techniques for functionalization of the
bicyclic moiety than simple N-alkylation and additional substituents are often introduced in the
benzo-moiety para-position to the sulfur.”® Partial oxidation of the sulfur itself allows to introduce an
element of chirality in close proximity to the photochemically active C=C*® and facilitated the development
of an unidirectional multistep photochemical actuator, i.e. a molecular motor (Scheme 7D).** We refer the
interested reader to works focusing principally on these compounds.**

2.3. Arylliminoindolinones

Aryliminoindolinone photoswitches were only recently identified as photochemical switches. They
were designed starting from the with iminothioindoxyl (ITI) (Scheme 8A) photoswitches, which on the other
hand were derived from the previously introduced HTIs. ITI, substitutes one the CH of the rotating axle with
a nitrogen, making ITI a derivative that formally connects a hemithioindigo half with azobenzene.
Analogously to HTI, ITT exhibits a thermodynamically stable Z (blue-light addressable) and a metastable £
isomer. One of the peculiarities of the system is the marked difference in absorption maximum between the
two photoisomers.

The E form is bathochromically shifted of about 100 nm, compared to the Z, allowing it to absorb
green-orange wavelengths. Replacing the C=C bond in HTI with a C=N bond in ITI allows the £ form to
thermally access a nitrogen-inversion pathway with significantly lowered barriers compared to the rotation
coordinate of the C=C bond.” This modification resulted in thermal lifetimes in the millisecond range.” The
inversion-rotation dichotomy can be selectively enforced by protonating the C=N nitrogen inducing a change
in thermal pathway affording both longer thermal E—Z isomerization times as well as a bathochromic shift
in the UV-Vis absorption spectrum.”’ Replacing the thioindigo half of the switch by the analogous
2-oxindole motif allowed for swift functionalization at the indolic nitrogen (Scheme 8B). The synthesis
proceeds from the commercial acetylated compound 20 which can be functionalized at the nitrogen by
means of acetic anhydride. Deprotection of the oxygen of compound 21 forms the indoxyl derivative 22,
which can react with nitrosobenzene to afford quantitatively phenylimino indolinone (PIO) (Scheme 8B and
O).

The indoxyl nitrogen provides a handle for extra functionalization and a way to tune the steric
properties of both photoisomers, to ultimately control their relative stability. Indeed, increasing the steric
bulk from a sulfur atom to the N-acetyl group allowed to invert the relative thermal stability of the two
isomers, £ and Z. This effect is a consequence of the net destabilization of the Z form, due to the increased
steric demand of the Ac substituent. The substitution, however allowed to simultaneously retain the
electronic properties of the respective isomers, but inverted photochromism compared to ITI. In particular,
PIO is green-light responsive and showed a hypsochromic shift upon light irradiation.” The metastable
isomer exhibited a thermal lifetime in the ps-range, which could be detected by means of nanosecond
transient absorption spectroscopy. Substitution of the phenyl group with para substituent allowed to
modulate the lifetime of the thermal step, with electron-withdrawing groups accessing faster isomerization
rates thanks to the stabilization of the partial negative charge present on the imine nitrogen.”” This particular
electronic feature was used as a way to probe the nature of the thermal transition state in PIO, which was
attributed to an inversion pathway as in ITI and in imines.
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Scheme 8. A. (Photo)isomerization of Iminothioindoxyl (ITI). B. (Photo)isomerization of
phenyliminoindolinone (PIO). C. Synthesis of PIO.

3. Feringa-type molecular motors based on oxindoles

The emergence of molecular machines as a tool to harness the energy of the photons and produce a
directionality in the motion of a molecule at the nano-scale was very recently recognized with the 2016
Nobel Prize for Chemistry.” Molecular rotary motors are fascinating for their ability to drive the systems out
from the thermodyamical equilibrium.” The unidirectional motion that characterize Feringa-type motors
with a thermal ratcheting step (Figures 2B and Scheme 9A) has been employed in different fields,”” spanning
smart materials,”®"” catalysis’® and surface chemistry,” offering ample possibilities for new unexplored
chemistry to be developed.”*

Different designs of Feringa-type molecular motors have been synthesized and studied (often defined
as generations) (Scheme 9A), however they are all characterized by some crucial features, which are, the
presence (or emergence in case of meso compounds)®' of one (or more) carbons possessing point chirality
and the helical chirality granted by the overcrowded structures around the central double bond.**** The
combination of point and helical chirality allows for the formation of four different diastereomeric structures
composing the rotational cycle of the motor, which can be populated sequentially via the alternating
application of light and thermal stimuli (Scheme 9B), affording excited state photochemical E-Z
isomerizations and so-called thermal helix inversion steps (Figure 2B). The applicability of such compounds
is obviously related to the addressability of their core with visible light.

Very recently, the lower half of a second-generation molecular motor was substituted with an oxindole
derivative, shifting the maximum of absorption of the overcrowded alkene at 370 nm, with a tail that can be
excited with blue light.*> These compounds can be easily accessed through a one-pot Knoevenagel-type
condensation and the dimension of the ring connected to the alkene bond controls the speed of their thermal
step. Despite these beneficial properties, the overall photoisomerization quantum yield of these structures
was found to be extremely low (2-3%). To overcome this issue, we designed an oxindole molecular motor
characterized by a more pronounced push-pull character 23 (Scheme 9C), to modify the electronic properties
of the parent compound to resemble the more efficient, charged, biomimetic molecular switches developed
by Olivucci and co-workers 24 and 25. Adding two methoxy groups to the upper half of the oxindole motor,
the quantum yields could be increased to 8-12%.%%
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Scheme 9. A. Different generations of Feringa-type motors. 1 generation molecular motors are defined by
the presence of two chiral carbons and helicity due to the steric clashes between the upper and lower halves.
2" Generation molecular motors have only one chiral carbon and the helicity of the structure. 3 generation
molecular motors possess a meso carbon on a central moiety, attached to two fluorenones with the opposite
helicity. The isomerization of one of the two fluorenones inverts the helicity of the structure,
desymmetrizing the molecule and allowing unidirectional rotation.*® B. Typical rotational cycle of a Feringa
motor, here represented using an oxindole-type motor. The E stable state (a folded overcrowded alkene)
isomerizes photochemically to the Z metastable state (a twisted overcrowded alkene). The latter form can
invert its helicity via a thermal helix inversion process (THI) and form a more stable folded state (Z stable).
The photochemical and thermal steps are then repeated to obtain the initial £ stable via the E metastable
intermediate. C. A push-pull oxindole motor 23 together with two biomimetic ionic switches 24 and 25.%

4. Indole-based azo-photoswitches.

Azobenzenes have been studied as molecular photoswitches since the first half of the last century.™
Only recently, heteroaromatic analogous have become increasingly more popular, due to the minimal
structural modifications needed to impart huge changes in properties from the homoaromatic parent
compound.**” Among the different azo derivatives, we focused on the study of indole-based azoswitches,
which have been synthesized with the N=N group attached to position 2, 3, 5, and 6 of the indole core.*®*!

The photophysical and thermal properties of 2- and 3-phenyl azoindoles are strongly influenced by the
heteroaromatic nature of the five-membered part of the indole bicycle to which the azo unit is attached.®®

For instance, the UV/Vis absorption spectra of both compounds are 60-100 nm bathochromically
shifted compared to azobenzene, an effect that usually requires elaborate substituent design, while in this
case it is the electron-rich indole that allows this peculiarity. ™%

3-Aryl azoindoles (Scheme 10A), are attractive derivates due to the facile synthesis from indole 26 and
a diazo compound 27 via azocoupling, which can access a wide range of compounds (Scheme 10B),”
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allowing the introduction of further substituents to fine-tune the photophysical and (photo)chemical
properties of the switches.”” The synthesis of the other isomeric compounds proceeds via a Baeyer-Mills
coupling between the corresponding amines 29 and 30 or ammonium 28 derivatives and nitroso benzene
(Scheme 10C).

A. (Photo)isomerization
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Scheme 10. A. (Photo)isomerization of 3-phenylazoindole.® B. Synthesis of various 3-phenylazoindeoles
via azocoupling.”' C. Synthesis of 2-, 5-, and 6-phenylazoindoles in a Bayer-Mills reaction.®*®

Irradiation of 3-arylazoindoles with UV to violet light induces photochemical E—Z isomerization. The
isomerization about the N=N is accompanied with pronounced steric changes (Scheme 10A). While in
classical azobenzenes the Z isomer assumes a helical conformation, in heteroaryl azobenzenes derivatives in
which the azo unit is directly attached to a 5-membered ring, the Z form is T-shaped.” The thermal lifetime
of the metastable Z isomers strongly depend on the individual derivative. The more classical 5- and 6-aryl
azoindoles are thermally stable in the range of hours to days, while 2-arylazoindoles are sterically
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destabilized in the Z form in which the phenyl moiety clashes with the NH function of the bicycle to result in
extremely fast thermal Z—E isomerization kinetics in the low ns-range. The 3-arylazoindole derivatives are
the most tunable ones and can access thermal lifetimes in the range of ns-days at ambient conditions
depending on the particular substitution pattern and the used solvent. This characteristic is similar to other
indole-based photoswitches, such as HI and parent indigo (vide supra). While 3-phenylazoindole, bearing an
unsubstituted NH moiety, isomerizes within a few seconds in non-protic solvents from the metastable to the
stable form, the isomerization rates significantly increase in protic environment.* This is due to the change
in thermal isomerization pathway.” In protic media, like aqueous solvent (mixtures) or alcohols, the acidic
NH proton can scramble onto the N=N double bond of the azo-function to result in a single bond between
the nitrogens (Scheme 11). The so-formed s-cis hydrazone rapidly rotates about the N-NH single bond to the
s-trans hydrazone and eventually tautomerizes back to the thermally stable £ form. Both tautomerization
steps are solvent-assistant intermolecular pathways.xg Related observations have also been made for
mono-arylated indigo® (vide supra) and this observation is a recurring phenomenon due to the nature of the
indole core. Methylation of the indolic nitrogen in 3-azoindoles can enforce a change in the thermal
isomerization pathway and leads to photoswitches with Z isomer lifetime in day-range.xg Interestingly, the
2-functionalization leads to ns thermal isomerization lifetimes.®
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hv' or A N
N Z-isomer
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~H*
~H*
7:\ N
N-NH ';"
e
/
/ N
N
s-trans hydrazone s-cis hydrazone

Scheme 11. Simplified representation of photochemical E—Z followed by thermal Z— E isomerization
via tautomerization and hydrazone intermediate.

5. Diarylethenes

Diarylethenes (DAEs) typically consist of a hexatriene system with a bridged, central C=C bond to
which two (hetero)aromatic rings are attached (cf. Scheme 5). **°>% Irradiation with light between 300-365
nm, depending on the DAE derivative, induces an electrocyclization reaction involving the formation of a
new bond that transforms the open (0O) isomer into the corresponding closed (C) one (Scheme 12A).°>%7 The
reaction proceeds according to the Woodward-Hoffman rules and is hence thermally forbidden, resulting to
be irreversible up to high (>100 °C) temperatures. The thermal stability of the closed form is closely related
to the energy associated with the loss of aromaticity of the (hetero)arene moiety’® and the steric bulk around
the newly formed bond in the C form.”**® For instance, some cyclopentene-bridge bis-indole-based
derivatives are reported to be thermally unstable in the C form as the loss of the aromatic stabilization
energy that indole provides to the O isomer is higher compared to, for instance, the more frequently used
thiophene.'®>*° Moreover, the closed isomer of these compounds is somewhat labile to acids or in aqueous
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media.”® In contrast, unsymmetrically substituted derivatives, containing for example one (benzo)thiophene
and one indole moiety are thermally more stable and more frequently employed than symmetrically
substituted derivatives.'® Especially, mono-indolyl maleimide-bridged DAEs were thermally stable over
several days even in aqueous environment.'® However, maleimide or maleic anhydride-bridged DAEs can
typically not cyclize in polar (protic) medium due to a twisted charge-transfer state (Scheme 12B).'""

As other DAEs, indole-based derivatives are typically colorless or pale yellow in the thermally stable
open form, while the closed isomer is strongly colored with a broad absorption band in the visible range, the
absorption maximum of which can be tuned by substituents into the orange to red region of the
electromagnetic spectrum.'® In particular, indole-based compounds often exhibit bathochromically shifted
absorption profiles in their C forms with Ay, between 500-700 nm.”7?%19%1% Moreover, they often show
photoswitchable fluorescence””'**'** or photochromic FRET'® and can even be reversibly isomerized in
their crystalline form, due to the minimal geometrical changes imparted by the isomerization process.'”” By
using two-photon excitation, unsymmetrically substituted indolyl DAEs could be addressed with light up to
820 nm.'” The facile substitution of the indolic nitrogen and the strongly colored C isomers make indole-
based DAEs interesting molecules for various applications and a sound starting point to develop related
analogues based on azaindole'® and purine to target photoswitchable nucleotides."”
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Scheme 12. A. Photoisomerization in indolyl-DAEs with different aromatic moieties and bridging units.
B. Representation of the O-form in its planar (p) and twisted (¢) conformation and their respective
relative energies upon excitation in dependence of the solvent polarity.

The synthetic approach towards (indolyl)diarylethenes can be divided into two main routes. This
selection typically depends on the nature of the central ethene bridge, being either is symmetrically’®'® or
unsymmetrically substituted. Symmetrically substituted DAEs can be synthesized via McMutry coupling as
key step. Starting with indole 31, two molecules are acylated with compound 32 to obtain compound 33. The
indolic nitrogen can be subsequently functionalized by alkylation 34 before the compound is cyclized using
TiCl, and zinc as reducing agents, affording compound 35 (Scheme 13A).%!%

To obtain unsymmetrical DAEs, the same starting material can be coupled to bis-bromo maleimide 36
in a Michael-type addition-elimination sequence. The so-formed intermediate 37 can be alkylated 38 and
then subjected to a Suzuki-Miyaura cross-coupling reaction to yield DAE 39 (Scheme 13B).'®

Alternatively, 3-bromo thiophene 40 can be treated with butyllithium and the reacted with perfluoro
cyclopentene 41 to yield mono-adduct 42. This compound can be coupled with lithiated 43 in the same
manner to achieve the unsymmetrical indolyl-DAE 44 (Scheme 13C).'” More elaborated designs of indolyl-
based DAEs or other DAEs often requires a similarly elaborate synthesis route, examples of which are
discussed elsewhere.”
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Scheme 13. A. Synthesis of symmetrically substitutes bis-indolyl ethenes via McMutry coupling.
B. Synthesis of unsymmetrically substitutes indolyl-based DAEs via Grignard followed by
Suzuki-Miyaura cross-coupling.'® C. Synthesis of unsymmetrically substitutes indolyl-based
DAEs via stepwise lithium-halide exchange and nucleophilic substitution.'®

99,108

6. Fulgides and fulgimides
As DAEs, fulgides and fulgimides exhibit a central hexatriene unit as the photochromic core structure
(Scheme 14).109 In contrast to the cyclic DAE photoswitches, two of the C=C bonds involved in the
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cyclization are typically not part of a cyclic structure.”'*® The two exocyclic double bonds are attached to
either a succinic anhydride (when X=0, Scheme 14) in the case of a fulgide, or, for a fulgimide, to a
succinimide unit (when X=NR, Scheme 14)." If these C=C bonds are unsymmetrically substituted, the
photochemical isomerization about these bonds toggles between an E and a Z open form, a reactivity not
possible for DAEs. Hence, fulgides and fulgimides are rendered multi-state photoswitches, involving a
ring-open E and Z, and a C isomer.!!° However, the UV-Vis absorption spectra of both the £ and the Z form
are largely overlapping and hence, they cannot be addressed selectively.''! Under irradiation with UV to
violet light E-Z isomerization will occur when the bridging R-substituent is Me,''"''? CF3,'"'"!"3 or
COOH,“3’114 while larger substituents, such as iPr,“l’112 tBu,111 or cyclic moeities''*!!2 prohibit
photochemical E-Z isomerization due to steric constraints. In this case, the two isomers can be separated
chromatographically and only the £ isomer can be used for the electrocyclization reaction to yield the C
isomer, as the Z isomer cannot cyclize due to its geometry (for fulgides and fulgimides substituted in
position 3 see Scheme 14A, for position 2 see Scheme 14B).'"”

C-isomer

X = O (fulgide)
X = NR (fulgimide)

Z-isomer

. . (0] .
Z-isomer E-isomer C-isomer

Scheme 14. A. Photoisomerization of indolyl fulgides and fulgimides condensed to the indole moiety
in position 3. B. Photoisomerization of indolyl fulgides and fulgimides condensed
to the indole moiety in position 2.

Indolyl-based fulgides and fulgimides can be synthesized from a suitably substituted indole 45°%'°
(Scheme 15A) or 52'"° (Scheme 15B). Indole 45 is acetylated in a Vilsmeier-Haack reaction to form
compound 46 which is then N-functionalized to give 47. For indole 52 these steps are typically inverted,
with the alkylated product 53 that precedes the aldehyde derivative 54. Both molecules, 47 and 54, are then
reacted with 48 in a Stobbe condensation to give the corresponding fulgides 49 and 55, respectively. These
compounds can be transformed into the analogous fulgimides substituting the O for an NR, by nucleophilic
ring-opening of the anhydride with the desired functional group to be inserted (NH; for unsubstituted
fulgimides, 50, and H,N-R for substitutes ones 51 and 56).

The third double bond is typically part of the (hetero)aromatic ring, and its nature strongly influences
the UV-Vis absorption spectrum. Consequently, indoles are often used due to their electron-rich nature and
the possibility to introduce further substituents on the indolic nitrogen.''>"'*'” Besides indoles, also
benzene, ' (benzo)furan,lg’“l’“g thiophene,lg’m’121 thiazole," oxazole,'? pyrazole,lg and pyrrole120 have
been used.

The photochemically generated closed isomer in indolyl fulgides and fulgimides has a Am. up to
around 600 nm with the fulgimides being the more red-shifted derivatives.'>''""''*!? The C form results to
be thermally stable at elevated temperatures over several days,' and can be reversibly converted into the
ring-open E isomer through irradiation with visible light.''*'*! As only the C isomer absorbs in the visible
region of the electromagnetic spectrum, the C—E reaction typically proceeds quantitatively. The
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photoswitching process in indole derivatives is robust and can be reversibly repeated over several cycles
without any fatigue,'>''®""*!2! however, the efficiency of the reaction often varies between different solvents
and if the photoconversion is the solid state.''"'?!
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Scheme 15. A. Synthesis of indolyl fulgides and fulgimides condensed to the indole moiety in position
311216 B Synthesis of indolyl fulgides and fulgimides condensed to the indole moiety in position 2.'**

While fulgides can be hydrolyzed in alkaline solutions, fulgimides are usually more stable under such
conditions.'” However, in fulgimides with a R=CF; group attached to one of the exocyclic C=C bonds
(C-57), can be converted into a COOH group under basic conditions in water (C-58 Scheme 16A).'"* The
so-obtained molecules can be reversibly photoisomerized between an open E-Z mixture and a C isomer
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(E-58, Z-58 and C-58 Scheme 16B).'*"'*!22 However, under acidic conditions indolyl fulgimides with
R=CO,H can undergo a decarboxylation reaction to result in the non-photochromic C-59 (Scheme 16A).'"

A
OH
phosphate buffer
pH7.4,37 °C

B

Z-58 E-58 C-58
Scheme 16. A. Hydrolysis of C-57 in phosphate buffer to yield the COOH-bridged C-58. While C-58 can be
photoisomerized in phosphate buffer (B), it is labile under acidic conditions and undergoes
decarboxylation to C-59.'"* B. Photoisomerization of C-58 in buffer.''>!'*!22

Suitably functionalized indolyl fulgides and fulgimides were used, for example, on surfaces,'” in

different biological applications,''*!**!*> as photoswitchable sensitizer,'*® as chiroptical switches in liquid

crystal-based materials,'” in all-photochromic logic systems,'?® or merged with other switches to construct
multi-functional molecular units.'?

7. Spiropyrans and merocyanines

Spiropyrans consist of an indoline and a chromene part, which have a spiro-junction in a-position next
to the oxygen of the pyrene.?"** The spiropyran (SP)/merocyanine (MC) photochromic couple follows the
same general mechanism as the previously discussed fulgides and fulgimides and can be cyclized via a
6m-electrocyclic reaction while the open isomer, the MC, can additionally undergo E-Z photoisomerization
under irradiation with light of the same wavelength (Scheme 17A). The two open-form isomers, E and Z,
can only be selectively addressed, when the phenolic O of the pyran is alkylated"*' or protonated.'* In
SP/MC, the hexatriene system contains at least one heteroatom, namely an oxygen in the pyran moiety, and,
in the case of spirooxazine, an additional C=N double bond. Upon irradiation with UV-light, the pyrane C-O
bond breaks and colourless SP can be converted into the more colored, open MC form.?"'** The latter has a
neutral, quinoidal and a zwitterionic form as the indoline N is in conjugation with the pyrene O.*' In
particular, electron-withdrawing substituents in para-position to the pyrane oxygen, such as the frequently
used NO, group, stabilized the zwitterionic MC form.>! The MC isomer is thermally metastable and has
lifetimes that normally range between seconds and hours at ambient conditions."**'** The thermal lifetime
can be tuned by substituents and by solvent, with organic solvents stabilizing the SP form better than
aqueous ones, in which spontaneous ring-opening to the charges MC form is observed.”""**!** The
(photo)isomerization is reversible over several cycles without fatigue in a variety of solvents**® and can
also be stimulated by other factors such as temperature (thermochromism), pH, or electrochemically.?!*!¥
Due to its response to multiple (orthogonal) stimuli, the switch is extensively studied and used in a wide
range of applications.?"'**

SP can be synthesized by alkylating 2,3,3-trimethyl-3H-indole 60 with a suitable alkyl iodide to obtain
61 (Scheme 17B). Upon treatment with piperidine, Fischer’s base 62 can be formed and in situ reacted with
benzaldehyde 63 to yield the desired spiropyran 64 upon elimination of water.

The SP/MC photochromic couple is frequently used in application where a prominent change in
polarity is desired upon photoisomerization.”'** Thereby, the facile synthesis and the high degree of



400

flexibility that the indolic nitrogen offers in terms of functionalization via simple alkylation is an additional
benefit of using the SPs in advanced applications.” As an example, the molecule can be used as photoacid
generator (PAG), because the ring-opened MC form can easily be protonated on the ohenolic oxygen. Hence
the bleaching of the MC is accompanied by a photo-induced ring-closure, where one proton per molecule of
MC can be liberated in the medium (Scheme 17C).***° Protonation with strong acid or photochemical ring-
opening can invert the process.”'
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Scheme 17. A. Photoisomerization between the ring-closed SP-form and the ring-open zwitterionic MC
form.?' B. Synthesis of spiropyran 64."**'* C. Photoisomerization of the zwitterionic MC 64 liberates
H' and makes 64 a photoacid generator (PAG).?'

C. Photoacid Generator (PAG)

8. Donor acceptor Stenhouse adducts

Donor-acceptor Stenhouse adducts (DASAs) are molecules consisting of a donor moiety, a triene
bridge with an oxygen on C,, and an acceptor moiety (Scheme 18A). Meldrum’s acid, 1,3-dimethyl
barbituric acid,'*! barbituric acid (Scheme 18B), or the strongly electron withdrawing carbon acids are used
as the acceptor,'” while either a dialkylamine'*® or secondary anilines, including various indolines, find
application (Scheme 18A and C) as donor moiety.'*"""**'* Only recently, DASAs were reported to undergo
reversible photoisomerization,'* reason for which their popularity increased substantially in the photoswitch
community.?

The synthesis of DASAs is straightforward and starts with a Knoevenagel condensation between
furfuraldehyde 65 and a suitable acceptor moiety (Scheme 18C). In a second step, the furan is opened by
reacting 66 with a nucleophilic nitrogen, originally with alkyl amines (1* generation DASA switches,
Scheme 18D) or indoline derivatives for the 2™ and 3™ generation of DASA photoswitches (67 and Scheme
18D).

The thermodynamically stable, linear form exhibits a UV-Vis absorption maximum in the visible range
of the electromagnetic spectrum with Apu=450-700 nm*'*® and can be tuned by attaching further
substituents or by solvent effects. Specifically, apolar solvents induce a bathochromic shift, while polar and
non-polar ones have the opposite effect.”>"*" Also, the donor-moiety which is used in the molecule affects
the absorption properties of the chromophore. Cyclic anilines, in particular indolines, induce a red-shift of



401

the main n—* transition band up to the near infrared region of the spectrum, that can be further enhanced by
introducing electron-donating substituents in ortho or para positions on the aromatic donor,'’'#°
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Scheme 18. A. Overview of the (photo)isomerization in DASA. B. General synthetic scheme of an
indoline-based DASA photoswitch.'*> C. Synthesis of an indoline-based second generation DASA.

D. Overview over the structural developments in DASA displaying representatives
of the 1%, 2", and 3™ generations. '*14%!4

Combined with the negative photochromism of DASAs, the compound hence is beneficial for several
applications, for instance, in material sciences and biology as can be effectively isomerized with low-energy
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light avoiding inner-filter effects.'® These absorption characteristics derive from the fact that populating the
n-n* transition rapidly leads to the bleaching of the push-pull substituted linear compound, with ensuing
formation of new absorption bands that are derived from the formation of the cyclic form.?? The cyclized
form hardly absorbs at wavelengths longer than 300 nm and in the UV region shows only a limited band
separation from the linear form.'*'*® Hence, recovery of the linear form via photochemical means is often
impractical and consequently it is usually pursued thermally. Indeed, the closed form is thermally unstable
and tends to revert to the open triene with lifetimes in the minutes-to-hours range.'”' While the thermal
lifetimes are found to be strongly dependent on the nature of the solvent, also the different substitution
pattern in DASAs (so the different generations) affect their thermal properties. The equilibrium between
open and closed isomers in 1% generation DASAs is almost exclusively shifted towards the linear form in
solution.*>14815! Op the other hand, when accessing, the introduction of substituted aniline derivatives in ond
generation DASAs stabilizes the closed form enough to allow a substantial amount of the cyclic form to be
present at the thermodynamic equilibrium.15 ! This feature was further addressed and improved with the
introduction of the 3™ generation DASA photoswitches. 2 As in the spiropyran/merocyanine photochromic
couple, the changes in chemical characteristics between the two photoisomers is very pronounced.
Specifically, the open triene form is hydrophobic, while the closed form is hydrophilic and significantly
more compact.'**'*® The open form can be stabilized even in polar solvents by adding a supramolecular
complexing agent145 (Scheme 18B), a strategy similar to the one discussed earlier for indirubin (vide supra),
or by using metal-organic barrels in water. 152

The photoisomerization behavior of DASAs is more complex compared to the other photochemical
actuators we discussed and involves both photochemical and thermal steps.'*'>” A simplified picture is
given in Figure 21. Excitation of the open form promotes the selective photochemical Z—FE isomerization of
the central C=C bond of the triene (62-A—62-A") (Scheme 19).'**'> The presence of the hydroxy group
favors the isomerization of this specific double bond, thanks to the introduction of steric interactions and by
influencing its bond length."*’
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Scheme 19. Simplified (photo)isomerization mechanism of DASA photoswitches.

The C=C isomerization is ensued by a single-bond rotation of the neighboring C-C bond (62-A'—62-
A"), a thermal ring-closure (62-A"—62-B'), and it is concluded by a H™ transfer onto the donor or acceptor
parts of the molecules, forming either of the compounds dubbed 62-B in Scheme 19.'%!°
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The role of the hydroxy group connected to the central double bond crucial in the cyclization step.
Non-hydroxy DASAs indeed only showed E-Z isomerization of the double bonds, without a marked
selectivity, which did not lead to a productive cyclization step.'”’ The nature of the solvent has notable effect
on the overall switching process, however, the photochemical step is only affected at a limited extent,
rendering the thermal 62-A"—62-B' the rate determining step of the reaction.'*®

9. Conclusions

In summary, in this chapter we have discussed the characteristics of various classes of photochemical
actuators based on an indole derivative. What is emerging from the studies presented in this review is the
pivotal role that the introduction of heterocyclic derivatives based on indoles has on modifying the thermal
and photochemical properties of the parent switches and motors. In this context, the sole introduction of the
indole derivative is enough to grant novel steric and electronic properties that would have been obtained
only by introducing more complex substitution patterns in the parent molecule. Indeed, only the introduction
of the sole indole and oxindole motifs in a photochemical actuator often results in visible-light responsive
compounds.

Novel pathways can be accessed, thanks to the NH function that represents the perfect handle for
interactions with the environment. New pathways operating through proton transfer, both at the ground and
excited state, can modulate the isomerization activity of the compound. On the other hand, the facile
functionalization of the indolic nitrogen opens new avenues in terms of improvement of the absorption,
photochemical and thermal properties.

Nonetheless, the rationalization and prediction of the isomerization pathways of the indole derivatives
still remains a challenging task for the organic and physical organic chemists, in the task of synthesizing
novel photochemical actuators. A concerted effort of the photochemical, theoretical and synthetic organic
communities is necessary to let this sub-field strive, in order to advance the knowledge of molecular
machinery driven by light stimuli.
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